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I. INTRODUCTION AND SUMMARY

The utilization of structural materials capable of sup-
pressing noise and vibration offers substantial advantages in the
design of a wide range of military applications. In particular
ship and helicopter propulsion, tracked land vehicle and torpedo
propulsion systems would all operate more efficiently if mater-
ials capable of absorbing noise and vibration were available for
incorporation into the structure.

The present study is aimed at identifying potential
structural materials which exhibit high damping capacity (or loss
factors) at frequencies in the audible range (i.e. 20-4000 cycles
per second) and evaluating the mechanism by which damping takes
place. 1In addition characterization of the mechanical properties
such as yield strength and Youngs modulus has also been carried
out to evaluate the potential use of the material as a structural
element. Finally cost and fabrication factors have also been con-
sidered in order to gain some insight into the practical applica-
tion of these materials in specific military systems.

Novel damping materials such as Nitinol (Ni-Ti) and
copper-aluminum-nickel alloys which appear to derive their damping
characteristics from thermoelastic martensitic transformations
have been investigated. The results have been documented in pre-
vious reports (1,2).* In addition, commercial damping materials
such as Nivco (Co-Ni-Ti-Al) and Incramute (Cu-Mn-Al) have also
been evaluated in order to develop a basis for comparison. In
the course of the present study (2) a family of cobalt-iron al-
loys which can be carefully heat treated to yield very high damp-
ing characteristics has been synthesized. Although the mechanism
leading to the high loss factors which characterize these alloys
is not clear, it appears that the structure which provides the de-
sirable high loss factor is a metastable fcc solid solution. The

+
Underscored numbers in parentheses denote references.




80 w/o Co-20 w/o Fe alloy, which is the base for this family, is
readily cast, forged and cold worked, has been fabricated into
rod by swaging and cold rolled into 50 mil foil so that it could
be employed in a variety of applications.

Figure 1 shows a bar graph comparing the loss factors
of a number of materials under investigation at present in our
study. The 0.2 percent offset yield strength is also shown for
each material (please note that the loss factor is shown on loga-
rithmic scale). The commercial materials Nivco and Incramute are
in the condition supplied by commercial vendors. The results for
Nitinol displayed in Figure 1 have been optimized (2) by applying
a 15% reduction in thickness by rolling at room temperature. The
bar graphs for Co-Fe, Co-Fe-Al and Co-Fe-Mn represent data taken
on annealed samples of the experimental alloys currently under
study which have been synthesized in the present program. All of
the data displayed in Figure 1 refer to 25°C. The loss factors
reported were determined by the resonant dwell method (1,2) using
a cantilevered beam at a peak stress of 2000 psi. It is well
known that many materials show increased loss factors at higher
stress (3-8). Indeed such performance may be of critical impor-
tance in actual design. Similarly loss factors (Q-!) are known
to vary substantially with frequency and usually increase as the
frequency is decreased from the audible range to the 1 cycle/sec
range. However present consideration has been restricted to fre-
quencies near 200 Hertz (cycles/sec) at low stress levels.

Figure 1 shows that the Co-Fe alloy can develop loss
factors near 0.04 (i.e. 4 percent). However the yield strength
is low, 18000 psi. The closest competitor is Incramute which ex-
hibits a loss factor of 2 percent. However Incramute has a
higher yield strength, 45000 psi. The remaining commercial mater-
ial, Nivco, has a low damping capacity near 0.1 percent but a
high yield strength of 108,000 psi.

During the past six months efforts have been directed







towards achieving higher yield strengths in the Co-Fe alloy by ad-
ditions of nickel, aluminum and manganese. The bar graph in Fig-
ure 1 shows results obtained with small additions of aluminum and
manganese. In the former case very high yield strengths in ex-
cess of 150,000 psi were attained. However this alloy exhibited
a loss factor of only 0.1 percent (i.e. like Nivco). Addition of
manganese resulted in yield strengths over 100,000 psi coupled
with loss factors near 0.3 percent. Thus it appears that a range
of loss factors and yield strengths are attainable via alloying
the Co-Fe base composition. Current efforts are directed toward
optimization of these properties.

An additional facet of the damping factor/mechanical
property characteristics of these materials is shown in Figure 2
where the temperature dependence of the loss factor is shown for
Nitinol, Incramute and the cobalt-iron alloys. These results in-
dicate that the cobalt-iron alloy maintains high damping charac-
teristics up to 110°C. By contrast Incramute and Nitinol display
loss factors below 0.4 percent (i.e. one-tenth that of Co-Fe)
above 80°C. Clearly the cobalt-iron alloy offers considerable ad-
vantages as a damping material.

During an earlier phase of the present study, high damp-
ing behavior was encountered in single crystals of a Cu-Al1-Ni al-
loy (2). Since practical application of this material would re-
quire utilization of polycrystalline material, investigation of
the effects of grain size on the thermoelastic martensitic trans-
formation temperatures has been initiated. In addition, the ef-
fects of grain size and further alloying additions of iron and
manganese are being undertaken to reduce the brittleness of this
alloy.
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Figure 2. Comparison of the Loss Factor-Temperature Curves for Nitinol,

Incramute I and Cobalt-Iron Alloys measured at a stress of
2000 psi in the Frequency Range from 150 to 250 Hertz.




IT. INVESTIGATION OF COBALT-IRON ALLOYS FOR APPLICATION AS HIGH
DAMPING STRUCTURAL MATERIALS

Current efforts which have been directed toward exploit-
ing the properties of cobalt-iron alloys for the purposes of
achieving high damping properties coincident with high strength
(2) stem from the work of Cochardt (3,4) who reported on loss fac-
tors of 70 w/o Co-30 w/o Ni and Co-Fe alloys at room temperature
as disclosed by torsional pendulum measurements at a frequency of
one cycle/sec (i.e. one Hertz). Cochardt reported a logarithmic
decrement at 25°C and a stress of 2000 psi for a 65 w/o Co-35 w/o
Ni alloy of 0.18. The logarithmic decrement is the product of =
times Q-!. Thus

g = wQ ! (1)

and if z=0.18 then Q '%0.06. This value is approximately fifteen
times larger than the value measured in our studies (2). However,
the latter values were observed at 200 Hertz (200 cycles/sec) and
2000 psi rather than 1 cycle/sec and 2000 psi stress (2). Cochardt
also reported on a 80 w/o Co-20 w/o Fe alloy which exhibited z=0.09
(i.e. Q°!'=0.03) at 1 cycle/sec and 2000 psi and 25°C. This alloy
also exhibits a high Curie temperature. However, in the condition
as fabricated by Cochardt (3), this alloy was a stable bcc struc-
ture which. was probably ordered with no chance for transformation.
The processing sequence followed by Cochardt called for homogeni-
zation at 1100°C for two hours. Figure 3 shows that the alloy was
in the fcc field at this temperature (1373°K). Subsequently the
alloy was annealed for two hours at 900°C (1173°K). Figure 3

shows that at this temperature the alloy was still in the stable
fcc field but just about to enter the two phase fcc+bcc field.

The final step in the processing sequence employed by Cochardt

was a slow cool to room temperature at the rate of 120°C/hour.
During this treatment the sample enters the region where the bcc
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phase is stable and coexists with a fcc phase enriched in cobalt.
In addition, the bcc orders below 800°K as is seen in Figure 3.
Unfortunately Cochardt did not discuss the structure of his 80Co-
20Fe alloy. However, based on his heat treatment schedule, it

is likely that his alloy was largely bcc.

FCC/BCC
o)

the locus of points along which the fcc and bcc Co-Fe alloys have

Figure 3 shows a curve labeled T which describes
equal free energies. This curve has been computed using a thermo-
chemical description of the fcc and bcc phases derived earlier.
Figure 4 shows the free energy difference between the fcc and dis-
ordered bcc phases as a function of temperature and composition.
The curve labeled AFBCC+FCC
3. The remaining curves show the locus of points corresponding

=0 is the same as that shown in Figure

to various free energy differences between disordered fcc and bcc
phases. As the free energy difference becomes larger, the bcc
becomes more stable relative to the fcc phase for a given composi-
tion. In the case of iron base alloys (i.e. Fe-Ni and Fe-C al-
loys), the fcc phase can be retained by rapid cooling until the
"driving force" for transformation to the bcc form reaches the
vicinity of 300 cal/g.at. (i.e. the free energy of the bcc phase
is 300 cal/g.at. less than the fcc phase). Figure 4 suggests
that this situation should prevail at room temperature in an al-
loy with 80 a/o Co-20 a/o Fe (80.9 w/o Co-19.1 w/o Fe). Alloys
containing less than 20 a/o Fe could be expected to remain fcc
while alloys with greater than 20 a/o (19.1 w/o) Fe would be ex-

pected to transform to the bcc phase on cooling from 1000°C. In

order to test this prediction, a series of cobalt-iron alloys was
prepared and air cooled from 1000°C. Figures 5-8 show the result-
ing microstructures. The first two photomicrographs show typical
austenitic fcc structures obtained by air cooling the 82 w/o Co-
18 w/o Fe and 90 w/o Co-10 w/o Fe alloys. On the other hand,
Figure 57 shows the martensitic bcc structure obtained on air
cooling the 78 w/o Co-22 w/o Fe alloy. The crystal structure




Plate No.

10486
Figure 5. 82 w/o Co-18 w/o Fe Alloy Annealed at 1000°C Air
Cooled to 25°C. Etched in 5% Nital. Photomicrograph
Shows Twinned Austenitic Structure (X1000).
Plate No.
10489

Figure 6 . 90 w/o Co-10 w/o Fe Alloy Annealed at 1000°C Air
Cooled to 25°C. Etched in 5% Nital. Photomicrograph
Shows Twinned Austenitic Structure (X1000).
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Plate No.

10483
Figure 7. 78 w/o Co-22 w/o Fe Alloy Annealed at 1000°C Air
Cooled to 25°C. Etched in 5% Nital. Photomicrograph
Shows Structure of BCC Phase (X1000).
Plate No.
10484

Figure 8. .80 w/o Co-20 w/o Fe Alloy Annealed at 1000°C Air
Cooled to 25°C. Etched in 5% Nital. Central Grain
Shows Surface Martensite (BCC) Formed during Polish-
ing in an Austenite (FCC) Matrix (X1000).
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of these alloys was verified by x-ray diffraction using CrKa ra-
diation. Inclusions shown in Figures 5-8 are oxide particles
which are present in the Ferrovac E iron used to make the alloy
by combination with electrolytic cobalt.

Figure 8 shows the microstructure of the 80 w/o Co-20
w/o Fe alloy which contained some surface martensite formed dur-
ing the polishing. This was established by annealing the speci-
men at 1000°C, air cooling it and taking an x-ray pattern from
the surface without polishing. This pattern showned no bcc dif-
fraction lines. However, polishing the surface produced strong
bcc peaks. This result suggests that the 20 w/o Fe alloy (19.1
a/o Fe) is close to transforming at room temperature. This re-
sult is in keeping with the predictions of Figure 4.

An attempt was made to produce martensite in this alloy
by cooling it in liquid nitrogen (i.e. to 77°K). However, no bcc
phase formed. This may be due to the steep free energy differ-
ence versus temperature curve which does not yield very many more
cal/g.at. of driving force as the temperature is lowered from
300°K to 77°K.

The results shown in Figures 5-8 are in keeping with
earlier studies of the Co-Fe system (11-13) which showed a lower-
ing of the fcc/hcp transition temperature of cobalt by the addi-
tion of iron. Addition of 5 a/o Fe to cobalt reduced T, from
735°K to 500°K (12,13). Alloys with 7.5, 10.0, 12.5 and 15 a/o
Fe cooled to 25°C (248°K) by water quenching after two hours at
1100°C were found to be completely fcc (11). Plastic deformation
in Liquid nitrogen by hammering to effect a 17% deformation pro-
duced hexagonal phase in the 7.5 a/o Fe alloy and some bcc phase
in the 15 a/o alloy. However the 10.0 and 12.5 a/o Fe alloys
were found to remain fcc.

Thus, the series of Co-Fe alloys shown in Figures 5 and
8 with 18 and 20 w/o iron fall in exactly the range required to
test the hypothesis, i.e. that high damping could be attained in

-12-




a metastable phase with a high magnetic Curie point. The Curie
point for the fcc appears to be near 950°C (1223°K) (13).
Accordingly, a series of "resonant dwell damping' bars
were fabricated from alloys in this series and tested at 25°C
along with an additional set of alloys at a stress level near
2000 psi. The geometry of the samples resulted in natural fre-
quencies in the 190-270 Hertz range. The results for the origi-
nal set of samples are shown in Table 1 (2). This group of sam-
ples labeled 51-64 were prepared by annealing alloy stock, machin-
ing the damping bars and then making the measurements.
Subsequently, the damping bars were x-rayed. It was
found that samples 57, 58, 59 and 60 (i.e. 80 w/o Co-20 w/o Fe
and 82 w/o Co-18 w/o Fe) exhibited fcc and bcc diffraction lines.
This was apparently due to the surface deformation which occurred
during machining. Consequently, these four samples were rean-
nealed at 1000°C and o0il quenched. These samples yielded com-
pletely fcc x-ray patterns. Subsequent measurement of the loss
factor yielded values of 280 to 500 x 10" as shown by samples
57A, 58A, 59A and 60A in Table 1. Following this experience, the
remainder of samples 51-64 were reannealed and oil quenched and
the loss factor at 25°C measured once again. The results are
shown in Table 2. The reannealing did not affect the loss fac-
tors of the 78 w/o Co-22 w/o Fe samples very much. These were 14
and 16 x 10" * (Numbers 55 and 56) before the reannealing and 20
and 13 x 10~* (Numbers 55A and 56A) after reannealing. The dif-
fraction patterns both showed substantial quantities of the bcc
phase. Similarly, the reannealing had little effect on the 90 w/o
Co-10 w/o Fe alloys. The samples 61 and 62 exhibited Q" '=8 and
14 x 10" before reannealing and 7 and 7 x 10" after annealing.
Both sets of x-ray patterns showed completely fcc structures.
Thus the results show a marked peak in the loss factor in the vi-
cinity of 80 w/o Co-20 w/o Fe providing the alloy is all fcc.
This is not dependent on the magnetic Curie temperature since
both the fcc and bcc phases have high Curie temperatures which

-13-
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TABLE 1

SUMMARY OF RESONANT DWELL DAMPING MEASUREMENTS AT 25°C

SR L oG E Resonant Dynamical Peak Loss

Composition Frequency Youngs Modulus Stress Factor Comments on Test
(weight percent) (Hz.) (PSIx10- %) (PSI) (Q-'x10*)
51(70Co-30Ni) 265 28.0 2190 66 All Samples
52(47.2Fe-52.8Pt) 185 15.7 1290 28 Annealed at
53(47.2Fe-52.8Pt) 214 19.2 1660 25 1000°C--Air
54 (46.2Fe-53.8Pt) 191 14.7 1290 69 Cooled--Then
55(78.0Co0-22.0Fe) 259 26.6 2050 14 Machined
56(78.0Co-22.0Fe) 251 26.3 1980 16 s
57(80.0Co-20.0Fe) 237 24.2 1790 92 -
58(80.0Co-20.0Fe) 251 24.3 1900 68 *
59(82.0Co-18.0Fe) 245 23.1 1800 81 =
60(82.0Co-18.0Fe) 237 22.8 1740 64 "
61(90.0Co-10.0Fe) 264 27.8 2140 8 "
62(90.0Co-10.0Fe) 264 28.1 2140 14 o
63(65Co-28Fe-7N1i) 240 23:2 1770 17 "
64 (70Fe-20Co-10Cr) 276 29.9 2410 6 "
57A(80.0Co-20.0Fe) 238 24 .4 1810 280 All Samples
58A(80.0Co-20.0Fe) 243 25.5 1990 450 Annealed at
59A(82.0Co-18.0Fe) 236 21.4 1670 480 1000°C and
60A(82.0Co-18.0Fe) 242 23.8 1810 500 0il Quenched
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TABLE 2
SUMMARY OF RESONANT DWELL DAMPING MEASUREMENTS AT 25°C

Sample No.

Resonant Dynamical Peak Loss

Composition Frequency Youngs Modulus Stress Factor Comments on Test
(weight percent) (Hz.) (PSIx10- %) (PSI) (Q-*x10")
55A(78.0Co-22.0Fe) 253 25.4 1960 20 All Samples
S6A(78.0Co-22.0Fe) 252 26.5 2000 13 Annealed at
61A(90.0Co-10.0Fe) 266 28.2 2170 7 1000°C--Then
62A(90.0Co-10.0Fe) 27 29.8 2270 7 0il Quenched
63A(65Co-28Fe-7Ni) 244 24.0 1830 28 i
72A(79.0Co0-21.0Fe) 249 24.3 1900 19 "
73A(79.0Co-21.0Fe) 264 27:8 2140 10 "
75A(80.0Co-20.0Fe) 249 24.3 1900 24 "
76A(80.0Co-20.0Fe) 251 26.3 1980 274 o
77C(81.0Co-19.0Fe) 2137 /) ) 2000 11 Machined in 33%
78C(80.5C0-19.5Fe) 248 24.3 2000 12 Cold Worked Condition
79 NIVC 275 28.3 2000 14 As Received from
79 NIVCO 272 28.2 5000 26 Westinghouse
80C(81.5Co0-18.5Fe) 245 23.1 2000 12 Machined--Cold Worked
73B(79.0Co-21.0Fe) 263 27.0 2100 9 Annealed--Water Quenched
77A(81.0C0-19.0Fe) 257 24.8 2000 31 Annealed 1000°C--Then
78A(80.5C0-19.5Fe) 248 24 .4 2000 320 0il Quenched
80A(81.5C0-18.5Fe) 247 24.. 3 2000 110 "




are near 1000°C.

Table 2 shows additional results for other Co-Fe alloys
with compositions in the vicinity of 80 w/o Co-20 w/o Fe which
were made and tested in order to establish the effects of composi-
tion, structure and degree of cold work on the loss factor.

These preliminary results show that the high damping behavior can
be reproduced in other alloys but it is eliminated by cold work.
This work is proceeding in order to establish the processing
limits for obtaining high loss factors.

Table 2 also contains the results of damping tests on
NIVCO, which is a commercial alloy developed by Cochardt at
Westinghouse (4). It was kindly furnished by Dr. Lou Willertz of
Westinghouse Research Laboratories. According to Cochardt's de-
scription, NIVCO is 72 w/o Co-23 w/o Ni and the balance titanium
and aluminum which are added to provide strength by precipitation
hardening. Cochardt reports values of the logarithmic decrement
of 0.02 and 0.05 at room temperature for this alloy at shear
stresses of 2000 psi and 5000 psi (Figure 1 of Reference 4).
Since Q™! is equal to the decrement divided by m, Cochardt's re-
sults would correspond to loss factors of 0.007 and 0.017 or
70 x 10" and 170 x 10~ " respectively at 25°C and stresses of
2000 psi and 5000 psi. These values are much higher than those
shown in Table 2. The values measured in the present tests, i.e.
14 x 10°"* .at 2000 psi and 26 x 10~ * at 5000 psi, are five times
smaller than Cochardt's results. The main difference is that the
frequency of the present measurements at 230-270 Hz is in the au-
dible range while that used by Cochardt was near 1 cycle/sec (1
Hertz).

The results (2) shown in Tables 1 and indicate that
loss factors of Q°! = 500 x 10™* are attainable in the 80 w/o Co-
20 w/o Fe alloys which are two to three times higher than ob-
served in nitinol (i.e. 55 w/o Ni-45 w/o Ti) and fifty times
higher than NIVCO. Preliminary results on the 80 w/o Co-20 w/o Fe
alloy show almost no change in the audible "ring" (or lack of
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"ring'") of the alloy at liquid nitrogen or +200°C. Thus it is
not anticipated that the Q™! value will decrease significantly in
this temperature range.

The other advantages the Co-Fe alloy has in relation to
the Ni-Ti alloy are a higher modulus of 25 million psi (Tables 1
and 2) versus 8 million psi and the ease with which the Co-Fe al-
loy can be fabricated.

In order to evaluate the strength of the 80 w/o Co-20
w/o Fe composition, a set of tensile bars were fabricated of an-
nealed material. Subsequent tests were expanded to test swaged
rod. These were compared with tensile results measured for
NIVCO (2). The 82 w/o Co-18 w/o Fe and 80 w/o Co-20 w/o Fe alloys
show reproducible 0.2 percent offset yield strengths of 17000-
18000 psi in the annealed condition. This is the strength level
of the samples which exhibited loss factors of Q! = 500 x 10°".
The yield strength was also measured for samples of the 18.5 w/o
Fe, 19 w/o Fe and 19.5 w/o Fe alloys in a cold worked condition
following a 33% reduction in diameter by cold swaging. In this
condition yield strengths near 70,000 psi were observed (2).
Reference to Table 2 shows that these alloys exhibited loss fac-
tors of 11 to 14 x 10™* in the cold worked condition. Annealing
raised the loss factor of the 19.5 w/o Fe sample to 320 x 10" as
shown in Table 2.

Tensile tests on NIVCO produced a 0.2 percent yield
strength of 108,900 psi (2) in good agreement with Cochardt's re-
ported value of 110,000 psi (4).

These values of the yield strength were combined with
the measured loss factors measured at a stress level of 2000 psi
in the range 150 to 250 Hz for NIVCO, 80 w/o Co-20 w/o Fe and
55 w/o Ni-45 w/o Ti are compared in Figure 1. The comparison
shows the relatively high damping capacity (and low strength) of
the Co-Fe alloy to the other two materials. However, it is
likely that this shortcoming can be overcome through alloying.
For example, the strength of NIVCO is not due to the properties
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of the 72 w/o Co-23 w/o Ni matrix, which is comparable to the

80 w/o Co-20 w/o Fe material. The strength is due to the presence
of precipitates formed by the Al and Ti additions. A similar ef-
fect can be expected in the Co-Fe alloy. Another possible source
of strengthening is additional solid solution hardening which
might be effected by addition of nickel. The nickel additions
would be controlled so as to maintain the '"metastable condition"
of the fcc phase. This is illustrated in Figure 9 which shows
the ternary Fe-Ni-Co counterpart of Figure 3 calculated on the
basis of the thermochemical description published previously (9).
BCC+FCC=0 and the
=+300 cal/g.at. curves in the Fe-Ni-Co system at 25°C.
These alloys should be metastable in the fcc form at 25°C. 1If
they can be fabricated in this state, they may develop high Q!

Figure 9 shows the locus of the AF
AFBCC—»FCC

values comparable to 80 w/o Co-20 w/o Fe and higher yield
strengths than the 17,500 psi level exhibited by the 80/20 Co-Fe
alloy. Such a series of alloys is currently being fabricated for
evaluation. If this effort produces the desired result, it would
also have a beneficial effect on the cost of the alloys since it
would increase the iron content of the alloy and substitute nickel
for cobalt. Both of these composition changes would lower the
cost.

In order to proceed with the development of the 80 w/o
Co-20 w/o Fe compositions, two separate routes have been pursued.
First, fabrication studies on the base composition have been pur-
sued. Second, alloying studies have been carried out in order to
evaluate the effects of additions on the strength and damping ca-
pacity. All of the measurement techniques employed in these
tests are those which have been detailed in earlier reports (1,2).

Three ten-pound heats of the 80 w/o Co-20 w/o Fe alloy
have been vacuum melted and cast into two inch diameter moulds.
The ingots were subsequently forged to 3/4 inch bars and then
(cold) swaged to 1/2 inch rod. Intermediate anneals of 1000°C
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were employed. The final product was sixty inch long rod. How-
ever, it was found that this structure was a mixture of bcc and
fcc phases (see earlier discussion) and the rod "rang'" when
struck, indicating poor damping. However, the high damping char-
acteristics were readily restored by proper heat treatment above
1000°C followed by air cooling. The x-ray analysis of the mater-
ial disclosed a fully austenitic (fcc) structure and the high damp-
ing characteristic of the rod was regenerated.

A second demonstration of the ease with which the 80 w/o
Co-20 w/o Fe alloy can be fabricated was the reduction of as-cast
1/2 inch thick slab to 50 mil foil. This was carried out in a
series of 20% reductions with intermediate anneals. The reduc-
tions were quite moderate and the ease with which they were made
indicates that even larger reductions could be successfully car-
ried out. This would certainly appear to be possible if the re-
ductions were carried out by hot rolling. The final treatment of
the fifty mil foil consisted of a 1000°C for 30 minutes which
yielded soft foil which "rang like lead."

These results indicate that the 80 w/o Co-20 w/o Fe al-
loy can be readily formed if it is in the fcc condition. More-
over it can be heat treated to yield this structure quite readily.
Although it has been established that the two phase (fcc+bcc)
structure does not exhibit outstanding damping characteristics,
it is probable that rather high strengths could be attained with
this structure if it were attained by formation of an ordered bcc
phase. This alloy (80 w/o Co-20 w/o Fe) could be readily formed
in the fcc structure (as demonstrated above) and then aged to
high strength by ordering the bcc phase. In fact, small carbon
additions might even be incorporated into such a structure to en-
hance the strength by conferring some tetragonality into the bcc
phase in analogy with ferrous martensites.

Before turning to the alloying studies conducted on the
80 w/o Co-20 w/o Fe alloy it is useful to recount the temperature
dependent studies undertaken to establish the data shown in Figure
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2. The tests were conducted under the direction of Dr. John Heine
of Bolt Beranek and Newman using the techniques detailed earlier
(1,2).

Figures 10 and 11 show loss factor versus temperature
curves for samples of a 80.5 w/o Co-19.5 w/o Fe and 81.5 w/o Co-
18.5 w/o Fe alloy between -60°C and +80°C. Additional samples
which were tested between 25°C and 130°C yield the results shown
in Figure 2.

In order to obtain an additional set of data on a high
damping alloy which is generally available, a sample of Incramute
was obtained from Mr. Eugene Thiele of the Copper Development
Association Inc. A square plate 5 1/2 inches x 5 1/2 inches x
1/4 inch thick was obtained in the heat treated condition de-
signed to yield maximum damping. This plate was employed to fab-
ricate resonance dwell damping bars (1,2) and tensile bars. Fig-
ure 12 shows the results of the damping measurements conducted on
the Incramute (55 w/o Co-43 w/o Mn-2 w/o Al) alloy between -60°C
and 100°C. Tensile tests conducted at 25°C resulted in a 0.2%
offset yield strength of 45,300 psi. These data are shown in
Figures 1 and 2.

It is interesting to note that the copper-manganese al-
loy system, upon which Incramute and several other commercial
damping alloys are based was predicted to have a metastable fcc
miscibility gap in 1969 (14). Recent experimental studies by
Vitek and Warlimont and by Ye. Z. Vintaykin and coworkers (16)
have verified this prediction and Figure 13 shows that the meta-
stable miscibility gap in the fcc phase of this system provides
the basis for attaining high damping in Incramute and other Cu-Mn
alloys via heat treatment.

The second phase of the study of damping in the 80 w/o
Co-20 w/o Fe alloy currently under investigation is the evalua-
tion of alloying additions on damping and strength. These acti-
vities were initiated during the past three months and have thus
far demonstrated that substantial increases in strength can be ob-
tained. However, the optimum '"trade off composition'" has not yet
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19.5 w/o Fe measured at 240-250 Hertz and a stress of 2000 psi.
The dynamical Young's Modulus measured over the same temperaturc
range varied from 24 million psi at -60°C to 23 million psi at
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Figure 11. Loss Factor vs. Temperature Curve for a Sample of 81.5 w/o Co-18.5 w/o Fe

measured at 240-250 Hertz and a stress of 2000 psi. The dynamical
Young's Modulus measured over the same temperature range varied from 24
million psi at -60°C to 23 million psi at +80°C. The sample was annealed
at 1000°C and air cooled.
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been identified.

Table 3 shows the preliminary results which have been
obtained. This compilation shows results of alloy synthesis, fab-
rication damping and tensile tests on eight alloys based on the
Co-Fe composition with substantial additions of nickel or small
additions of manganese or aluminum. These results were employed
in constructing the bar graph shown in Figure 1.

The results obtained thus far indicate that the addi-
tions of nickel do not offer any substantial improvement in
strength., However, very substantial increases in strength have
been attained with aluminum and manganese. These improvements
have been accompanied with a decrease in damping capacity. Never-
theless it is interesting to note that sample number 102 (76 w/o
Co-19 w/o Fe-5 w/o Mn) exhibited twice the damping capacity of
NIVCO at a comparable strength level (see Figure 1) while sample
99 (76 w/o Co-18 w/o Fe-6 w/o Al) exhibited a yield strength of
182,000 psi versus 110,000 psi for NIVCO at the same level of
damping capacity which NIVCO exhibits (2). Thus the current re-
sults suggest that the alloying studies should be pursued.
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TABLE 3

SUMMARY OF 0.2 PERCENT OFFSET YIELD STRENGTH AND
RESONANT DWELL DAMPING MEASUREMENTS AT 25° (Peak Stress 2000 PSI)
(ALL SAMPLES WERE MACHINED THEN ANNEALED
AT 1000°C AND AIR COOLED)

Sample No. Resonant Dynamical Loss 0.2 Percent Offset
Composition Frequency Youngs Modulus Factor Yield Strength
(weight percent) (Hz.) (PSI x 10°°%) (PSI)
85-(60Co-28Fe-12Ni) 243 24.0 0.0026 23100

é 86- (60Co-28Fe-12Ni) 246 24.6 0.0056 32400%

' 87-(50Co-32Fe-18Ni) 243 24.0 0.0026 30000
88-(40Co-38Fe-22Ni) 225 20.6 0.0016 29800
94-(72Co-18Fe-10Mn) 264 28.3 0.0011 53700
95-(72Co-18Fe-10Mn) 275 30.7 0.0008 87700%
97-(78Co-19Fe-3A1) 255 26.4 0.0015 25000
98- (78Co-19Fe-3Al1) 240 23.4 0.0029 29900%*
99-(76Co-18Fe-6A1) 273 30.3 0.0013 182000
100-(76Co-18Fe-6A1) 268 29.2 0.0011 157000%
101-(76Co-19Fe-5Mn) 262 27.9 0.0010 83800
102-(76Co-19Fe-5Mn) 264 28.3 0.0027 105700%*
103-(77Co-19Fe-4A1) 271 30.1 0.0015 145000
104- (77Co-19Fe-4A1) 269 29.4 0.0011 152000%*

*Cold Worked




ITII. INVESTIGATION OF COPPER-ALUMINUM-NICKEL ALLOYS FOR
APPLICATION AS HIGH DAMPING STRUCTURAL MATERIALS

Since a damping member of significant size will most
certainly have to be polycrystalline, it is essential to deter-
mine the effect of grain size on the transformation behavior.
Accordingly, the various transformation characteristics (i.e.
where the martensitic transformation begins and ends) of the Cu-
14.01A1-3.0Ni alloy has been studied as a function of grain size.
It is also important to determine the effects of grain size from
a more fundamental aspect in order to establish the thermodynamics
of this system (and a general model for other thermoelastic alloys).

It has been recognized by Tong and Wayman (17) that
stored elastic strain energy (i.e. nonchemical free-energy contri-
butions) can affect the A; (the temperature of the start of rever-
sion of the martensite back to the parent structure). In particu-
lar, they noted that Ag could lie below Tg. Such is not the case
in nonthermoelastic systems. Tong and Wayman, however, considered
that the contribution of the strain energy was negligible at Mg
(the start temperature of the parent-to-martensite transforma-
tion) as well as at Ag (the finish temperature for the martensite-
to-parent reversion). By assuming the elastic (nonchemical) free-
energy contributions to be minimal in this range, Tong and Wayman
placed Ty (i.e. the temperature where the total chemical energy
of the parent equals that of the martensite) between Mg and Agf.

The contribution of strain energy to the transforma-
tion behavior has also been treated by Olson and Cohen (18).

In this analysis, the strain energy is shown to be an

important factor during the entire transformation and speci-
fically, if a plate is formed in thermoelastic equilibrium.

that this plate will revert at a temperature below T,. Therefore,
not only Ag but also Ag will be below T, for the case of thermo-
elastic equilibrium. There are, however, two factors which can
cause Ag to move above T, in an otherwise thermoelastic alloy.
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First, the interface between the martensite and the parent phase
may have a frictional stress connected with its motion, and the
finite stress required to move this interface can cause a devia-
tion from thermoelastic behavior. Then, if the frictional stress
is large enough, Ag may be displaced above T,. Another deviation
from thermoelasticity is evident when the strain energy associated
with the transformation is not stored elastically in the system.
If the strain energy is accommodated by plastic (nonrecoverable)
slip, the system is nonthermoelastic -- most ferrous martensites
are examples of this type. Moreover, the transformational shape
change may not be elastically accommodated in certain other cir-
cumstances, the single-interface transformation in a single crys-
tal being an important example. In the single-interface transfor-
mation, the macroscopic shape of the crystal is not constrained
by grain boundaries (as it is in polycrystalline samples), and
thus the transformational strain is not elastically stored; in-
stead, the external shape of the crystal is changed. The amount
of strain energy stored in the alloy may also be reduced in cer-
tain (usually large-grained) polycrystalline samples.

In order to experimentally determine some of the effects
of grain size on the transformation characteristics, Mg, Mg, Ag s
and Ag were measured on a number of samples of Cu-14.0A1-3.0Ni.
These various transformation temperatures were observed optically
by making use of the color change (copper-red to gold-yellow)
that accompanies the parent-to-martensite transformation. Figure
14 shows the behavior of a single crystal Cu-14.0A1-3.0Ni sample
which was cooled so as to transform it by a single-interface as
well as by a multiple-interface sequence. The lowering of Mg and
Ag
tion of the elastic energy. The Ag¢ is very nearly the same in

in the multiple-interface transformation shows the contribu-
both cases because the final plate to transform (in the multiple-

interface transformation) has no stored elastic energy to affect
it.
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Samples of Cu-14.0A1-3.0Ni alloy with differing grain
size were viewed under a microscope while being cooled and heated
in order to determine the transformation temperatures. The re-
sults are shown in Figure 15. The single crystal sample (Figure
15) was obtained by spark machining away the largest grain from
the coarse-grained sample previously tested. Thus, the differ-
ences in the hysteresis loops between the coarse-grained sample
and the single crystal sample are due entirely to constraints im-
posed by the grain boundaries and are not due to compositional
changes. The hysteresis loop is shown in Figure 15 to be de-
pressed with decreasing grain size. Ag is depressed in going
from the single crystal to the polycrystal, but is not very
strongly affected by the decreasing grain size of the samples
tested.

Since the single crystal sample (nonsingle-interface
transformation) has a negligible amount of stored elastic energy,
both near Mg and Ag, then T, can properly be bracketed by these
temperatures. Taking Ty = (Ag - Mg)/2 (single crystal), T, is
about 31°C in this case. However, using Ty = (Af - Mg)/2 in the
polycrystalline case, as suggested by Tong and Wayman, leads to a
To of 15-19°C. Since the hysteresis-loop width in this Cu-14.0Al-
3.0Ni sample is on the order of 20 to 30°C, the difference in the
To's obtained by these different methods is significant.

The effect of polycrystalline constraint is shown in
Figure 16. In a single specimen within a small area, a variation
in grain size could be seen. A small (about 0.02 in? in area) in-
terior (i.e. away from edges and corners) was examined, and its Mg
and Ag¢ can be compared to those of a larger (about 0.04 in? in
diameter) interior grain. These results can also be compared
with less constrained grains (of about the same size) near the
edges. Figure 16 shows that when the grain is less constrained,
the Mg is raised significantly and, to a lesser extent, the Ag is
also raised. The increase of the Af (with decreasing amount of

constraint) may be explained by the corresponding decrease in
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stored elastic energy. The even stronger effect on M, cannot be
entirely explained at the present time, but is undoubtedly associ-
ated with the effect of elastic constraints on the growth of the
martensite. It is, however, surprising that the effect on Mg is
so large, and further work is continuing on this problem.
Electrical resistivity has been measured as a function
of temperature, and can be used as an alternate method of deter-
mining Mg, Mg, Ag and Ag. Figure 17 shows the resistivity versus
temperature curve for a Cu-14.0A1-3.0Ni single crystal. The
transformation temperatures cannot be compared quantitatively
with the single crystal hysteresis loops in Figures 14 and 15 be-
cause even the minor differences in quenching rate from the solu-
tionizing temperature of 950°C can change the degree of long-range
order and this affects the transformation temperatures. However,
it was noted that the temperatures where the color changes oc-
curred coincided with the points of resistivity inversion, thus
confirming the validity of determining the transformation tempera-
tures on cooling and heating by the optical (color change) method.
The problem of brittleness in polycrystalline CuSAl-
based alloys is of considerable importance in developing a useful
alloy. The phase diagram of the Cu-Al system indicates that the
equilibrium structure of Cu3A1 is the Y, phase, a brittle hcp
structure. In the foundry industry, Cu-Al alloys with more than
10 w/o Al are avoided because of the extreme brittleness caused
by the Y, phase. It has also been claimed (19) that the retained
Bl phase is instrumental in causing brittleness in Cu-Al alloys.
When nickel is added to the Cu-Al alloys, further difficulties
may be encountered because of brittle Ni-Al intermetallic com-
pounds. In Cu-Al-Ni polycrystalline samples, the embrittlement
is so severe that essentially no plastic deformation can be in-
duced prior to intergranular fracture. By optical examination,
the main problem seems to be the formation of a precipitate at
the grain boundaries. Accordingly, a typical solution would be
to increase the grain-boundary area and to break-up the continuity
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of the grain-boundary precipitate; this result is often accom-
plished in various alloy systems by hot working.

Samples of the Cu-Al1-3.0Ni alloy containing from 12 to
14.2 w/o Al were hot rolled at temperatures from 550 to 900°C,
the reduction usually being greater than 50% (after several
passes). A small but noticeable increase in ductility in alloys
of 12.6 w/o Al and 13.8 w/o Al was achieved by hot rolling at
800°C (80% in 5-10 passes) and water quenching directly from the
rolls. The increase in ductility was, however, not large enough
to be of practical interest. (A sample ~1/16 inch thick by about
3 inches long could only be bent to a radius of curvature of
about 15 inches.) These thermomechanical treatments of the Cu-Al-
Ni alloys had a negligible effect on the grain size (the average
grain size stayed at about 30 grains/in?) throughout the process-
ing. The major effect of the hot rolling and quenching seemed to
lie in the breaking-up of the precipitates at the grain boundaries
(as seen in the optical microscope).

To refine the grain size of cast Cu-Al alloys in prac-
tice, the most common element added is Fe; Mn is also used in
some cases. The additions of Fe and Mn are also known to depress
the Mg in Cu-Al alloys (Ni was added to the Cu-Al alloys in order
to depress the Mg from about 150-300°C to near room temperature).
Thus, the additions of Fe and/or Mn to replace Ni in the Cu-Al
alloys were hoped to have two beneficial effects. The first was
that the Fe and Mn would refine the grain size and thereby pre-
sent more grain-boundary area to any brittle precipitate--enough
to make it noncontinuous at the grain boundaries. Secondly, the
replacement of Ni by Fe and Mn might rid the system of any troub-
lesome (very brittle) Ni-Al precipitates.

A series of samples of Cu-14.0A1 with additions of 2 to
6 w/o Mn and 3 to S w/o Fe were induction-melted under a partial
argon atmosphere and cast into an iron mold. The samples were
solutionized at 950°C and quenched; those containing 4 to 6 w/o Mn




cracked on quenching. The as-quenched samples of 2 and 3 w/o Mn
(at room temperature) showed an equiaxed structure (retained Bl)
with clear evidence of precipitates at the grain boundaries. The
3 to 5 w/o Fe alloys were fully transformed to martensite at room
temperature and also showed evidence of grain-boundary precipita-
tion as well as fine precipitates dispersed throughout the matrix.
Table 4 summarizes the effects of Mn and Fe additions on the grain
size of the cast Cu-Al alloys. The Mn lowered the Mg to below
room temperature (in the 3 w/o Mn alloy the Mg was below -20°C,
and in the 6 w/o Mn alloy the Mg was below the liquid-nitrogen
temperature). The Fe hélped refine the grain size but seemed to
have little effect in reducing Mg (heating the 5 w/o Fe sample to
about 100°C caused no reversion).

The Cu-Al alloys containing Mn and Fe were hot rolled
at 800°C; however, the hot rolling yielded no appreciable improve-
ment in the ductility. The brittleness, therefore, seems to be
little affected by the presence of Ni. There now remain two prob-
able causes for the brittleness of the Cu-Al alloys. First the
alloys of Cu-Al which contain greater than about 10 w/o Al have
an equilibrium structure which is two phased (a + YZ) at room tem-
perature, and it seems as though the formation of the brittle Y,
phase at grain boundaries cannot be fully suppressed even with
fairly fast quenching from the By field (i.e. quenching into iced
brine from 950°C).

Secondly, compression tests on the By phase of Cu-14.1A1-
3.0Ni single crystals by Shepard (International Symposium on Shape
Memory Effects and Applications, Toronto, 1975, in press) indicate
that normal slip is very difficult (at best) in this alloy. The
single crystal samples of (100) orientation were stressed to 100
ksi with no indication of nonrecoverable plastic flow (i.e. plas-
tic flow caused by slip yielding). The only exception was the
development of kink bands in some single crystal orientations.
These results suggest that, when stress-induced transformations
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TABLE 4

EFFECT OF Mn AND Fe ADDITIONS

ON THE GRAIN SIZE OF Cu-14.0 w/o Al

Addition

(w/0)

Mn

; Mn

Mn
Mn

Mn

Fe
Fe

Fe

_Grain Size

(grains/in?)

30-35
35-40
45
55

70

50
05

,200
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take place in polycrystalline Cu-Al-Ni alloys, the compatibility
requirement that five independent deformation systems must oper-
ate in each individual grain can only be met by having at least
five martensitic variants form within each grain. The stress
(within the grain) needed to induce the formation of variants ori-
ented nonpreferentially to the macroscopically-applied stress may
be sufficiently high to cause fracture at the grain boundaries.
The combination of the brittle intermetallics (at the grain boun-
daries) and the lack of dislocation-caused plasticity in this
case seem to work together to make Cu-Al alloys lack any appre-
ciable ductility. Solutions to this problem would seem to in-
volve first the removal of the brittle precipitates at the grain
boundary (thus making the grain boundary more glissile), and
second to lower the dislocation flow stress. Lowering the dislo-
cation flow stress would allow the proper stress compatibility

conditions to operate at the grain boundaries.
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