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. INTRODUCTION AND SUMMARY

The utilization of structural materials capable of sup-
pressing noisc 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-
lals capable of absorbing noisc 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
tfactors) 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 propertics
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 becen investigated. The results have been documented in pre-
vious reports (l,g).* In addition, commercial darping 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 parenthescs denote references.
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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 ftor
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 anncaled 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 1is 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.

In the past twelve months efforts have been directed
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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 100°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 the past six months additional studies of ternary
additims to the base 80 w/o cobalt-20 w/o iron composition have
been carried out. In particular the effects on aluminum and
manganesc have been explored. In the case of the former, it
was found that very substantial increases in the yield strength
(i.e.,from 20,000 psi to 145,000 psi) can be attained on anncaled
samples of the 80 Co- 20 Fe alloy when the aluminum content in-
creases from 0 w/o to 2.5 w/o. Unfortunately this seven fold
increase in strength (which is characterized by a hardness in-
crease from RB 30 to RC 44) 1is accompanied by a decrease in the
loss factor from four percent to 0.2 percent. Although this com-
bination of properties is not attractive for a structural damping
material, the hardening effect of aluminum in the cobalt-iron

alloys could be employed as the basis for case hardening the
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latter where combinations of damping and wear resistance arec de-
sired. Manganese additions to the 80 Co-20 Fe base composition
were also found to increase the strength and decrease the loss
factor. However, current studies of a series of Co-Fe-Mn alloys
suggest that a trade-off in properties may be realized with ad-
dition of approximately 4 w/o manganese.

Investigation of iron-chromium base alloys (85 w/o Fe-
15 w/o Cr-3 w/o A% and 86 w/o Fe-14 w/o Cr-0.05 w/o(C) simulating
a commercial Japanese damping alloy and type 405 stainless steel
has disclosed additional potential damping materials with yield
strengths in the 37,000 - 42,000 psi range with good corrosion
resistance and yield strengths between 1.5 and 3.5 percent. These
materials do not show any decrease in loss factor between - 60°C
and 100°C and are relatively inexpensive (i.e., $0.50 to $0.80 per
pound). Measurement of the loss factor of the cobalt-iron alloy
and the iron-chromium base alloys in a saturating magnetic field
lead to a decrease of 15% in the loss factor of the iron-cobalt

alloy and a decrease of 30% in the iron-chromium base alloys.
Measurement of the loss factor of the 80 w/o Co-20 Fe alloys at

500 psi and 2000 psi yield value of 2% and 4% respectively in
keeping with the generally observed relation that the loss factor
is proportional to the square root of the stress.

A survey of potential applications of high damping alloys
to problems of noise and vibration control was conducted to identi-
fy problems areas which could benefit from advances in damping ma-
terials technology. Three potential areas appear to merit parti-
cular consideration. These include body panels of military recon-
missence vehicles, engine oil pans, valve covers, and ship propel-
lers. In each case ancillary properties such as corrosion and/or
fatigue resistance must also be maintained in candidate materials
if system improvement is to be effected.

One method of evaluating the potential advantages of a

candidate high damping structrual material is to fabricate a hull

-6-




of this material for the 1/6 scale dynamic¢ model of an armoured
personnel carrier constructed by Bolt Beranek and Newman under
contract DAALQ7-74-C-0002. Plans are being made to carry out
such a test on the 80 w/o Co-20 w/o Fe alloy.

Mcasurements of enthalpy of trunsformation in a thermo-
elastic Cu-A2-Ni alloy has been carried out over a range of grain
sizes and as a function of sample size in order to assess the
stored elastic strain cnergy contribution on multiple interface
transformations. The ability of a thermoelastic martensite to
“store" elastic energy is ultimately connected with its capacity
to absorb or damp out vibrational energy. If the damping mech-
anisms is non repeatable then the damping capacity will deterio-
rate with the amount of energy absorbed. However, if the
energy absorbing mechanism is repeatable and the material can
return to its original then the damping capacity will not deter-
iorate. The current measurements of the enthalpy of transforma-
tion indicate that the stored elastic strain energy contribution
is on the order of 10 cal/mole out of a total enthalpy of trans-
formation of about 120 cal/mole.

Studies of the magnetic domain wall configuration in
the 80 Co-20 Fe alloy have been initiated in order to evaluate

the contribution of such domains to the damping exhibited by this

alloy.




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

z = nQ ! (1)

and if ¢=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
élso 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 siruc-
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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TEMPLERATURE
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ATOMIC PERCENT IRON
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Figure 4. Calculated Temperaturc and Composition of the Free Energy
Difference between FCC and BCC Iron Cobalt Alloys.
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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 frece 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
austcnitic 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

-11-




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).
. . N ...
e .
e
@ ® t Plate No.
- 10489
[}
. e /

Figure 6. 90 w/o Co-10 w/o Fe Alloy Annealed at 1000°C Air
Cooled to 25°C. FEtched in 5% Nital. Photomicrograph
Shows Twinned Austenitic Structure (X1000).
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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
1
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 showed 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 1
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
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remainder of samples 51-64 were reannealed and oil quenched and

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°(
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 apparentiy 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

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 S55A and 56A) after reannealing. The dif-

fraction patterns both showed substantial quantities of the bcc

phase. Similarly, the reanncaling 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 reanncaling 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

-15- -




payouan)d 110 00S 0181 g§° ¢z Zve (40°81-030°28)V09
pue 3,0001 08¢y 0491 v:12 9¢7 (840°81-0D00°28)V6S
3e paleauuy 0S?y 0661 S5z $v2 (240°0Z-020°08)V8S
satdueg 11V 082 0181 v 12 8¢7 (240°02-020°08)V!LS
" 9 01ve 6°62 9.2 (1201-0207-940L) %9
" LT 0LLT 2°¢2 0¥z (TNL-92482-0359)¢9
“ At 0v12 1°82 ¥92 (940°01-020°06)29
" 8 0v12 8 L2 ¥92 (240°0T1-020°06) 19
“ 9 OvLT 822 LST (940°81-020°28)09
" 18 0081 1°¢¢ ¥4 (940°81-020°28)6S
" 89 0061 ¥4 152 (230°0Z-020°08)8S
" Z6 06L1 2 12 LSZ (840°02-020°08) LS
" 91 0861 €97 152 (230°22-020°8L)9S
pautydeyn A 0502 9°92 652 (840°22-020°8L)SS
uayl--payfoo) 69 0621 L y1 161 (3d8°€S-94Z°9¢) ¢S
11V--2,000T X4 0991 Z°61 v12 (3d8-zs-9dz-Lv)€s
1e pajesuuy 8¢ 0621 L°ST 581 (3d8°z5-9d2°L¥) s
satdues 11V 99 0612 0°82 59¢ (TNOS-000L) TS
(,01%X,-0) (1sd) (4-0TXISd) (*zH) {3usdisd 31y3tam)

1S9 UO SIUIWWOY 103108y Ssallg sninpoly sdunoji Adusnbaiy uotr3rsoduo)

$S0T Yead TedTweudQg JUBUOSIY

*ON mﬁmEmm

JoS7 LV SINIWITINSVIW ONIAWVA TTIMT INVNOSIY 40 AUVWIWNS

T 974VL




g e -
" 011 0002 N ¥4 LY (845°81-025°18)V08
payousnd 110 0z¢ 0002 v bz 812 (245°61-025°08) V8L
usayl--3,0001 pareauuy 1€ 0002 8 12 LS? (840°6T1-020°18)VLL
payouan) l1aiepm--palesauuy 6 0012 0°L2 €92 (340°1Z-000°6L)8SL
pPo)1I0M PTOD--POUTYIER Z1 0002 1°¢2 SYe (845°81-025°18)008
asnoy3urisapy 97 000S 2°82 LT OJAIN 6L
WOlJ PIATIIDY SV A 0002 $°82 SLZ OJAIN 64
UOTITPUO) PINIOM PTIOD Z1 0002 S ¥4 8tz (245°6T-025°08)08L
$C¢ UT pautydely 11 0002 2°12 A%/ (240°6T-020°18)0LL
" vL2 0861 €92 152 (240°02-020°08) V9L
" v 0061 S ¥ 612 (240°0Z2-020°08)VSL
" 01 0v12 8°L2 v92 (330°12-020"6L)VEL
" 61 0061 S92 672 (940°TZ-09206L)VZL
" 4 0€81 0°v2 vy (INL-2482-0259)V€E9
payouand 110 L 0L22 8°62 L (240°0T-020°06)VZ9
UsylL--2,000T L 0L12 2°82 99¢ (940°01-020°06)V19
1e paleauuy $T 0002 $°92 252 (340°22-0D0"8.)V9S
satdues 1TV 0z 0961 v'Sz €S2 (840°22-000"8L)VSS
(,0Tx-D) (1sd) (3-01Xx1Sd) (*zH) (3usdaxad 3ydtam)
1S3] UO S3judwwo) 103128 ssa13g sninpoly sdunojg Aouanbaijg uot3Tsodwo)
S$s0] Yead ﬁmUMEmC%Q JUBUOS3Y ﬂmlcmw
i

JoS¢ LV SININTUNSVAN ONIAWVA TTIMA LNVNOSIY 40 AYVNNS

¢ dTEVL

-17-




W

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 w, 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

-18-




"ring") of the alloy at liquid nitrogen or +200°C. Thus it is
not anticipated that the Q! value will deccrease significantly in
this temperaturc 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 werec expanded to test swaged
rod. Thesc 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 alloving.
For cxample, the strength of NIVCO is not due to the properties
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of the 72 w/o Cc-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

AF =+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

Figure 9 shows the locus of the AF
BCC~+FCC

they can be fabricated in this state, they may develop high Q!
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

-20-
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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 S50 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 yect
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Figure 10. Loss Factor vs. Temperature Curve for a Sample of 80.5 w/o Co-
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 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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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 alloys synthesis, fab-
rication damping and tensile tests on eight alloys based on the

Co-Fe composition with substanital additions of nickel or small
additions of manganese or aluminum. These results were employed
in construction 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 by a decrease in damping capacity. Never-
theless it is interesting to note that sample number 102 (76 w/o
Co-19 w/o Fe-S5S 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-5 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).

Table 4 summarizes the results of damping and mechan-
ical property measurements conducted on a series of cobalt-iron
and cobalt-iron base alloys to which additions of manganese,
chromium and aluminum have been made. 1In each case evaluation
of the damping and yield strength have been made on samples
which were cold worked by rolling (to 10% reduction in thickness)
as well as on companion samples annealed at 1000°C and air cool-
ed.

The results obtained with sample composition 111 and
112 indicate a very abrupt change in behavior when the aluminum
content is increased from 2.5 w/o (i.e., samples 97 and 98 in
Table 3) to 3 w/o (i.e., samples 111 and 112 in Table 4). As
was noted previously (2) aluminum additions result in subtantial

increases in the tensile strength of the cobalt-iron which are
accompanied by similar decreases in the loss factor. The com-
positions corresponding to 111 and 112 represented an attempt
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to cffect an increase in strength without experiencing a de-
crease in damping by operating at a composition close to that
of samples 97 and 98. Unfortunately however, the desired in-
crease in strength ( to 78,000 psi) in the annealed condition
was daccompanied by a drop in damping.

Although the studies of aluminum additions have been
disappointing in the sense that an alloy combining high damp-
ing and high strength has not been identified, the observation

that small additions of aluminum result in substantial strength

and corresponding increases in hardness (RB 30 for O w/o AR to RC

44 for 4 w/o Al) in the annealed condition may be of practical
value. In particular, in the event an application demanding
high damping and high hardness should present itself, it might
be possible to "alluminize" an 80 Co- 20 Fe alloy and obtain a
wear resistant surface on a component with a high loss factor.
The results obtained with additions of chromium to
the base cobalt-iron composition as disclosed by sample com-
position 107 and 108 suggest modest increases in strength
accompanicd by subtantial decreases in loss factor. Accord-
ingly further studies of chromium additions have been curtailed.
As indicated in the previous report (2), additions of
manganese were observed to provide an avenue for increasing
the strength of the cobalt-iron alloys. Table 4 summarize-
the results obtained on an additional series of cobalt-
manganese alloys investigated during the present period.
These results, which are shown graphically in Figure 14 suggest
that a'"trade-off" between strength and damping can be opti-
mized at about 4 w/o Mn. An alloy of this composition is
currently being fabricated.
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[11. INVESTIGATION OF IRON - CHROMIUM ALLOYS FOR APPLICATION
AS HIGH DAMPING STRUCTURAL MATERTALS

One of the main short comings of the cobalt - base
allovs as potential structural materials with high damping
capacity is the cost per pound. Since cobalt is currently
in the $3 to $4 per pound range, the finished cost for wrought
cobalt parts can be as high as $§5 per pound even if large quan-

i tity use were projected. In order to evaluate the potentials
offered by iron base alloys as damping materials for structur-
al applications at a lower cost per pound (i.e., $0.50/1b.) secv-
cral iron - chromium base alloys have been examined.

This work was stimulated by the reports distributed
by Toshiba Electric Co. (17) on aproprictary te-Cr-Av alloy
and the existence of a miscribility gap in the Fe - (Cr system
shown in Figure 15 just as there is in the Cu - Mn case shown
in Figure 13. Although the mechanism responsible for the damp-
ing in Fe - Cr - A2 has not been established the misicibility
gap in both systems 1s a common feature.

Accordingly, samples of Fe - Cr - AR alloys and Fe -

Cr - C alloys corresponding to several commercial steels were

prepared and tested. The results are summarized for Samples 117-
125 shown in Table 5, and Figures 16 and 17. It was found that
the optimum temperature for heat treatment was 800°C (1073°K).
Heat trecatment at higher temperatures (i.e., above 1000°C) (1273°K)
within the gamma loop lead to low damping. This may be rclated
to the transformation structure in the resulting bcc phase fol-
lowing the fcc+bcc transition on cooling. Heat treatment at
600°C (873°K) did not yield results which were as satisfactory
as thosc obtained at 800°C.

Reference to Table 5 shows that attractive damping
capacity and yield strength characteristics can be obtained in
the 85 w/o Fe - 12 w/o €r - 3 w/o AL alloy as well as the 86 w/o

l'e - 14 w/o Cr - 0.05 w/o C alloy. The latter corresponds in
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in composition to type 405 stainless steel (i.e., samples 125, 1206).
Samples 121, 122, 123 and 124 correspond to types 410 and 403
I stainless steel respectively. The results indicate that combin-
ations of 4000 psi yield strength, loss factors of 0.02 - 0.04,

good corrosion resistance and a cost per pound of $0.50 - $0.80/1b.,
can readily be attained in alloys of the iron - chromium system.
However, optimization of properties will undoubtedly depend on
third alloying element additions as well as heat treatment as in-
dicated by Table 5,

Figures 16 and 17 indicate that the damping is insen-

sitive to changes in temperature up to 100 °C. These results
were obtained on samples 125 and 111 which are shown in Figures
16 and 17 respectively. The results of similar studies at
Toshiba Electric suggests that the loss factor is insensitive
to temperature up to 300°C. Table 5 also contains some results
on the 80 w/o Co - 20 W/o Fe alloy at a lower stress (500 psi)
as well as the 80 w/o - 20 w/o Fe and the iron - chromium
alloys in a saturating field.

The former result at 500 psi indicates a loss factor
of about 2% for the Co - Fe alloys as compared with a loss factor
of 4% for this alloy at 2000 psi. This is in keeping with the
general finding that the loss factor is proportional to stress
to the one half power.

Measurement of the loss factor at 2000 psi in a sat-
urating magnetic field indicated at 15% decrease in loss factor
for the Co - Fe alloy, while the iron- chrmoium alloys exhibited
a decrease in the loss factor of nealy 30%.
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IV.  CONSIDERATION OF POTENTIAL APPLICATIONS OF HIGH DAMPING
ALLOYS,

A survey of potential applications of high damping alloys
to problems of noise and vibration control was conducted in
order to examine problem areas in military and civilian svstems,
which could benefit from advances in damping materials technology.
Tables 6 and 7 list some of the results of this survey. In this
listing, general items and specific applications are noted. ‘Lach
entry is also accompanied by material properties which are requir-
ed in addition to damping fo: the specific application. For the
cases listed in Tables 6 and 7, high damping characteristics
would be a desirable feature of the metallic component since add-
on noise or vibration treatments are inappropriate or too expen-
sive.

In the basis of this survey, it appears that three po-
tential application merit particular consideration. These are
ship propellers, body panels of military reconnissence vehicles,
engine oil pans, and valve covers. 1In each case, improvement in
the damping properties may be expected to lead to significant
reductions of radiated noise and hence, in acoustic detectibility
an/or tolerance. In the former application, damped propellers
have proven to be effective. The availability of high damping
alloys with a known loss factor could lead to propellers with
better reliability allowing design for optimized thrust at a low-
er cost. The benefits of additional damping in materials used
for hody panels of military reconnaissance vehicles, and for
engine components have not yet been quantitatively d ermined.
However, a recently completed model study (18) has demonstrated
its significance. Subsequ:at parts of this section discuss
these principal areas of appiication.

1.0 Hi_.h Damping Materials For Military Ship Propellers
lHigh damping in some propellers of military vessels is
currently acheived through a complicated design involving
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POTENTIAL APPLICATIONS OF HIGH DAMPING ALLOYS

TABLE 6

ITEM

Propellors

Gears

Hull Plating and
Engine 0il Pans
and Valve Covers

Mufflers and Ducts

Damped Springs
& Suspensions

Perforated Plates for

Test Cells

IN NOISE CONTROL

APPLICATION

Military Ship Propulsion

Ship & Helicopter Power
Train

Military Reconnaissance
Vehicles

Air Compressors

Land Vehicles

Engine Test Cells

Cams and Cam Followers Machinery & Control

Relays & Ratchets

Machinery Stops
Saw Blades
Impact Bits
Grinders &
Pelletizers

Wheel Squeal

Material Transfer
& Handling

Systems

Production Machines
Automatic Weapons

Fabrication Machinery

Jack Hammers

Material Preprocessing
(e.g., plastics)

Rail Vehicle Wheels
and Retarders

Food & Chemical
Processing

PRIMARY PROPERTIES

Corrosion Resistance
Surface Fatigue Strength

Fatigue Strength Stiffness

Formability

Fatigue Strength

Fatigue Strength
High Temperature
Fatigue Strength

Stiffness

Fatigue Stfength
Stiffness

Fatigue Strength
Abrasions Resistance

Abrasions Resistance
Fatigue

Abrasions Resistance

Abrasion Resistance

Abrasion Resistance
Resistance to Chemicals
Formability




TABLE 7

POTENTIAL APPLICATIONS OF HIGH DAMPING ALLOYS IN

VIBRATION AND FATIGUE CONTROL

ITEM

VIBRATION CONTROL

Engine Crank Shafts

Electronic Chasses

Machine Tool Holders

Machinery Stops

Cam & Cam Followers,
Rely & Ratchet Devices

APPLICATION

Piston Engines

Vehicle-Borne Electronics

Production Machinery

Production Machinery
Automatic Weapons

Machinery & Control
Systems (e.g., high
speed printers)

PRIMARY PROPERTIES

Fatigue

Fatigue

Strength

Stiffness
Fatigue Strength

Fatigue Strength
Stiffness

FATICUE CONTROL

Turbine Blades

Aircraft Components

Light Bulb Filaments

Nuclear Reactor
Components

Turbo Machinery

Surface Structures
and Equipment Near Engines
and Armaments

Bulbs for all Vehicles

Gas Cooled Reactors
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Strength Low Density

Fatigue Strength

Luminescence
Electrical Resistance
High temperature
Fatigue Strength

Compatibility with
Reactor Environment
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composite matcrials. The levels of damping achieved by this route J
arc satisfactory. Loss factors of the propellers as a vibratory
system are not available at this time. However, materials with
loss factors of 4% under the required dynamic and static stresses
are serious candidates for propeller materials if costs are
reasonable and, if other important materials properties are
achieved. In particular, any materials which is considered for
use must generally meet the requirements of MIL-B-21230, which
are as follows: Fatigue Life: 10°® cycles in salt water at a

9000 psi mean stress, 2700 psi alternating stress. A yield

strength of 35000 psi is required and the material must be

castable, easily welded, and capable of withstanding chipping and
grinding. In addition, it must be machinable so that a 63 micro-
inch finish can be acheived. The alloy must be resistant to d
stress corrosion, cavitation corrosion,and fatigue for long

periods of expesure.

Salt water fatigue tests are performed at NSRDC
Annapolis. The specimen size required is a 10.5 to 12 inch long
bar with a 1" circular <cross section. The speciman is cantilev-

‘ered and point loaded at the free end to produce a peak stress
which is increased to 9-13000 psi. Salt water is applied to

a 3 inch long section of the bar at the clamped end and a dynamic
stress of 2700 psi around the mean is applied for loaciélesbat

a rate of 1450 cycles per minute. Thus, this test requires
approximately fifty days of continous testing. Typically five
tests are run, and one control test is run in air. Cavitation
corrosion tests are performed by NSROC Annapolis. The test
sample required is a 6" x 6" x 1/8" plate.

2. High Damping Material For Armoured Personnel

Carriers.

Recent measurements performed by Bolt, Beranek and
Newman Inc., under contract No. DAAE07-74-C-0002 on a 1/6 scalc
dynamic model of an armoured personnel carrier (APC) indicated
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that the exterior and interior noise of an APC depends significant-
ly on the damping of the APC hull. The 1/6 scale dynamic model,
which is shown in Figures 18-21 has been instrumented in order

to provide detailed measurements of interior and exterior radiat-
ed noise (18). Although no quantitative measurements were made,

it was found that the addition of damping treatment greatly re-
duced the observed noise.

A high damping metal or alloy could make a contribu-
tion here, if it can meet all other requirements for APC hull
panels. Foremost, there is "ballistic penetration resistance'.
Since current hulls are made of 5083 aluminum, any new material
would have to provide comparable performance per unit weight.
Requirements for hull materials properties are contained in
MIL-A-46027 and its Ballistics Acceptance Supplement.

It appears that specific goals for materials loss
factor can be determined using the above mentioned scale model.

A measurement program could be initiated to determine radiated
noise reduction as a function of hull panel loss factor. An
upper bound on the uscful Jloss factor will exist, since further
damping to reduce noise is not usecful once the pause noise con-
tribution is approximately the same as that from other noise
sources (e.g., the track), Panels with add-on damping treatment
could be utilized in this test.

Alternatively, the alloys discussed in Sections I and
Il could be tested directly on the 1/6 scale model to carry out
comparative measurements of radiated power. In order to carry
out such a test, cleven plates of the alloys must be fabricated
and machined to fit the model. Comparative measurements of the
damping alloys vs. aluminum, for both interior and exterior noise
could then be made for the model over a range of speeds. The
specific plate sizes in 1/4" thick gauge are 11" x 18", 10" x 16"
L6™ xE7", 9" x 16", Av x 11", 5" x 21" (2) and 6" x 21" (2).
Fiially, two plates measuring 1/10" x 4" x 21" are required.
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Figure 18. Side View of 1/6 Scale Model of
Armoured Personnel Carrier (Courtesy of
Bolt, Beranek, Newman Contract
DAAEC7-74-C-0022

Figure 19. Front View of 1/6 Scale Dynamic Model.
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Figure 20. Rear View of 1/6 Scale Dynamic Model
of Armoured Personnel Carrier (Courtesy
of Bolt, Beranek, Newman Contract
DAAE07-74-C-002).

Figure 21. Close-up of 1/6 Scale Model Rear View.

-45-

— ' B, Heral T : -




o ———g—— - sy — N - S

V. MECHANISTIC STUDIES OF DAMPING IN ALLOYS.

The ability of a thermoelastic martensite to "store"
elastic energy is ultimately connected with the capacity of that
same material to continually absorb or damp out vibrational ener-
gy in a materials is nonrepeatable, then the damping capacity
will deteriorate with the amount of energy absorbed. However,
if the energy-absorbing mechanism is repeatable, that is, it is
able to return to its original state, then the damping capacity
will not readily deteriorate. A martensitic transformation can
be used to absorb mechanical vibrations, but if the transforma-
tion is nonthermoelastic (such as in the case of most steels),
then it is essentially nonrepeatable and much of the strain ener-
gy of the transformation is "lost" by the formation of defects in
the matrix. The strain energy in a thermoelastic martensitic
transformation, however, is stored elastically in the matrix.
This elastic strain energy is recoverable, and can aid the re-
verse transformation. Increasing the thermoelasticity of a
martensitic transformation (by increasing the amount of recover-
able strain energy in the matrix) improves the cyclability of
the transformation and thus promotes the long-term efficiency
of energy absorption in the material.

1. Investigation of the Transformation Characteris-
tics in Cu-Af-Ni alloys.

Previous investigation (1,2) of Cu-A2-Ni alloy has
shown some of the effects of stored elastic energy on the
thermoelastic transformation in that alloy. The thermodynamics
of a thermoelastic system are also affocted by stored elastic j
strain energy, and study of this problem has been undertaken. ;é

The electrical resistivity of a Cu-14.0A% 3.0Ni single
crystal has been measured as a function of temperature in order
to determine MS, Mf, AS, Af. The curve plotted in Figure 22A is
not the same as that presented in reference (2). Although the
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specimens were taken from the same (large) single crystal, the
present sample was heat treated and quenches separately from the
one (same composition) previously treated. FEven the small dif-
ference in quenching rates of the two samples for the solution-
izing temperature of 950°C can change the degree of long-range
order sufficiently to have a fairly large effect on the transfor-
mation temperatures.

The resistivity versus temperature curve of the single-
crystal specimen (Figure 22A) shows MS to be -1°C and Af to be
37°C. The temperatures for Mf and AS cannot be determined so
accurately from the curve because of the relatively gradual
£ and AS. Certainly the bulk
(greater the 90%) of the transformation has been completed by

changes in slope near both M

-5°C on cooling and similarly the reversion is underway between
20 and 25°C on heating. It is important to note, however, that
the temperatures of importance for present purposes (i.e. MSand
Af) can be determined quite precisely from the resistivity curves.
The single crystal (with resistivity leads and thermo-
couple still attached) was cleaned and a thin layer (less than
0.001 in. thick as measured by a micrometer) of Ni was electro-
lytically plated on the specimen. The electrical resistivity
was then measured as a function of temperature (Figure 22B). The
MS has been depressed to approximately -10°C (as compared to the
Ms of -1°C)for the unplated specimen. The Af, however, remained
at B70C. e Mf and As values are less easily defined; . hat is
the portion of the curve that would indicate My on cooling has
become more rounded off than it was for the nonplated sample.
This is also true for the portion of the heating curve (near 20°C)
which is used to yield the (approximate) value for AS. The in-
crease in "blurring" of Mf and AS over what it was for the non-
plated sample is probably due to the reduced size which the ini-
tially-formed martensitic plates can grow to (because of the
constraints imposed by the Ni-plating). The reduced size of the
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(>0.001" THICK)

AA.
v

(©) Ni PLATED
(-0.00!" THICK)

D) Ni PLATED
£0.010" THICK)

ELECTRICAL RESISTIVITY (ARBITRARY UNITS)

(E) Ni PLATED
0.020" THICK)

— A i e

40 S0 60 70 @80 90

-60 -60 —-40 -30 -20 -0 10 20 30

TEMPERATURE (°C)

Figure 22, Transformation Hysteresis Curves for a Cu-14.0A%-3.0Ni
Single Crystal with Different Thickness of Ni-Plating
on the Specimen Surface.
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first-formed plates results in a larger volume fraction of the
sample that must be transformed by still smaller plates "fill-
ing in" between the initial plates. These small plates require
a larger undercooling in order to form because of the elastic
strain energy stored in the system by the more complex geometry
of the aggregate of plates.

Another layer of Ni was added to the surface of the
specimen and the resistivity versus temperature was again measur-
ed (Figure 22C). The Ms remains unchanged at -10°C while Af
has been lowered slightly to about 34°C (from the previous value
of 37°C). The "blurring" of the Mf portion of the curve (around
-20°C on cooling) is greater than in the previous runs. On
heating, the resistivity displays a dip that starts at about
-10°C. When more Ni is added to the plating (about 0.010 inch),
the resistivity curve (Figure 22D) shows and enhancement of the
effects exhibited by the curve of Figure lc. In other words,

M, and Ag remain approximately constant at -10°C and 34°C
respectively, but the curve (on cooling) rounds off even more
in the vicinity of Me and the dip on heating (starting at about
-10°C) becomes more pronounced.

A thick Ni-layer was finally applied to the surface and
the resulting resistivity is shown in Figure 22E. This final
Ni-plating was about 20 mils thick. The resistivity curve was
nearly a straight line, and did not indicate any transformation
occurring in the temperature range observed. Samples with
Ni-plating of thickness intermediate between those reported in
Figures 22D and 22E showedbasically the same behavior as the
curve in figure 22D.

The curves in Figure 22 represent rather unusual behav-
ior for thermoelastic martensitic material; this behavior as
presently understood will be described below. The first Ni-plating
seems to have depressed MS by suppressing the surface nucleation
of the martensite (i.e. the free surface is, in effect, removed
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by the Ni-plating). The Mf and AS are less well defined because
of the increased number of smaller piates (which previousely were
able to grow to almost the entire volume of the specimen). As
the Ni-plating is increased in thickness, the MS and Af remain
relatively unchanged. The Mf portion of the curve becomes in-
creasingly rounded-off, indicating that a larger part of the
sample volume is being taken up by smaller plates. The trans-
formation is thus rendered more thermoelastic -- that is, the
Ni-plating causes a greater amount of elastic strain energy to
be stored in the matrix and this has the effect of making the
transformation of the single crystal occur via a greater number
of plates and variants than was previously observed in the un-
plated condition. The elastic strain energy stored in the
Ni-plated smaple can be used to promote the reverse transforma-
tion on heating -- this seems to be the cause of the early dip
in the heating curve, which increases in magnitude as the thick-
ness of the Ni-plating is increased. If this is the case, then
at some Ni-plating thickness, the amount of strain energy stored
in the Ni-plated sample should be sufficient to cause the rever-
sion of the sample to be complete before the Af of the unplated
sample. This behavior was not reached in the present set of
experiments, the most probable reason being that the conductivity
of the thick Ni-plating become sufficiently large to obscure any
resistivity changes due to the transformation itself.
Subsequently, the specimen with the thick Ni-plating
was electropolished to remove the Ni. The resistivity curve of
this sample (unplated) was then remeasured and is shown in
Fingure 23A. The Ms increased to -2°C (compared to -1°C for
the unplated specimen). This demonstrates that the effect of
the Ni-plating is reversible and that removing the Ni-plating
causes the return of Ms to -10°C, with little or ne influence on

the Af.
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The previous progress report (2) contained initial
calorimetry data which has now been remeasured because of the
possibility that some of the transformation strain energy
could have been stored in the holding pans in which the vari-
ous Cu-AL-Ni samples were sealed. The experiments were repecated
with the same samples contained in holders which could not con-
fine them@nd thus not store any transformation strain energy) .
The values from the new experiments are listed in Table 8a, and
can be compared with the values previously reported (see Table 8b).
The agreement is good for all the single-crystal values of AH
€ooling), The AH €ooling values for the polycrystalline samples
increased slightly, indicating a decrease in elastic energy
stored during the transformation. The agreement between the
values of AH heating is not as good -- the reason is primarily
due to the quite subjective nature of deciding where the peaks
begin and end during the reverse transformaion. Thus, the value
of AH heating) is to ascertain whether the values are reasonable
close to the AH €ooling) values. The single crystal (32.8 mg) a-
gain exhibited a AH curve on cooling which indicated that it
was (as closely as can be determined in the calorimeter) a single-
interface transformation (the sample exhibited the same sharp
transformation curve even at cooling rates as low as 0.31° K/min).
The other samples exhibited curves which indicated that they
did not transform via a single interface. A difference on the
order of 10 cal/mole is found between the two cases (both
single crystal and polycrystal samples). Hence, the measurements
indicate that the stored elastic strain energy contribution to
the enthalpy in multiple interface transformations (in samples
of this size) is on the order of 10 cal/mole. This difference
may, however, be significantly larger in more massive and finger-
grained specimens where the strain energy from the transformation
can be more efficiently stored.
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Figure 23. Transformation Hysteresis Curves for a Cu-14.0A%-3.0Ni
Single Crystal with (a) Ni-Plating Removed and
(b) a Thin Ni-Plating Reapplied.




TABLE 8
TOTAL ENTHALPY CHANGE IN SINGLE-CRYSTAL AND POLYCRYSTALLINE SAMPLES
OF Cu - 14.0A2 - 30Ni AS MEASURED BY A SCANNING DIFFERENTIAL
CALORIMETER (cooling and heating rates or 40° K/min)

(a) NONCONFINING SAMPLE HOLDERS

AHcooling AHheating
Sample cal/mole cal/mole
Single Crystal (32.8 mg)

[single interface] 123 -128
Single Crystal (71.0 mg) 113 -120
Single Crystal (85.8 mg) 106 -121
Polycrystal (37.7 mg) 113 -120
Polycrystal (93.2 mg) 113 -112

(b) CONFINING SAMPLE HOLDER (from previous report{2])

AHcooling AHCooling
Sample cal/mole cal/mole
Single Crystal (32.8 mg)

[single interface] 124 -120
Single Crystal (71.0 mg) 115 -123
Single Crystal (85.8 mg) 107 -116
Polycrystal (37.7 mg) 109 -111
Polycrystal (93.2 mg) 108 -112
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The absolute magnitude of the nonchemical enthalpy can
be increased if the difference between To (the temperature where
the chemical free-energy change is zero) and the average transfor-
mation temperature is increased, and this can be accomplished by
making the sample polycrystalline (see reference (2)). It has
been shown previously that a thin Ni-plating on the surface of
the Cu-Af-Ni sample can depress the MS by several degrees. This
depression Ms and also in the average transformation temperature

should lead to a decrease in the observed AH cooling of a Ni-plated

sample (this will be more fully explained later in the text).

The samples pPreviously examined in the unplated state
were lightly chemically polished, weighed and then electrolyti-
cally plated with a thin layer on Ni. The samples on which the
Ni-plating kept its integrity (after the samples were transformed
and reverted) had a MS that was significantly depressed. The
value of AH cooling was also decreased as shown in Table 9.
Further, the single crystal (32.8 mg), which had previously
(when unplated) exhibited a single-interface transformation, dis-
played a AH transformation curve with much structure after the
sample was Ni-plated. This indicates a change from a single-
interface transformation to a multiple-interface transformation
in the same sample. Typical AH €ooling transformation curves
are shown in Figure 3 for the Ni-plated and unplated samples.

The AH (cooling)value was decreased from 123 cal/mole (for the
single-interface transformation in the single crystal 32.8 mg) to
101 cal/mole for the Ni-plated sample (which had a multiple-inter-

face transformation). The AH (cooling) values of the polycrystalline
samples (37.3 mg and 89.2 mg) were decreased from 113 and 113 cal/mole

to values of 101 and 105§ cal/mole respectively for the Ni-plated
specimens.

The transformation of the nonplated 32.8 mg.single-crystal

sample seems to have occurred by a single-interface mechanism.
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A basic thermodynamic relationship for a thermoelastic
transformation is given by

gaay o By ~B1+y'
BCeoear ™ Mo pen * 88, onchen (2)

'
where the aGP!?Y is the total Gibbs free-energy change
total Byy!

accompanying the Bi1~»y' transformation while Acchem is the
_ 5 g ~B1>y?
chemical portion and A“nonchem Pl
the total free-energy change. AGnonchem consists mainly of
elastic strain-energy contributions in thermoelastic martensite

is the nonchemical portion of

but can have contributions from interfacial energies resulting
from the production of interfaces, etc. If the (normally)
thermoelastic alloys transforms to martensite by a single-
interface transformation, the the nonchemical term involved in
equation (2) is eliminated. There is then essentially no
nonchemical term in the free-energy expression. Correspondingly,
the enthalpy of the transformation is entirely a chemical enthalpy
in a single-interface transformation. The enthalpy measured

for the single-interface transformation of Cu-14.0A%-3.0Ni
indicates that AHB‘*Y'= 123 cal/mole. Therefore, since

' yChem
AG?;:;I = AGE%Z; = 0 at T0 (for the single-interface transfor-
mation): AHBI*Y'
ASB'+Y'= chem (3)
chem 0

where ASSA;;' is the chemical entropy change for the B,-Yy'
transformation. The value of To is taken to (Af - Ms)/Z
(for a single crystal specimen -- see reference (2) for
details), where Af and Ms are obtained from the calorimeter
curves. For the single crystals (either single interface or
multiple interface), the To is 42°C and MS a?d AS are 14°C
and 70°C respectively. The value for ASBI+Y can then be

chem
calculated as 0.39 cal/mole °K. The chemical free-energy
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TABLE 9

TOTAL ENTHALPY CHANGE IN NON-PLATED AND NICKEL PLATED SAMPLES
OF Cu - 14.0A2 - 3.0Ni
MEASURED BY A SCANNING DIFFERENTIAL CALORIMETER
(cooling rate of 40° K/min.)

H cooling

Sample (cal/mole) (°K) °K
Single Crystal (32.8 mg)

Unplated 123 287 285
Ni-plated 101 281 272

Polycryvstal (37.3 mg)
Unplated 113 274 270

Ni-Plated 101 257 w255

Polycrystal (93.2 mg)
Unplated 113 270 265

Ni-Plated 105 257 254

* T is the average transformation temperature.
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Figure 24. Scanning Differential Calorimeter Curves for 3
Various Cu-14.0A2-3.0Ni Samples in Both the j
Unplated and Ni-Plated Conditions.
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change at M for the single-interface transformation is

given by: !
|
By Bi~v' ;
A(’Mg (Aschem )(To Ms)' (4)
et
and Gsl Y is -10.09 cal/mole (i.e. the chemical driving force is
S

equal to 10.9 cal/mole).
The concept of thermoelasticity involves the condi-
tion that the chemical and elastic frec energies should he

similare in magnitude, and so during martensite growth:

; + ; = ]
A(Chem nA(elas 0 ‘
where n is a small number (esitmated to be close to 2 by 0Olson

and Cohen Scripta Met., Nov. 1975). A consequence of this

condition is that, as the transformation occurs {arther from i

T, {i.e. at larger supercoolings), the chemical driving force ;

becomes larger and thus the magnitude of AGC also becomes

las
increasingly large. Because

AHtotal - A”chem * AHelas - AHmeasured

and AHchem and AHelas have opposite signs, the effect of hav-

ing the transformation occur at greater supercoolings is to
cause the total measured AH to become smaller. This has been

shown to be the case for the polycrystalline samples which
were Ni-plated where the average transformation temperature
is lowered significantly.

2. Studies of Cobalt-Iron Alloys 1

Some micrographs of the 80Co-20Fe alloy are given in
Figures 25 through 30. The starting material was a rod which
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had been swaged to about 60% of 1t1s starting diameter. The
microstructurce is shown in Figure 25. Two samples were then

encapsulated in vycor and heat treated at 1000°C for onc

hour -- one sample was water quenched (capsule was broken),
and the other was air cooled in the capsule. Micrographs
are shown in Figures 26 and 27. They indicate that there
was (1) no martensite formation on being cooled to room tem-
perature, and (2) no martensite formed as a result of the
polishing. Further cooling in liquid nitrogen also gave no
cvidence of any phase transformation occurring in either the
witerquenched or slowly-cooled samples.

Figure 26a shows an arca of the sample which underwent
considerable grain growth during heat trcatment, whereas 26b
is another section of the same surface in which a smaller a-
mount of grain growth was observed. The microstructure of the
air-cooled (encapsulated) sample is shown in Figure 27. Again
there were areas with a large amount of grain growth (ligure 27a)
and other areas where the grain growth was significantly small-
er (Figure 27b).

In view of the possibility that magnetic domain wall
motion may contribute to damping capacity in Fe-Co alloys,
the magnetic domain structure of alloy 402 was investigated

using a colloidal suspension of magnetic particles. As a

point of reference, Figurc 28 illustrates the domain structurc
of F.-4% Si transformer shcet. The direction of easy magneti-
zation is marked; the domain walls in the largest grain lie
parallel to the casy-magnetization direction. The domains

in the smaller grain shown are more-or-less randomly oriented.
Figure 29 illustrates the domain pattern associated with the
water-quenched Co-Fe, and Figure 30 the domain structure after
air cooling. The domain size of the water-quenched sample
seems to be significantly larger than that of the air-cooled

sample. Further investigations into the microstructurc of
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Figure 25. Structure of Heavily Swaged 80Co-20Fe |
(200x). “
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Figure 26.

(a)
(b)

(a)

(b)
Grain Growth of 80Co-20Fe Annealed One Hour at
1000°C and Water Quenches (200x).

Area of Same Sample Showing Little Grain Growth
(200x).
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(b)
Figure 27. (a) Grzin Growth of 80Co-20Fe Annealed One Hour
at 1000°C and Air Cooled (in Vycor Capsule)
(200x).

(b) Area of Same Sample Showing Little Grain
Growth (200x).
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EASY DIRECTION —=

Figure 28. Magnetic Domain Pattern of Fe-4%Si Transfomer
Sheet (200x).
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Figure 29. Magnetic Domain Pattern of 80Co-20Fe Annealed at
1000°C for One Hour and Water Quenched (200x).
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Figure 30. Magnetic Domain Pattern of 80Co-20Fe Annealed at

1000°C for One Hour and Air Cooled (in Vycor Capsule)
(200x)..
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this alloy 1is continuing, with interest being directed toward
(1) improving the quality of the surface of the metallographic
specimen, and (2) preparing specimens for transmission electron

microscopy.
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