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Beta pr‘J“me;Aul'“Cd'”5 deforms up to strains of .0.076 at low stress.
levels by -the reversible mdﬁion of twin boundaries (either presené in 1ame11ar'
twins .introduced by a martensitic transformation or-nucieatedlin response to-
stress).as.opposea,to deformation by :slip-in most other metals. - Lh:additioni
this alloy exhibits the remarkabTe‘“rubber—like“ behavior due tq_é volume -
restoring force which retdrns.twin‘boundafiesHdispiaced by stress to their -orig--
inal positions when stress .is rémoved, Thé'fatiQUe'béhéyﬁorqu<thiS'a110y was
investigated and found to be exceptional for certain orientations with Tives .of
10° to 10° cycles at total stnainiamp1itudés1(Ae)~above O.Oé not - uncoemmon.
Fatigue -1ives were influenced principally by the'stfess level which cqntro11ed
the amount of -plastic deformation, and stress.fatigue resistance was:J;w com-
(paredefth most metals. Failure always :exhibited brittlezchara¢teristics. An -
a]gorithm-wés devised to predict mechanical .behavior from the twin system
'orientatjonsvand:Was found in good agreement withlexperiment for,]ongitqdinalu
strains above.0.04. The cyclic mechanical properties were -examined, and a model -
for the behavior:wés;proposéd;uti?izing prevfous theories of the restoring force -
and the Peierls-Nabarro stress for twinning and new.concepts. Gold-cadmium was -
found tq_have certain strain fatigue resistant applications, particularly in
electronics where the alloy's high electrical conductivi;y is utilized, and the-
understanding of the deformation gained by étudying-theAcyclic mechanical. .

properties “indicates promise for similar studies in other "memory" systems.
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I. INTROPUCTION

The alleoy 47.5 atomic peréent cadmium in gold is but one of a
growing list of alleys including TiNi,! CuAINi,2 InT1,3** CuZn,® and CuZnSn6,7
exhibfting a reversible first order martensitic phase change on coé]ing and
the extraordinary shape memory:! If specimens of these alloys are deformed
in the martensitic phase, they will return to the original configuratidh
possessed by the high temperature phase when heated up through the trans-

. formation temperature. A prevalent mode of defermation in these martensitic
a]]eys'is by the reversible metion of transformation twin boundaries. The
term "ferroane]éstic" was chosen to describe the behavior to emphasize the
c]oge analogy between it and ferromagnetism where stress, twin boundaries
and a particular direction in the crystal are ﬁnalogous to the magnetic fie]d,
domain bodndaries and the direction of magnetization.® The last part of the
term is associated with fhe stress-strain.hysteresis discussed later. At
least twe of these, AuCd and InT1, in additien exhibit the even more
remarkable and unusual "ferroelastic"® or rubber-like behavior in which
specimens may be deformed to strains gfeater than 0.05 in the martensite
phase by the motion of the transformation twin boundaries but will return

to their original shapes eon the removal of stress. This "ferroelastic"
behavior is now believed to be caused by velume ferces associated with
shuffled atom positions® which cause the boundaries to return to their
origiha] positions to reduce the free energy when stress is removed.

Since deformation in Auca‘js by twin boundary moetien and net by

the conventional slip dislecatiens responsible for plastic defermation in

normal metals, it was anticipated that cyclic defoermation could be continued
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for long periods without accumu]atton of the same structural damage usua]ly
associated with fatigue, and this was indeed fodnd to be the case. A]thodgh
specimens of this material have been bent and stressed many times to illus--
trate "ferroelastic" behavior, no quant1tat1ve study has been made hereto-
fore to determine the fatigue behav10r under repeated cyc]tc stresses. The

d

purpose of this dissertation was to study fat1gue in Au. 0.95 Martensite,

1. 05C

“and, in part1cu1ar, to 1hvest1gate the role of tw1n3boundary motion in the
mechanical and fatigue properties. The resd1ts°eredbe1ieved generally app1i-
- cable to InT1 andlany other system deforming byﬂtwih.bodndary motion.
Gd]d-cadmium haS"been studied in considerable detail® and is now
perhaps the‘best understood of the "memory” alloys. This;is:partia11y due
to the relative ease of obtaining high qUa]ity‘sing1e crysta1s which . greatly
simplifies the study of mechdnica] propertieS’ It is an ordered a11oy with-
CsCT B structure which transforms martens1t1ca11y and; revers1b1y at ~57 C
on.cooling to the tw1nned orthorhombic B phase the reverse transformat1on
occurs at ~74 °C.  The crystal geometry of the transformat1on~was treated
by Lieberman, Wechsler andvRead;1°’11'the W-L-R theory ot sueh transfprma-
tibhs wes‘first devé]oped and applied to this system. .The transformation
vproeeeds by the motton of interface(s) separating the high temperatdre
pareht.from the 10Q'temperatdre product phase.

When a single crystal parent transforms by a single planar inter-

fggg,'the'product'iS'ca11ed a single region.speeimen and éonsists of one
set of;a]ternating twin lamellae (Figure 1). Such specimehs'deform to high
strains (up to 0. 076) at 1ow stresses (~4 Kg/mmz) ferroe]astica]ﬁy, or by
_the nucleation and growth of mechan1ca1 tw1n spikes tw1n related to the

transformation twins at h1gher stresses ( 14 Kngm ), or p]ast1ca11y to



Figure 1.

The 8+3' transition in AuCd in a partially transformed
specimen. A single planar interface separating the
single crystal high temperature g phase (left) from
the lameliar twinned orthorhombic 8' product phase
moves from left to right during cooling. From Ref-
erence 10. (~300x)
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small strains (~0.01) at still higher stresses. Which deformation mode will
be operative under an arbitrary stress system can be predicted as a function
of orientation as will be shown; the maximum allowable strain can also be
calculated for the first two deformation modes. More commonly, a single

crystal parent transforms by multiple interfaces resulting in many regions

of lamellar twinned structure (Figure 2). .Because they originated from the
same single crystal parent, the twinned regions in such specimens are
crystallographically related across their boundaries. Birnbaum and Read'?
reported that the regional boundaries, as well as the twin boundaries, move
in response to low stresses. Occasionally a single crystal cubic specimen

will transform by crossed interfaces to a single crystal orthorhombic

product;'® apparently the second interface de-twins the twinned product
resulting from the passage of the first interface (see above). Whether
twin Tamellae which appear to grow in such specimens when they are stressed
originate in twin nuclei present prior to loading or are introduced as
mechanical twins is uncertain.

Part of the impetus for this research resulted from the improvement
of a wire casting process originally employed in the preparation of x-ray

ik

specimens. Using this technique (described in Appendix A), wires 0.05 mm
in diameter and over 40 cm long were cast. If wires of this alloy exhibit
the strain fatigue resistance strongly suggested by the deformation mech-
anism and past qualitative observations on rod shaped specimens, they would
have potential applications in high strain fatigue situations, in particular
those that also exploit the alloy's high electrical conductivity (1.2 x
10°mho-cm) such as relay armature connections and pacemaker electrodes.

Therefore, the fatigue properties of this alloy are of considerable

theoretical and practical interest.



Figure 2.

The surface of Specimen 60 after a multiple interface transforma-
tion showing several regions of lamellar twinned material. The
region boundaries, like the twin boundaries, can move in response
to stress.!?2 Note that some non-adjacent regions exhibit paral-
lel twin markings implying that they have the same orientation.



However, such wires are uﬁsﬁiiab1e for fatigue tests because of
their shape and grain boundarigs since ‘a common feature of all the deforma-
tion modes described above (exceptfp1éstitity) js that they can only be
studied in detail on specimens'transfbrmed from single:crystals of the par-
ent B phase because grain boundaries prevent twin boundary and region
boundary movement. This complicates fabrication since conventional pro--
cedures like machining must be replaced by less damaging ones such as
casting and electropolishing in the production of single crystal test speci-
mens. In addition, a propensity towards buckling due to the low effective
modulus (as low as ~5Kg/mm?) for twin boundary motion observed here ‘and
reported earlier!® dictates an "hourg1ass" specimen shape which in turn

complicates longitudinal strain determination.



I1. EXPERIMENTAL PROCEDURES AND CRYSTALLOGRAPHIC ANALYSIS
A. Specimen Preparation-

A11 specimens were prepared from 99.999 percent pure cadmium
obtained from American Smelting and Refining Company (c]eaned in dilute
‘nitric»acid), and 99.999 percent puré gold obtafﬁed from the Sigmund
Cohen Cbmpany (cleaned in aqua regia). These maﬁeria]s were weighed out to
a-composition 47.50 + 0.01 atomic percent cadmium, sealed in.5 mm quartz
tubing (cleaned in glass cleaning solution and methanol) in an atmosphere
of 10”3 Torr argon, and homogenized at ~700°C. The resulting ingots
were weighed and resealed in capsules whose lower sectibns were constricted
in the "hourg]ass" shape* and pointed to faci]itafe sing]e‘brysta] growth
in an atmosbhere of either 100 Torr or 1073 Torr argon (ét room temperature
pressure) for reasons discussed below. The ingots were cast into the
"hourglass" sections at v700°C,'and4sma11 bubbles were removed by tapping
on a rod used to'support the capsule in the vertisal tubular furnace.

"High quality single crystals (with sharp Laue spots) were obtained by a
modified Bridgman technique!® at a gfowth rate of 10 inches per hour.
' Po1ycrysta]s with ~1 mm grain size were obtained by a water quench.
After growth, the specimens were reweighed to determine weight loss.

| The two argbn pressures reported above correspond to two tech-

niques used to control bubble formation which is presumed to be due mainly

* A small number of tensile specfmen'capsules were prepared with a
1-1/4 inch gage length 0.079 inches in diameter.



to cadmium vapor.** The first_te;hhiqhé'emplbyed re1ative1y high argon
" pressure (~300 Torr at,700°C) to suppress cadhiUm bubbie formation and was-
employed early in the research. The second used low argon pressure and
allowed the cadmium vapor to equi]ibrgte béfgrezfina1:bubb1e removal by
leaving the molten ingot in the furhace hot zbhe épproximate]y 1-1/2 hours.
This technique was very effective. Even with the high Cd v&por pressure,
the.sma11 free volume (~1 cm®) limited the calculated cadmium loss to ~1073
grams which was the same order of magnitude.as thg total weight>1oss
observed. The weight loss after homogenization and ‘growth and the result-
ing composition, conservétive]y assuming 1t.a11 tb be due to cadmium vapor,
are listed for each specimen.in Appéndix B, the worst case being a final
- composition of 47.45 percent Cd. '

| Certain batches of quartz‘tubing had a pronodnced tendency to
adhere to the ingot on so1idffication causing capsule fracture and ingot
oxidation. This was prevented by depositing a thin carbon film inside the
capéu]e. The procedure involved rinsing the'capsu1e in ‘acetone and immedi-
ately heating it over a Tow flame, thus burning. the residua1 acetone onto
the capsule wall. Loose carbon was removed by a methanol rinse.

Toféion-specimens were tested as cast while tensioh-compression

specimens were first electropolished to reduce the speéimén diameters approx-
imately 0.035 inches to facilitate gripping. This was also observedto
improve crystal quality through removal of the surface 1ayeré-and thus

to aid in achieving the single interface transformations discussed earlier.

*x At 700°C the part1a1 pressure of cadm1um is 400 Torr while that for
gold is negligible (<< 1 Torr)



The electropolishing solution consisted of 100 gm KCN, 100 gm sucrose,
' 60 gm K,CO, and 375 cc H,0'* heated to approximately 95°€ so that the
specimens were e1ectropo1isﬁed in the high temeerature B phase. A 1200 ml:
stainless steel beaker esed to contain ﬁhe'so1utien served -as the cathode.-
The tips of the specimens were notched to allow gripping by an.alligator
clip, and all but the tips were immersed in the so]utien. 1t was found
that a 12 vo1t.automobi1e battery power source gave a good polish with
no voltage or current contro1s.. The average time required per specimen
wa;’approximate]y three minutes; a solution could only be used for two
specimens since longer use caused pitting. After use, the solution wae‘
rendered harmless by adding ferrous sulfate to form an insoluble ferrous
cyanide complex. Figure 3 shows the dimensions of typical torsion and
tension-compression specimens.

Most of the speciﬁens tested were transformed by a single inter--
~ face as discussed earlier by heating to the high temperature B phase in an.
electrical heating device and eeo1ing through the transformation temperature.
range in a temperature gradient. The transformation on eoo1ing was observed
by optical microscopy, and if moke than one interface was observed, the pro-
cedure was repeated uhti1 a single interface transformation was achieved.
Specimens were subsequently oriented by Laue technique (Section II, B), and
these data were used tq‘predict_mechanical behavior (Section III). Sbeeimens :
with undesirable predicted behavior were recycled through the transformation
until a different (crystallographically equivalent) interface was observed
and the spec{mens were‘oriented égain.l Some specimens were deliberately
transformed by several interfaces, thus creating‘the-mu1tip1e region speci-
mens described ear]ier;' Such specimens were prepared by quenching through

the transformation temperature into cold water. A1l specimens were kept in
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the low temperature B8' phase at least 25 hours following the 8+8' transition

prior to testing to assure complete stabilization of the twin boundaries.!?
B. Twinning Geometry and Specimen Orientation

Orthorhombic AuCd exhibits_tWihning on the' (111) plane in the
irrational (-0.667, 0.377, 0;644).difecfion - type I tWinnihg (Figure 4).!!
The n, twinning shear vector and the K, twinrb1ane normal direction cosines
relative to the specimen~éxis systém orienf the twin system;'” this is the
,commbn way of expressing any homogeneous shear system. It is more conQen-'
ient for x-ray orientatibn, however, to replace the n, direction with a
rational low index vector directly identifiabTe on a Laue photograph such
as the [001] chosen becéusé it is the closest <100> to the (111) plane
normal (42.81°) as shown in Figure 5. Since the'[OO]] has a componenf in
the (111) plane, this set of vectors, (111) [001], équiva]ent]y determines
the twin system orientation.

Specimen orientation was aided by the fact ;hat the twin composi-
tion p1ane,:gbservab1e by microscopy, is the actual K, plane. A goniom-
eter with ﬁhe degrees of freedom shown in Figure 6 was emp}oyed to orient
the specimen optically so the twin plane normal was,approxfmate]y parallel
to the incident x-ray beam.* The!resulting Laue photographs, all centered
on the twin plane normal, thus differed on1y by a rotation about the center
of the film. Hence, jdentification of the Laue reflections in one photo-
graph allowed rapid identification of the reflections in any other. The
reflections from the. (111) and (001) (paha11e1 to the [001]) thus identified

were rotated into the standard stereogrdphic'projection shown in Figure 7

with the east-west axis corresponding to the specimen axis and the north pole

* Iq practice the twin plane was oriented so its Laue reflection was just
visible on' the edge of the hole punched in the film and 10° from the
incident x-ray beam. -




Figure 4.

The distortion of a unit sphere by twinning. K

1 is the (111)
twin plane whose'normal is t. ;] is the twinning shear direc-
tion, and E is the twinning shear at unit distance in the
direction 3]. The K2 plane is rotated through angle 2a to

Ké. Twinning shears the tip of g by C; and rotates g by ¢.

(After References 8 and 9)



Figure 5.
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An exaggerated orthorhombic unit cell showing the orientation
of the twin plane normal, %, relative to the principal axes.

a = 61.60°, B = 60.95° and y = 42.81°. The (111) twin plane

normal and the [001] are employed to orient and characterize

the twin system as discussed in the text. '
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Schematic of the goniometer for x-ray orientation showing its
degrees of freedom O, about the z axis measured from the +y
direction, and ¢, about the specimen axis measured from the
vertical to the fiducial "V" on the shoulder.
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FiDUCIAL "V"

SPECIMEN

SPECIMEN
AX1S

0 ) AXIS

SPECIMEN 59

Figure 7. The stereographic projection of a typical twin system orienta-
tion expressed relative to the specimen axis system. The (111)
twin plane and [001] of one twin are sufficient to character-
ize the system as discussed in the text.



, . 16
corresponding to the fiducial "V" (Figure 6).

C. Mechanical Testing and Fractography

1. Tensile Testing

Four tensile specimens describéd earlier were tested on an Instron
TTC machine at strain rates between 0.01'ahd 0.02 inches per minufe. The
specimens had 1-1/4 inch gage 1éngths, and strain was measured with a 1
inch clip-on extensometer. This machine was not suitable for tensioné
compression fatigue owing to its large overshoot at higher testing

frequencies.

2. Torsion Fatigue Testing

Tofsion fatigue tests were conducted'on.Satec-SF-ZU eécentric'
weight machine, a constant force device that operates at 30 Hz. Typical
torsion specimen dimensions afe shown in Figure 3. Collet grips were
used, and the strain was estimated from the total twist of. the specimen.

in degrees using the treatment in Appendix C.

3. Tension-Compfession Fatigue Testing

Tension-compression fatigue testing was performed on a +20 Kip
Material Testing System e]ectrohydraulic closed loop system, -and collet
type grips, aligned by means of a‘wbod‘s metal pot, were emp]oyed.18 Most
specimens were tested in Toad control due mainly to the observation early
in the work of an abrupt transition to a high modulus region terminating
deformation by twin boundary motion which resulted in highly variable peak
lToads and a certain amount ofxnon-twin related (plastic) deformation when

§troke'(ram displacement) control was used.



Since the purpose of this research was' to sﬁudy deformation by twin bound-
ary motion and not by classical plastic mechanisms, the 1oad Timits were
generally set far below that for measurable plastic deformation but suffi-
ciently high to observe the end of twin boundary motion. Because of the

above argument against stroke control and because it was often necessary

- to move the diametral extensometer employed in strain measurement during

testing (Section III), strain control testing was not attempted. The
extensometer was mounted on a circular track graduated in degrees and
concentric with the ram:to facilitate its positioning relative to the
fiducial "V" on the specimen (Figure 6)f Testing frequencies were gen-
erally 6 to 7 Hz but were occasionally as high‘as 20 Hz and as Tow as
2 x 107* Hz. The shapes of the lToad-stroke and load-diametral strain
hysteresis loops were monitoredlduring testing on a‘CRT,-and the 1oops
were recorded on an x-y recorder at rates of 8 x 1072 Hz and below at
various times during testing; Failure was defined as the detection.of

a visible crack (~0.01").

4. Temperature Control

A simple temperature control system was devised to allow test-

ing between -126°C and +65°C on the MTS machine. The system, shown

schematically in Figure 8, employed a copper "T" inserted over the specimen

before attaching the upper grip and some copper tubing. Dry he]ium was
forced through the tubing which was either heated over a bunsen burner or
cooled by immersion in 11qui&-nitrogen. Temperature was measured with a
"copper-constantan thermocouple- and controlled by regulating the gas-

pressure to +4°C for heating and +2°C for cooling.

17
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' ] Collet grip
\]

Copper tubing
Copper “T"\\\\\\\‘ J{

To helium tank

pu————

| N

QUL

Coper-constantan

Liquid Na in dewar (cooling). Substitute
r

Thermocouple bunsen birner for heating

Figure 8. Schematic drawing of the temperature control system used with
the MTS testing machine in the range -126°C to +65°C.
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5. Fractography

Fracture surfaces were observed in a Jeolco JSM-13 scanning elec-
tron microscope and a Zeiss polarized light microscope using the Nomarski

objectives.
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I11. THE CRYSTALLOGRAPHY OF STRAIN AND THE PREDICTION OF MECHANICAL
BEHAVIOR

Hourglass specimens are commonly employed for high strain (> 2
percent) fatigue in isotropic materiais to prevenf buckling.® This
shape requires diametral strain measurements which are easily conVefted to
Tongitudinal strain in isotropic specimens (e.g., fine grained steel) but
not in the aniéotrogic specimens of orthorhombic’ AuCd with a single set
of (111) twins. However, by incorporating the (known) arbitrary specimen
orientation and the geometry of twinning delineafed above into a model, an
a]Qorithm was devised which permits the ca]cu]at%onlof the maximum strain
in arbitrary directions (i.e., a strain ellipsoid) when the speciﬁen is
converted from all of one twin to all of the other. In fact, the specimen
may only be partially converted, in which case the strains would be simply
“related fo the maximum strains by a proportionality factor less than one.
Now thg vehyanisotrogyof a single set of orthdrhombic AuCd twins can be
exploited to predict the actual strains expected in any direction from a
single measured strain without the need to determine the amount of actual
twinvconversibn. In partfcu1ar va measurable strain such as a diametra]
strain could be used to calculate an 1mmeasurab1e strain of 1nterest name]y
the 1ong1tud1na] stra1n at the midsection. Such a model was deve]oped
validated, and used in this work. The algor1thm is discussed in greater
detail in Appendix D. | | |

Figure 9 shows the predicted diamétra] strain pattern:for Specimeh
62 transformed to a s1ngle set of tw1ns dur1ng the compress1on to téns1on

half of the stress strain. hysteres1s 1oop assum1ng comp]ete tw1n conversion.
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Figure 9.

The predicted diametral strain pattern on increasing axial
tensile strain for Specimen 62 assuming complete twin conver-
sion. ¢ is the angle of rotation about the specimen axis
between a diameter and the fiducial "V" as shown in F1gure

6. Note the region where diameters are 1ncreas1ng on increasing
tension in the vicinity of ¢ = 150°
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The diametral orientation is defined by the angle from the fiducial "V"
(Figure 6); negative strain indicates a decreasing diameter on increasing
tensile stress. Note the extreme anisotropy predicted for the diameters
between ¢ = 130° and ¢ = 180° which are calculated to increase with
increasing tensile strain. This predicfed strain pattern (Figure 9) will
be compared with the measured strain in Section IV, A.

The major application here of the algorithm is for determining
"favorable" aqd “unfavorable" orientations, that is, for predicting the
extent a specimen can be éxpected to strain to relieve axial stress through
twin«bouhdary @otion (LeChatelier's princ%p1e). A more intuitive uhderstand--
iné of the physical sjgnfficance of "favorable" and "unfavorable" orienta-
tions may be obtained from a geomefric.argument which parallels the
algorithm. Figure 10 is the schematic representation of how one set of twin
Tamellae in a single region specimen gfows at the expense of the oﬁher in
response to stress. From the geometry of twinning discussed in Section II, B
ahd shown in Figure 11, the 1argest-strain which could result from complete
conversion of one twin to the other involves the interchange of 2a and

/b? + ¢? (see Figure 11) and is calculated from the lattice parameters

(énd subsequently verified experimenta]]y) to be ~0.076. As can be seen
in F1gure 11, 2a-is along [001] in one twin, and v b2 + ¢c? is-only 4. 4°
from-the [001] in the other tw1n

The choice of the [001] (along with the (111).K1 plane) to charac-
terize the twin systém orientafion (Section II, B) is now seen to have most
advantageous and important éonsequences: it permits the easy identification
-of the direction of maximum strain during twin conversion (which, as mentioned

above, is along the [001] and the prediction by inspection of how arbitrarily
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Figure 10. Representation of a single region specimen with twin Orienta¥
tions (1) and (2) showing schematically how orientation (1)

grows at the expense of orientation (2) in response to load F.

24
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Figure 11.

(a) Two primitive cells placed together to form a,unit cell
2a x b x c to illustrate (111) twins. a = 3.1540 A, b =
4.7645 A, and c=4.8644 A. (b) The same unit cell as (a)
in a twin related positon showing their common (111) plane. -
(c) Unit cells (a) and (b) joined together along the (111)
twin plane. Note that twinning has_the effect of inter-
changing 2a with a vector length / b% + c2.  (After
Schmerling®)
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oriented crystals will (or wi]] not) respond to axial tension or compres-
sion by twin boundéry motion, i.e., by the growth of one twin at the expense
of the other to relieve the stress. The two twin related [001] short 2a-
axes are 85.62° apart, and hence would represent a favorable orientation for
deformation-if one [001] is approximately parallel to the specimen axis-
since the [001] in the other twin must be close to perpendicular to it.
Thus, the twin represented by the first [001] would grow in compression
while that represented by the second would grow 1n tension. When the two
[001] axes make the same ang]e with the spec1men ax1s, however the
orientation wou]d not be favorable for deformat1on by tw1n boundary motion
since twin conversion would not change the specimen length, The two above
examples suggest that one measure of a spec1men 's ab111ty to respond to
Tongitudinal stress is the difference between the angles the two twin
related [001] axes make with the specimen ax1s§ a large difference corre-
sponds to a favorable specimen orientation.

Figure 12 is the stereographic projection of a typical single re-
gion specimen with the two twin orientations represented by their [001]
orthorhombic axes as described above. The difference between the angles
the two [001] axes make with the specimen axis may be expressed in terms
of the angles y and & (Figure 12). vy is the angle the (1]1)T twin plane
normal nakes with the tension axis. The (111)T must, by twinning crystallog-
raphy, bisect the.arc joining the two [001] axes. Thus when y is zero or
m/2, the [001] axes must be equiangular with the specimen axis, and con-
verting one twin to the other will produce zero longitudinal strain. How-

ever, a Yy value near 7/4 would allow the difference between the angles the
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FIDUCIAL “V*

SPECIMEN SPECIMEN
AXIS AXIS
Figure 12. Definition of the angle y between the specimen axis and the

(111) twin plane and the angle & between a great circle

through the specimen axis and one through the twin related [001]'
and [001]" orientations. 6 is measured 90° from the great
circle intersections at the (111).
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two [001] make with the specimen axis to be closest to the maximum value
of.85.62° (the angle between two twin related [001] directions) and thus
allow the maximum longitudinal strain amplitude. A

Since the strain amplitude (for comp]eﬁe twin conversion) should
be a 'smoothly varying function of Y, this suggests a y dependence of the
form sin y cos y which is zero at y= /2 and vy = 0 and maximum at y = 7/4.
§ is the angle between the great circle through the twin plane including
the. [001] axes‘ahd that through the twin plane which inc]Udes the tension
axis. Regardless of the vy value, a § value of n}Z will cause the [001]
axes to be equiangular with the specimen axis and thus allow no longitudinal
strain by twin boundary motion. Since the strain amplitude shou1d~vary
- smoothly with § and is maximum for & = 0, this suggests a & dependence of
the form cos vy and a reasohab1e approximation to the overall dependence of

the form:
Total Strain Amplitude & sin & cos y cos 6 (1)

In"the next section the above treatment is épp]ied'to stereographic
projections of specimens with a single set of transformafion twﬁﬁs to predict
if they will respond to relieve axial stress by a) the motion of twih bound-
aries, b) mechanical twinning, or c) neither. It is also applied to twinning
in orthorhombib single crystals where there was only one [001] axis present
but four possible twinning systems on the four (111) planes. A1l twinning
systems must be considered to determine which gives the largest axial strain
amplitude and would therefore be expected to operate. The anticipated
diametral strain pattern may also be calculated as described earlier. Since

deformation by twin boundary motion involves no volume.change, strains in
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multiple region specimens - ar single region specimens whose orientation

is unknown - may be determined from the diametral strain Qata by determining
the change in cross sectional area. Strains in polycrystalline and
unfavorably oriented specimens not exhibiting twin bodndary motion may be

estimated from the stroke amplitude using the treatment in- Appendix E.




IvV. EXPERIMENTAL RESULTS AND PARTIAL DISCUSSION
A.- Diametral Strain Patterns

Figure 13 compares the predicted diametral strain pattern on
increasing tensile strain (Figure 9) with that measured With a diametral
extensometer for Specimen 62. Both curves show a large segment where
diameters increase with increasing tensjdn, and the peak strain amplitudes,
both positive and-negative, match to within 5%. The only significant
discrepancy is a 10 degree phase shift between the curves due mainly to
fixed errors introduced in fiducial mark p]acement and extensometer -
alignment. Owing to the small specimen diémeters (6.2]0 inches), a total
error'equiva]ent to an 0.02 inch displacement of the fiducial mark would
' accountlfor the discrepancy. In addition, a smaller fixed error (% 2°)

Nin positioning,the predicted curve is introduced during x-ray orientation.
The accukacy of the algorithm in pfedicting the diametral strain pattern
of a random specimen orientation estab]ishés its validity for use in
determining ténsi]e.Strain as described in Section III. The a]Qorithm
was app]ied to the eight single region and orthorhombic=sing1eycryéta]
specimens exhibi#ing twin boundary motion aqd predicfed the observed
diametra1'strainvpattéfn in all .cases, tHe only discrepancy being a
phase shift ofvléss than 15 degrees.

| The ratio of the oserved strain amplitude to that predicted for
complete twin conversion is shown plotted against the predicted strain in
Figure 14 for single region:and single crysfa] orthorhombic specfmens. Note
that above 0.045 prédicfed strain, epeasuyred a4 €predicted (em gnd ep) agree
while below 0.03 predicted strain, no deformation by twin boundary motion

was observed. Another way of plotting the data to make the explanation of
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Figure 13.

Comparison of the measured diametral strain pattern on in-
creasing tensile strain-with that predicted (Figure 9) for
Specimen 62. Note that both curves show certain diameters
increasing on increasing tensile strain and that the strain
amplitudes match well; the phase shift is associated with a
fixed error estimated at +15° discussed in the text.
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Figure 14, The ratio sm/s . Above 0.045, g, =~ ey while below 0.035"
no deformation on the predicted twin system was observed.
The specimens in the transition region are discussed in
Section V, A.
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the behavior more tractable w1]1'be sHoWn below. ThUS; Fiéure 15 shows
that the ratio em/ep varies in a cgrrespoh&iqg Wéy with the fraction of
the applied tensile stress resolved as shear stress on the twin plane in
the twinning direction (célcu1ated‘ih Appeﬁdix F). Examining the be-

havior in this way will be shown to be mqfe fruitful (Section V, A).
- B. Mechanical- Behavior

1. Deformation by the Motion of a Single Set of Twin Boundaries

Figure 16 is fhe stereographic projectfon of Specimen 58 whfch
was predicted to deform by transformation twin boundary motibn'ih both
tension-aﬁd compressién beca@éé of favdrab]e Yy and 6 values (Séction I1I,
Expression 1). This sbecimen's behavior‘mafthed the!a1§6rithm'sxpredictions
as éhown by the tension to compression stresé—stfain Hystefesié loop
(henceforth called the "hysteresis 1loop" or "loop") in Figure 17. When
the tensile stress was increased from zero, a narrow, high‘modu]ds region;
was first observed followed by a rather abrubt transition or threshold to
a low modulus region as twin boundaries moved and one twin grew at the
expense of the other. Because of its shape, this portion of the stress-
strain loop will henceforth be referred to as a "stress step". When twin
boundary motion ceased (i.e., when the specimen was completely converted
to one twin orienfation), another high modulus région was observed. There
was-a third high modulus region on unloading -followed by another Tow
modulus region as the twin orientation that previously grew under stress
contracted and the twin boundaries returned to their original positions in
response to a restoring force that apparently originates within'fhe twin
volumes.® The compressive portion of the Toop showed similar behavior to’

that in tension.
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Figure-15.

The fraction of the predicted 1ong1tud1na] strain actually
observed, € /e » Vs the fraction of the applied stress
resolved on thg twin plane in the twinning direction. These
data correlate with. those of Figure 14, with a resolved stress-
fraction above 0.30 corresponding to a predicted strain above
0.045 and that below 0.13 correspond1ng .to a strain predic-
tion. below 0. 035, The data in the trans1t1on region are dis-
cussed in Sect1on vV, A.. -



€ MEASURED/ € PREDIGTED

4 : A e A

ol 0.2 0.3 0.4 0.5
RESOLVED TWINNING STRESS/ TENSILE STRESS

8¢



39

FIDUCIAL

SPECIMEN
AXIS

SPECIMEN
AXIS

SPECIMEN 58

Figure 16. The stereographic projection of single region Specimen 58
showing favorable y and § values for deformation by transfor-
mation twin boundary motion (Section I1II, Expression 1).
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Hysteresis loop for single region Specimen 58 deforming by
transformation twin boundary motion early in fatigue 1ife
(cycle 25). Note the abrupt "stress steps" near zero strain
in both tension and compression discussed in the text.
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The Toop showed Iess than 0.001 strain hysteresis at zero stress-
and remained essentially unchanged for:the first 10,000 cycles. Over the
next 20,000 cycles the loop graduaIIy changed to- that shown in Figure 18
and then remained essent1aIIy unchanged as Iong as cycling was continued.
The modulus associated w1th twin boundary mot1on was still rather Tow
(215 Kg/mm?) but higher than in the 1n1t1a1 cycIes (102 Kg/mm ), and the
stress step at zero strain (Figure I7) had disappearedq The othen two
high modqus segments at the strain I1m1ts after the specimen had been
converted to aII of one or1entat1on or the other and at the start of un--
loading were still observed There was aIso a substant1a1 strain remnant.
Loops similar in shape to that in, F1gure I8 show1ng no stress steps will
be called “stab]e" 100ps Th1s term1no]ogy 1s-emp10yed to conform to con--
ventional fat1gue usage It shouId not be confused w1th the volume

stabilization process and well stab111zed .specimens.

2. Deformat1on by Mechanical Tw1nn1ng When Transformat1on Tw1n Boundary
Mot1on Is not Poss1b1e ‘

A Deformat1on by transformat1on twin boundary mot1on was pred1cted
to' be 1mposs1b1e for Spec1men 73 because as can be seen from its! stere-
ographic prOJect10n in F1gure 19, v = 2 (Sect1on III Express1on 1. Both
transformat1on tw1n or1entat1ons are twin re]ated however, to a potential
'tw1n shown as [OOI]M in F1gure 19 which 1s more favorab]y oriented than
either transformat1on'tw1n to~re11eve compressive stress. Such stress did
indeed nicleate spikes of material twin-helated to ‘both transtormation twins.
Thesetspikes spnead across :the specImen and widened as shownin Figune 20.

20

S R ' . :
The geometry.of this mechanical twinning®® is shown in Figure 21, and the



42

8 e
410
6 -
4r is
NE 2 n‘
, '!? |
- 4 -
0 0
» -2t
&
4-5
o -4
-6 =
4-10
-8 o 1 ' 1 | X
-0.02 =00 0 0.0l 002

STRAIN

Figure 18. Stable loop of single region Specimen 58 late in fatigue life
(100,000 cycles). Note the absence of the stress steps present
in Figure 17; see text. (Same scale as Figure 17.)
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FIDUGCIAL “V*

SPECIMEN
AXIS

SPECIMEN 73

G

Stereographic projection of single region Specimen 73. The
subscript "T" refers to the transformation twin systém orien-

tation and "M" to the mechanical twin'system._ The former

" cannot operate because Y ® m/2 (Section III, Expression 1).

Both transformation twins, [001]+ and [001]%, are twin related
to a mechanical twin, [001],, across the (111)ﬁ and (111)%
twin planes respectively. Owing to favorable y and § (not
sﬁown) values, the EOO]JM.iS féyorab1y orﬁented to relieve

compressive stress.



Figure 20.

Mechanical twin spikes on the surface of singie region Specimen
74. Note that in the mechanical twins (white), no transformation
twins were seen by Nomarski technique at 200x, and the mechanical
twin composition plane does not change direction at the trans-
formation twin boundaries visible in the darker regions.

44
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Figure 21.

@ (b)

Very schematic geometric representation of the situation in
Figure 20 consistent with Figure 19.  (a) shows two regions -
twin related across the (111? transformation twin boundary
ABCD. (b) shows the introduction of a mechanical twin twin-
related to both transformation twins with plane EFGHIJ the
composition plane. The original transformation twins remain
related across plane EHDA as with the black regions of
Figure 20. No attempt has been made to draw the mechanical

twin composition plane in its actual orientation in Figure 20.
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hysteresis loop during the first cycle is shown in Figure 22. Twin nucle-
- ation was- accompanied by an addible "clock" and a yield drop followed by a
Tow modulus serrated région as the twin spikes widened; A high modulus-
region was observed after the spikes had consumed the specimen midsection.
When the compressive stress was removed, the mechanical twin was observed.
to contract into gradqa]]y'shfinking'Spikes that did not completely dis-
abpear'until tensile §tress»was.applied. As cycling continued, the
‘threshold stress for twinning decreased, the yield drop disappeared, and
fhe-]oop became more symmetric about zero stress as shown in Figure 23.
Th1$ loop is-simi]ar in form to the correspdnding stable lToop in single
region specimens (Figure 18). The trénsition to the."st'ab-le"l 160p was
comb]éte in 15 cycles. |

3. Deformation Where Neither Transformation Twin Boundary Motien nor
Mechanical. Twinning Is Possible.

Figure 24.showsfthéEstereographﬁc projection of Specimen 61 which,
according to the a]gorifhﬁ,=sﬁoﬁ1d‘not deform by transformation twin boundary
motion.(since § = %) nor by mechanical twinning (because vy = %¥f0r both
mechanical twin planes—Section III, Expression 1). This specimen behaved
" as pfedicted. Low modulus Qegments associated with twin boundary motion
are absent in its hysteresis loop in Figure 25, and a high stress (>10 Kg/mm?)

produced only a small strain (<0.0]) compared with deformation by twinning 1in

othef specimens (Figures 17, 22, and 26).

4. Deformation by Twin Boundary Mption'in Orthorhombic Single Crystals

Figufe 26 ;how§'the:hysteresfs 1oop of an orthorhombic single crys-
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Figure 22. The hysteresis loop of single region Specimen 73 showing
mechanical twinning in compression on the first testing cycle.

Note the yield drop on twin nucleation as indicated by the
arrow.
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Figure 23. Stable loop of Specimen'73 (cycle 160). Note the absence of
the yield drop and the symmetry of the loop about zero stress.
(Same scale as Figure 22.)
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. FIDUCIAL "V"

SPECIMEN

AXIS SPECIMEN

AXIS-

SPECIMEN 61

Figure 24. Stereographic projection of Specimen 61. The subscript "T"
refers to the transformation twin system which cannot operate
because GT ~ /2 (Section III, Expression 1). Likewise, me-
chanical twinning cannot occur because yﬁ and yﬁ x> /2 for each
mechanical twin plane in the above mentioned expression.
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Figure 25.

The hysteresis loop of Spec1men 61 showing no low modulus seg-
ments indicative of twinning at stress levels high relative

to those where twin boundary motion is observed This speci-= .
men was subsequently tested under:z19 Kg/mm? stress and showed

_considerably more plastic deformation than is apparent here.

Note the expanded stra1n scale compared with earlier figures.
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The hysteresis loop of single crystal orthorhombic Specimen 68
early in fatigue 1ife (20 cyc]es{ which was favorably oriented
to deform in tension only. The body of the loop lies above

zero stress because the specimen was well stabilized (rubber-

1ike). Thus, the restoring force returned the twin boundaries
to their original configuration and the specimen to its ori-

- ginal shape when the stress was removed. Note the compressed

52

strain scale (and the expanded stress scale) relative to earlier

figures to illustrate the 0.072 strain at low stress with this
specimen. :
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tal early in fatigue life which remained essentially unchanged the first
1,000 cycles. The [001] short axis of this stabilized single crystal was -
only 8 degrees from the longitudinal.axis making this orientation favor-
able only for deformation in tension since there was no more'favoreble
twin related orientation for compression. Hence, the asymmetry of the Toop
was anticipated. in Section ITT, it was predicted that any twin system
with an [001] axis of one twin near the:tension axis should have a large
stnéinnamplitude. This specimen coulq.respon&:to tensi1e¥stress by
twinning -on any of the four pdSsﬁb]e (111)_tWin sysfems; and that which
permitted the greatest elongation was observed to operate. Tne low tensile
sfness'for twin bbundary motion . (2 1 Kg/mm*) relative to that for mechanical
twinning (10 Kg/mmz) suggests that twin nuc1e1 may have been present pr1or
to test1ng a]though X-ray and m1croscop1c exam1nat1on showed no evidence of
them. _ N | o

As testing continéed.:the 1obp.shape in Figune 26 changed to that
: in,Figure 27 Which.ehen remained;essentiaT1y:unchanged from ]0,000-t0
1,005,000 cycles?wnen'teseﬁng,nés;stOpped; . This stable Toop ?Figure 27)
was the same fermfasithOSefferitfansformation.twin boundary metjon (Figure

18) and methanitéi:twinning‘(FiQUre 23).

5. Deformation in Multiple Redion Specimens

As ment1oned in the 1ntroduct1on, it 1s possible to transform a
"s1ng]e crystal parent by severa] 1nterfaces produc1ng several d1fferent
“twinned lamellar reg1ons all with crysta]]ograph1ca11y equivalent reTations
to the cubic single crysta] parent1° s11 (F1gure 2) Bwrnbaum and Read

reported that tw1n and reg1on boundarles move in response to stress in such
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Figure 27. Stable loop of single crystal orthorhombic Specimen 68 (cycle
30,000). Note the shift of the body of the loop downward
relative to Figure 26 and thus the relative absence of the
ferroelastic restoring force. (Same scale as Figure 26.)
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2

'specimens.l 0f the five mu1tip1e regioén speci@ens tested, two showed

“twinning type deformation with typical stable 16bps and step phenomena
while three behaved similarly to a poor sihgle region orientation (Section

v, B, 3).-

6.  Deformation in Po}ycnxstél1%ne Specimens

Four polycrystalline specimens with approximately 1 mm average
grain size were tested to failure in stroke'control. Their hysteresis loops
showed no indication of defprmation by twinning and resembled that of a poor

single region orientation (Section IV, B, 3).

7. Rate and Temperature Effécts:on the Hysteresis Loop

The tésting tempefatureland cycling frequency were found to have
significant effects on the shapéfof the stable hysteresis loop, especially
at frequencies below 10! Hz. Shown in Figure 28 are loop shapes for
severai frequenqiesvtraced at several teﬁperaturesg The ‘1oop hysteresis
generally decreased W%th increasing frequgncy and -decreasing temperature at
frequencies below 7.5 x 107% Hz.. The Toops did not appe&r FO'change, however,
when viewed on a CRT as the tésﬁing frequency was increased :from 7.5 x 107> Hz
to approximately 7.5 Hz at.all temperatures. This will be discussed further

below (Section V, B). . .

8. Step Phendhéna

The formatidn of:a sykess:step'whehever cycling was stopped for
more ‘than a féw.sec@nds was a common feature:of.a11 "stable" loops of

specimehs défﬁrﬁihgfby twin boundary motion descriQéd iniSectiQn Iv, B, 1,
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Figure 28. The effect of cycling frequency and temperature on the stable
loop shape of Specimen 76. Frequency decreases to the right,
and temperature decreases towards the bottom of the page.
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2, and 4, Figure 29 shows the effect of a 10 minute ho1ding period at zero
load and room temperature on the shape of a stable loop. One side of the
loop has been vertically displaced relative to the other, and moduli for twin
boundary metion in the vicinity of this step have decreased relative to the
stable 1éop. The step height is defined to be vertical displacement of thé
center C in the two portions of the loop, i.e., between the two stress mid-
poinis C' and C" of the two half Teops .in Figure 29. This has been plotted
vs holding time at various temperatures in.Figure'Bo for the specimen
illustrated in Figure 29. Steps may be créated anywhere in the loew modulus
 region of the loop (iGe@,‘not only at zero stress); and several steps may be
introduced into one loop. - | |
When cycling is resumed, the steps shrink and disappear at a rate
which depends on frequency. In Figures 31 and 32 are plotted the fract&on
of the initial step height vs time and number eof cycles respectively at
several cycling frequencies after a ten minute held at zero stress. The
data for 8.3 x 1072 Hz is plotted vs cycies on an expanded Tinear scale fn
Figure 33 to show that the effect of a single cycle on a "ten minute" step
height is a decrease of approximately 2 percent which is small relative to
the step measurement érror (+ 4 percent) and negligibie relative to the
step reproducibility (- + 20 percent) in one specimen. Hence, the step
height grewth at various temperatures (Figure 30) observed by tracing single
8.3 x 1872 Hz loops was plotted not against total elapsed time, but after
sdbtracting the cumulative tracing time (12 sec per loop) from the elapsed
time for each point. This procedure will be justified further below (Sec-

tion V,B).
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STABLE LOOP ~ EFFECT. OF A

Figure 29.

10 MIN. HOLD
AT ZERO STRESS
(22° C)

The displacement of the left and right portions of a stable
loop caused by a ten minute hold at zero load and room temper-

"~ ature. The step height is defined as the separation displace-

ment of the loop's center C to C' and C". Note that while
the modulus of the loop near the holding point has been de-
creased somewhat by the hold, the stress hysteresis (vertical
width) is virtually unchanged.
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Figure 30. The §rowth of a step (G' - C" o¥?Figure 29) with holding time

at several temperatures for Specimen 76.. The time axis is
the total hold time (the total elapse time minus the time
required to trace the loops); see text.
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Figure 31. The disappearance of a stress step (formed by a ten minute

: hold on a stable loop at room:temperature) when cycling is
resumed vs time for several frequencies for Specimen 56.
Note that the rate of disappearance increases with increas-
ing frequency. = :
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Figure 32. The same data as in F1gure 31 Vs the number of cycles showing
that the fraction of the step he1ght 1ost per: cyc]e decreases
with increasing frequency
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is ~2% reduction in step height. '
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A11 the above step height observations were made whi]e_specimens-

remained mounted in the testing machine. This was found to influence the step

shape as illustrated in Figure 34 Which bbmpares an "in machine" ‘step to an
"unconstrained" step obtained by releasing the:specimen from the upper

grip during the hold. The maéhine apqe&rs to effecf the phenomenon by
raising the step modulus’ and decreasing its strain hysteresis.. An "in
machine" step was changed to an "unconstrained" step after an additional

ten ‘minute hold with the hpper grip released. 'Difficulty_in'rémdving ang
re-attaching the upper grip,.barticu1ar1y at honambient'temperatures;
-Timited the study of'thé "unconstrained" step phenbmené”and hénte the quan- -

titative information whjch-coqu be obtained from these studies.
C. Fatigque Properties

1., Torsion Fatigue Data

Tofsion fatigue data wereobtained on a SatecvSF-ZU constant force

~ machine. Figure 3 shows a typical torsion specimen. The strain estimation

‘ca1cu1ations.are outlined in Appendix C. All spécjmens were-sing]e region,
but were not oriented prior to'teéting. Type 302 stainless steel specimens
(Figure 35) were tested for comparison with the AuCd spechens. The*resu]tsl
: are shown in Figure 36 as ‘a conventional log strain (Aé).v;.Tog cycles .to

~ failure diagram. waéver; the inhomogeneity inherent in torsionlfatigue and -

the inflexibility of the Satec machine made it difficult to examine sucﬁ~
factors as rate and orientation dependégce. Théreﬁore, thé major effort

was - expended in tension-compression testing.
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Figure 34. ‘The difference between stress steps resulting frdm'a hold when

the specimen is constrained by the machine and when the upper
grip is released. The machine appears to cause a narrower’
stress hysteresis and a larger step height.



N\
N e

 0.32° o 0.250"

| ~ N _— L SN—— | _l_
. ' ' ‘
—— 3/4"—— ‘ , 3/4" ——

Figure 35. The dimensions of the type 302 Stainless steel cylindrical
specimens prepared for comparison to the AuCd torsion fatigue
data.
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Torsion‘fatiguerdata plotted as log strain vs log number of cycles

to failure. The strain values given are total strain, Ae. The
data demonstrate the strain fatigue resistance of AuCd single

" region specimens compared with a fatigue resistant steel.
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2. Tension-Compression Fatigue Data

Tension-compression fatigue testing'was performed on several
single region and polycrystalline specimenh.s The results and relevant data
on each specimen are tabulated in Abpendix B. 'The testing procedure is -
described in Section II, and mosf specimens: were cycled in load control
for reasons outlined there. Therefore, fhe strain amplitude, being an
uncontrolled variable, could vafy during testing but was observed to hold
| relatively constant in most icases. The variation in the anontno]]ed
variable (stress or strain - here strain is considered a controlled variable
in stroke control) for each specimen is Tisted in Appendix B, and'tﬁe half-
1if¢ value is used to characterize the specimen's behavior. ~The_B' Autd
fatigde behavior is summarized in Figure 37 as 1ogltota1 strain amplitude
(ae) vs Tog cycles to fai]dre* and in Figure 38 as log stress vs log
cycles to failure (Figure 32). Whi]e Tittle change fn the "stable" loop
shapes were observed during testing** (Sectfons Iv, B, 1, 2, and 4), h
removal of specimens from the machine well into testing (>100,000 cycles)
for periods of hours was found to significantly influence -mechanical

behavior. Figure 39 shows this.effect for two single region specimens

* Vstrain amplitude” in this paper is défined as Ae to av61d possible
confusion between the algorithmic strain pred1ct1ons wh1ch are always
Ae and the convent1ona1 usage of strain amplitude, %?

** There was no measurable: changé in the stress hysteresis of any
stable loop, and the ‘strain amplitudes and modulii generally varied
no more than 10% SO 1ong as cycling was not stopped or s1owed below
10 Hz.
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Figure 37.

Tension-compression fatigue data plotted as log total strain
amplitude (Ae) vs log cycles to failure. No Tine has been
drawn through the data because of the scatter. Similar data
on an 18% Ni maraging steelare furnished for comparison to a
strain fatigue resistant steel. The values plotted are the
half-Tife strains. An arrow indicates no failure.
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Figure 38. Tension-compression fatigue data of stress vs number of re-
: versals to failure on a log log scale. AuCd follows Basquin's
stress relation regardless of orientation. The stresses given
are half life values, and an arrow indicates no failure.
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Figure 39,

The "hardening" effect shown in load control as a decrease in
the strain amplitude and in stroke control as an increase in
peak load after a 12 hour testing interruption at room temper-
ature late in fatigue 1ife. The step in the 400,000 cycle

Toop of Specimen 62 was caused by stopping the machine
(Section IV, B, 8).
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tested 400,000 cycles and held for 12 hours at room temperature. Specimen
62 was tested in stroke'(ram displacement) control, and the interruption
raised the maximum stress (the uncontrolled variable) from 3.3 Kg/rrim2 to-
4.8 Kg/mm?, Specimen 70 was tested in load control with tpe-de}ay lTowering
the strain amplitude fromAODO]6blto'O°01O4, This ph;:omenon will be called
the "hardening effect" and apparently is permanent since there was no
return to tHe former Toop shape with continued testing.

Specimen 73 was tested 1]8,060 cycles and stored 66 hours at
-190 degrees centfgrade to aetermine whether specimens kept at Tow temper-'
afure would exhibit the éff.ect° Figure 40 shbws the final hysteresis loop
before the delay and the initial 10,000th and 18,003rd loops after fhe
delay. - A stress step'(Section IV, B, 8) formed during the testing suspen-
sion which disappeared over the subsequent 10,000(2yc1es leaving a
hysteresis Toop virtually identical to that before the hold. However, 41
-miﬁutes of subsequent room temperature holds reduced the stroke amplitude
{an uncontrolled variable) from 0.0138 inches to 0.0065 inches. Theée

data will be further discussed in Section V; C.
D. Fractography

Figure 41 shows several scanning electron micrographs of fracture
surfaces on AuCd specimens. They all exhibit characteristiés of brittle
failure typical of ordered alloys tested well below their melting points;
the tests reported here were conducted below 56°C while AuCd melts at
~680°C. |

Characteristics of catastrophic failure were commonly.observed

as shown ih the micrograph'of-Specimen 62. The rivermarks traversing- the
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Figure 40. The prevention of hardening by storage at -190°C. Specimen 76, exhibiting a stable loop
(a) after 118,000 cycles of testing, was stored 66 hours at -190°C and remounted in .
the testing machine. (b) shows that a stress step formed during the interruption which
disappeared over 10,000 cycles, leaving the loop (c) virtually unchanged from loop (a)
before the hold. However, 41 minutes of holds at room temperature caused.hardening (d).
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Figure 41(a).

The fracture surface on Specimen 62 showing rivermarks
characteristic of brittle fracture apparently origin-
ating at the upper right.
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Figure 41(b).

The fracture surface of Specimen 53 showing crack front
striations. Note the shallow relief and sharp defini-
tion characteristic of brittle fracture.
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Figure 41(c).

The fracture surface of polycrystalline Specimen 63

showing brittle fracture and radial grain structure.
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specimen indicate a crack nucleated in the upper right part of the specimen
and spread rapidly across it.

Crack front striations marking the progress of the crack on suc-
cessive cycles were occasionally observed near the nucleation point. They
also show brittle characteristics in their sharp definition and shallow
relief. Specimen 53 illustrates these striations.

Specimen 63 illustrates a polycrystalline fracture surface. Again
catastrophic failure was observed. The radial-pattern is apparently due to
the radial grain structure resulting from a water quench.

An early stage in crack propagation can be seen in the optical
micrographs of the surface of Specimen 72 (Figure 42). This specimen was
removed from the testing machine before fracture, and it demonstrates that
the cracks can grow parallel to twin boundaries. The second micrograph

shows the tip of a satellite crack near the main one.




Figure 42(a).

A crack parallel to the twin planes in Specimen 72.
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Figure 42(b).

A satellite crack parallel to the main crack and ~200 u
from it.
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V. FURTHER DISCUSSION

A. The Effect of Orientation on the Degree of Twin Conversion

Figure 14 shows that for 1bngftud1na1 strain amplitudes above
0.045, the strain amplitude predicted by the a]gofithm and that measured
agree to within 6%. _However,'for predicted longitudinal strain amplitudes
below 0,030, no deformation by'twin boundary motion on the predicted twin
system is actually observed. Plotting the same form of the data in Figure
15 against the fraction of fhe stress resolved as shear on the twin plane
in the twinning direction (Figure 15) and noting that the data correlate"
simi]ar]y in Figures 14_an% 15 permits this to be understéod; Since the
twin plane normal and the fwinning shear vector (also) define the orjenta-
tion of the twin system and could, equivalently, be used ‘as inputs to the
strain prediction algorithm, this cbrre1at10n is not unexpected. However,
the reasons no strain is observed for predicted values below 0.030 in .
Figure 14 are best understoodlby investigating why no twin boundary motion
is observed when.the fraction of the app]ied stress resolved for twinning
is less than 0.13 in Figure 15. This is because the fraction of the
applied étress resolved ohvthe twin system has a more obvious physical
significance than the algorithmic predictfpn.

Deformation in B' AuCd can proceed by the competing processes
of {100} -<100> slip??* and twinning, the former being relatively orienta-

tion insensitive compared with the Tatter owing to the multiplicity of slip

* ' The slip system is givén here in the orthorhombic system. It comes by
lattice correspondence!®s'! from the {110} <100> in the parent B CsC%
structure. '
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systems. However slip, once begun, Wi11 prevent twin boundary motion by
raising the concentrations of slip dislocations and order faults and thus

‘ raiéing the resolved stress neéessary to initiate twin boundary motion.

"For unfavorably oriented specimens, the tensile stress necessary for slip

is reached befdre the shear stress necessary for twin boundary motion. Thus,
the data from Figure 15 show that below a resolved twinning stress to
tensile stress ratio of 0.130 (corresponding to a predicted Strain of ~0.03
in Figure 14);‘ho strain by twin boundgry motion will be observed.

However, the above_ekp1ané£ibn does not!adequéte]y account for the
data in Figure 14 for predicted sfraing between 0.030 and 0.045 since these
specimens exhibit partia]-twin cohversion, and the re§o1ved'stress criterion
gives no indication as to why twin boundary motion, ohce started, should
stop before complete twi‘n'com’/ers'i‘on° There appears to be at least three
distinct mechanisms that could 1imit twin boundary motion; their applica-

_ bility to each specimen will be considered. Specimen 59 exhibited half the
expected stress-strain hysteresis loop, showing twin boundary motion in
‘tension but not in compression (Figure 43), and the strain amplitude is only
~0.4 of that expected. The twin plane orientation Qas nearly ideal for the
resolved stress criterion, being 50° from the specimen axis, but the twinning
shear vector was 68" from this axi;, This.behavior suggests-thét tensﬁon
assists twinning shear by separating atom planes parallel to the twin plane
while compression hinders this shear by forcing the planes c]oser together.
Support for this hypothesis_is.found in the stress thresho]d values for

twin boundary motion in the five specimens,expibiting it under both tensile

and compressive stress. Theséldata appear in Table 1 whﬁch'shqw that, except
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Figure 43. The hysteresis loop of Specimen 59 early in fatigue life (cycle
25) showing a low modulus segment (indicative of twin boundary
motion) in tension but not in compression.



TABLE I

Threshold for Twin Boundary Motion

Twinning Shear Twin Plane-  :Threshold (Kg/mm?)

Specimen # Vector §f Normal if Tensign 'Compression
53 63 61 2,341 2,341
58 37 59 4,422 5,019
62 . 68 39 2.088 2.864
75 58 44 2.955 3.689
76 | 64 52 1.118 1.730

* Measured from specimen axis.
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for Specimen 53 where the thresholds are equal, the compressive threshold
is always significantly greater than the tensile threshold.

The behavior of Specihen 70 does not seem to be explained by the
above reasoning. Here the twinning shear vector was only 34° from the speci-
men axis while the twin plane normal was 72° from the axis. The stress-
strain hysteresis loop (Figure 44) showed some twin boundary motion in both
tension and compression with a significant strain remnant; but no well
defined threshold for twinning. deformation. ‘Like Specimen 59, the measured
diametral strain ratios agreed well with the predictions but the strain
amplitudes were reduced. A possible explanation involves -the specimen
geometry. Here the twin p]ahe is steeply 1né1ined to the specimen axis
such that one twin lamella extends from one shoulder through the midsection
into the other shoulder. Thellarge shoulder diameters relative to the mid-
section cause the ‘shear stresses there to be ~1/3 that at the constriction.
Thus, the twin boundaries are constrained in the shoulders by low stresses
there. This pinning effect would be expected to "soften" the twinning
threshold and reduce the strain amplitude because with steeply inclined
twin lamella the tensile stress for breakaway is very position dependent
and may never be reached well up on the shou1ders; Hence, a twin segment
in the midsection that has reached the threshold stress would be restrained
by adjacent segment still pinned.

Specimens 58 and 76 had moderately good orientations and showed
twin boundary motion in both tension and compressﬁon but deformed only to-
~0.7 of their predicted strain amplitudes. A possible explanation for the

case of Specimen 58 is found in the shape of the compressive part of the



Figure 44.
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The hysteresis loop of Specimen 70 early in fatigue life (cycle
22) showing some lower modulus regions (indicative of twin
boundary motion) in both tension and compression but no well
defined threshold for twin boundary motion; see text.
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hysteresis loop (Figure 17) which showed a huch less abrupt transition to
high modulus behavior accompénying the end of twin boundary motion than

was obser?ed in tension. Thus the more gradual transition in compression
ﬁay indicate not an end to twin boundary motion, but rather an increase in
the stress required to sustain this deformation mode. In favorab]yvoriented
- specimens, the stress necessary for twin 50undary motion does not change:
much as. the bouhddries_move even though their movement is accompanied by a
slight rotatjon.* In less favorable orientations, such as that of Specimen
58, however, the twin plane rotation moves the boundaries to sufficiently
less -favorable orientationé'sb-that additionaf stress is required for
continued strain. Therefore, the fai]ure‘to néach the anticipated strain
in compression could be explained by the stress. required for continued
deformation rising above the programmed stress 1imit before total twin:

conversion is achieved.
B.. The Effect of Cyclic Stkesses on the Mechanical Properties

The 1nitié1 cycles in specimens’exﬁibiting twin boundary motion
were characterized on increasing tension (or compression) by a "stress
step”, a high modulus region with an abrupt transition to Tow modulus
behavior associated with the movement of twin bodndaries (i.e., Figure 17).
'A]though the high modulus segment suggests pinning-of the fwin boundaries,
the absence of any yield drop indicating twin bounaary breadeay militates

against such a mechanism. The mechanical behavior can be understood, how- -

* One of the consequences of the growth of one twin, as seen in Figure 11,
is a small shear of the specimen which, due to gripping constraints,
manifests itself as a rotation of the twin planes in' the specimen mid-
section in a manner analogous to slip plane rotation during slip.
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ever, in terms of a time and temperature depehdenf restoring force and a
Peierls-Nabarro stress.

B' AuCd has a 1attice with a basis, and while the lattice twins-
instantly on the passage of a twin boundary;** some atoms in the structure
are trapped in the "wrong" positions. In order for these atoms to become
properly mirror positioned with respect to the displaced twin boundaries,
time and temperature dependent shuffles must occur. If the stress which had
moved the twin boundaries is removed before the shuffles can occur, the
energy of the specimen can be reduced if the twin boundaries move back to
their original positions thereby restoring atoms to their true mirror
positions-in the original twin. This is the origin of the twin boundary
restoring force and the "rubberlike" behavior in g8' AuCd éccording_to
Schmerling.® However, if the twin boundaries are held displaced for a
temperature dependent time.(~1 day at room temperature), the specimen's:

“internal energy is reduced.by.the shuffling of these "wrong" atoms into
their proper mirrbr positions with respecf to the displaced twin boundaries;
the réstring force to‘the original b0undary positions will disappear,.and
the speciﬁen will become "rubber-like" from the new twin configuration.

Since fatigue cycles are begun on well stabilized (rubber-like)
specimens, it is proposed that part of the high modulus region and subse-

quent threshold is due to this volume restoring force since it is necessary

** A lattice twin is not a true crystallographic twin unless all the atoms
. are in their correct mirror related positions across the twin boundaries,
and!for :this a]]oy, this is the case on]y in well stabilized spec1mens
~ The distinction is not made here in using the terms "tw1nn1ng , "twin
boundaries", etc.
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to counteract this force in order to displace some atoms adjacent to a
twin boundary into "wrong" positions (raising energy) and thus move the
boundary into one twin. That the stress rema{ns at, or slightly higher
than, the threshold as boundary displacement increases away fkom_its
original position constitutes strong evidence that the restoring force on-
‘the boundary is associated with a volume stabilization process and not'a
anning mechanism.

It is here proposed that the remainder of the.1n1t1a1 high
modU]us regien and all the high modulus segment on un]oading-(and thus the
observed stress hysteresfs) are due to .a Peierls-Nabarro stress for twin
boundary motion. Recently, Sumino??3 has proposed a theory of twin boundary
motion in which the twin plane itself is ednsidered to be a two dimensional
dislocation that moves through the expansion of pillbox shaped kinks (Figure
45). The Burgers vector of the twinniﬁg dis]ocation is the twinning shear
vector, and Sumino pointed out that since no bonds are broken_in propagation
of twinnfng dislocations, their'energy of motion would be.1ower than that
for slip dislocations. He applied Peierls-Nabarro calcuTations to his mode]
and reported the calculated stress for twin boundary motion to be in reason--
~able agreement with that measured in several materials including 8' AuCd.?*»%°
This wdu]dvaccount for high modulus segment on unloading and the stress:
hysteresis observed for all epecimens; |

A1l of the mechanical behavior of R AdCd described here can now
be accounted for by the effect of the time-temperature dependent volume re-=
storing force (requnsib]e for the rubber-1ike behavior) and the Pejerls-
‘Nabarro stress (proeucing the stress hysteresis) on the motion of twin bound--

aries: the shape of the stress-strain Toops for well stabilized rubber-like
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Figure 45.

The movement of a twin plane by the expansion of a "pillbox"
shaped kink. (From Sumino?3)
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specimens (on which testing was begun), fhe transition to the stable Toop
as‘cyc]jng proceeds, the development and qisappearance of a stress step
when cycling is suspended and_theh resumed, and the time and frequency
dependence of the loop shapg. While cyclic experiments were always begun
on rubber-like specimens, it is more'inétructive to first consider a stable
Toop where the restoring force is néar]y‘absent and the Peierls-Nabarro
force is dominant. The reintroduction of rubber-like behaQior can then be
understood in terms of the.stébi1ization process which occurs when cycling
is stopped.

The near absence of the volume restoring force in specfmenS'after
many cycles can be exﬁ]ained by the continuous movement of a twin bodnqary
back and forth past a giQen voTume cbnverting it from one twin orienfation
to the other. While the jumping probéss of shuffied "wrong" atohs to their
proper positions is undoubtedly occurring, it aoes not contribute to the re-
storing force because the yo]uhe cannot be associated with a particular fwin.
This is especially true in the center.of theltwin boundary travel as shown .
in Figure 46 since a volume there spends half the time in each twin. It is
less true near the limits of twin boundary motion where a volume is in one
twin over most of the cycle thus allowing mére stabilizatilon (or properly
positioned atoms) with respétt to that twin than the other and hence a re-
storing force. Therefore, the stable loop shape is seen to be determined
by the Peieris-Nabarro stress, o, with an increasing restoring force
component as the strain limits (and thus 1imits of twin bdundary motion) are

approached (Figure 47).

The observed temperature and frequency effects on the stable
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Figure 46.

Schematic representation of twin boundary motion showing twin
boundary configurations at the midpoint of travel (top), at
one extreme (middle) and at the other extreme (bottom). Note
that position A is in twin 1 and position C is in twin 2 over
most of the cycle while position B is equally shared by each
twin.
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SPECIMEN 76
STABLE LOOP

Figure 47. A stable loop of Specimen 76 showing the Peierls-Nabarro
stresses at zero strain, *o., responsible for the stress hyster-
esis and the stabilization restoring force drawn as a line in
the center of the loop. Note that this force has no discontin-
uity in a stable Toop.
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loop shape (Figure 28) can now be understood in terms of continuing
stabilization during cycling. If the frequency is sufficiently low and

the temperature is sufficientl;'high, a given volume will have enough

time to stabilize in one twin before the passage of the twin boundary. Thus
this passage will be resisted by a restoring force in addition to the Peierls-
Nabarro force always présent, and the stress hysteresis will grow.

When cycling is interrupted and the twin boundaries :are held
stationary, every volume can henceforth be associated with a particular twin
orientation, andvthe "wrong" atoms can shuffle to their correct positions
unambiguously. Thus, there is a growihg discontinuity in stabilization at
the twin boundary positions with volumes on each side of the boundaries |
being stabilized in a different twin lattice. Hence, disp]acemenf of the
boundaries into either twin cause§ an appropriafe]y directed restbring force
and thus a stress step because the restoring force is a volume force and
does not vary linearly with displacement (Figure 48). A stress step can
be put anywhere ih a stable loop simply by stopping twin boundary motion
(by stopping the hachine) and thereby removing the ambiguity in stabilization
caused by twin boundary motion. Ultimately the volumes in each twin will be
completely stabilized, and, except for the large discontinuity at the hold-
ing point, the reétoring force will remain constant as shown in Figure 48,
The Peierls-Nabarro force will continue to give a stress hysteresis of
2 0., and the stable Toop will haye been converted to a shape like that of
a well stabilized specimen at the start of testing (Figure 17). When
cycling is resumed, the ambfguity.of twin orientation is reintroduced and

the stable Toop is recreated.



101

Figure 48.

The synthesis of a stable loop (above) and a Toop in a well
stabilized specimen (below). (a) shows the loops expected
from the restoring force alone. The monotonic restoring
force in the stable loop is schematically represented as
linear. (b) shows the addition of stress hysteresis due to

"the Peierls-Nabarro force, and (c) shows a stable loop

(above) of Specimen 56 and a loop after a 400 minute room
temperature hold at zero stress (below).
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C. Fatigue Properties

The Tlog strain vs log cycles to failure data plotted in Figure:37‘
i]]ustrafe the very orientation dependent broad range of behavior exhibited
by AuCd specimens. Thus Specimen 68 was tested 1,005,000 cycles at a strain
amp]itude of approximéte]y 0.07 without failure while Specimen 61 failed in
32 cycles at a strain of approximately 0.05. The difference in strain ampli-
tude for these th specimens was'primari1y a funcfion of specimen orientation,
but the spread of fatigue lives was principally 1nf1uenced'by the stress
level required tp échievezthe strain in the particﬁ]ar specimen as illustra--
ted, for example, by the stable hysteresis Toop of Specimen 76 (Figure 47).-
In this case, the ibw modu]ﬁs region representing fWin-boundary mofion ends
abruptly in both tension and compression. Hence, faising the load limits
(in load tontro]) would greatly raise the stresses without significantly
raising the strain. LikeWise; raising the strain 1imits (in strain control)
would also cause greatly increased stresses. Since no more deformation by
the motion of twin boundaries is possib1é in either modé of control, these
increases can only raise the plastic component of the deformation and thus
shorten fatigué life without'sighiffcanf1y inqreaéing the strain amplitude.
Specimen 61 failed in 32 éyé1es because it.was tested under + 19.0 Kg/mm?
longitudinal stress while Specimen 68 had not failed at over 1,005,000
cyc]eé, not because it deformed approximgte]y 0.07 by twin boundary motion,
but because this large strain cdu]d'be obtained with only * 2.8 Kg/mm?.

Had Specimen 68 been tested at + 19.0 Kg/mm2 it would have shown negligible

additional strain but a much shorter 1life.
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The influence of stress on fatigue 1ife is shown in Figure 38 as
log stress vs log cycles to failure. These data appear to fit the Tinear re-
lation proposed by Basquin®® which corresponds to the equation

- | b

o, = O (2Nf)

where o is the half Tife stress limit, 0% is the fatigue strength coefficient,

2Nf is the number of reversa1s»to failure, and b is the fatiqgue strength ex-
pohento19 The best fit Tine through the fatigue data gjves values fqr b of
-0.1875 and o% of 49 Kg/mm?. It is interesting to note that o% may be
approximated by the true fracture strength which has béen measured at 44 Kg/mm?
and 38 Kg/mm® on two tensile specimens (Section II, C, 1). Figurev38

indicates that the stréss4fatigue resistance df AuCd is Tow compared with

most metals.

The fatigue data indicate thét, to a good abproximatioq, fatique
lives are determined principally by the peak stresses regardless of the type-
of specimen (single region, multiple region or polycrystalline), orientation,
or observed strain amplitude. This implies that while fatigue is essentially
due to the relatively isotropic {100} <100> plastic deformation 22 the ob-
served strain amplitude is que (sometimes almost entirely) to the highly
anisotropic deformation by twin boundary motion which apparently affects the
actual fatigue 1ife véry little. Thus, the Tong fatigUe lives at high strain
amplitudes are possible because the 1argé cyclic strains can be obtained at
stress. levels far below those which cause measurable fatigue damage by con-
ventional means (even) in this material. In theory, the scatter in the
strain fatigue data (Figure 36) cou]d'Be reduced by subtractiné the ﬁtrain

due to twin boundary motion. Hdwever, it is difficult to separate this

strain from the plastic and elastic strain in the hysteresis loop because
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the former is generally small and the latter is small and highly anisotropic.
The "hardening effect" (Section IV, C) may be qualitatively under--
stood in terms of Sumino's model for twin boundary motion.2® Since the pill-
box shaped kinks by which the twin boundaries move always propagate outwards
towards the specimen's surface, any fatigue generated lattice defects (indi-
cated by the marked degeneration of Laue spots in x-ray photographs of tested
specimens) would be swept towards the surface. Since twin lamella are thou--
sandéfof times longer than they are w{de,* it is Tikely that most defects
would diffuse out of the paths of the kinks and into areas not swept by twin
boundary motion long before they reach the surface. These defects, as they
accumd]ate, would reduce the amP1itude of the twin boundary motion and thu;
account for the g]ight reductioﬁlin strain amplitude often observed in load
control testing. Furthermore, this would exp]gin the hardéning effect on
suspension of testing since these defects could then diffuse into the twin
lamellae and raise the stress:for subsequent twfn boundary motion. The

absence of hardening in specimens stored at -190°C (Figure 39) is understood

since diffusion is drastically reduced at Tow temperature.

* While the specimen is several mm wide, the twin lamellae are observed
optically to be approximately 1 micron thick,
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VI. SUMMARY AND CONCLUSIONS

B' AuCd is indeed a remarkable material deforming up to apprbx-/
imately 0.076 ferroane]astica]Ty by the reversible motion.of twin boundaries
(either preseﬁt in the specimeh or nucleated in response to‘stress) at load
levels typically far below that for the measurable plastic deformations
apparently necessary for fatigue in this alldy. Thus, exceptional strain
fatigue behavior was frequently observed with fatigue lives from 10° to 10°
cycles at strain amplitudes (Ae) above 0.05 as compared with 1ive§ below 103
'cyéles 4n normal metals at these strains. KHéwever, the stress fatigue
resistance was low compared with mostimetalsﬂ Ferroanelastic deformation
was found fo be highly anisotropic and prevented by gréin boundaries there-
by requiring test specimens to be grown as single crystals in the 8 parent.
phase. The mechanical properties and'maximum férroane]astic strain in all
directions were predictable from a knowledge only of the orientation of the
twih'system in specimens with a single set of twins. The frequency and
temperathre'dependence of the stress-strain hystereéis Toop .in cyclic deforma-
tion and the formation a "stress step" when cycling stopped Qere‘successfu11y
accounted for by a synthesis of'a volume stabi1ization process involving
-atoms displaced td métastab]e'positions by twin boundary motion (probosed
earlier to expTain the "ferroelastic" or ruBber-]ike effect -in Aqu),11 a

Peierls-Nabarro model for twin boundary motion,2?2

and new concepts of a
stabilization discontinuity and fractional stab%]ization. Fatigue Tives
were shown to Follow Basqufn'§ stress re]atﬁon negard1e§s of orientation,
type of specimen (single region, mu]tip]é region or po1ycrystallihe), or
principle deformation mode (transformation tWin boundary motion, mechanical

twinning or plastic deformation). This strongly suggests that relatively
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i;otropic plastic deformation (as compared to twin boundary motion) was
mainly responsible for fatigue. Failure showed brittle characteristics
typical of ordered alloys.?2’

It has been demonstrated that AuCd has exceptional high strain
fatigue resistance and would be useful particularly in applications that
exp]dit its high electrical conductivity shch as pacemaker electrodes and
relay armature connections. In addition, the examination of the cyclic
mechanical properties of this alloy has proved tovbe a unique and fruit-
ful approach to undersﬁanding ferroelastic phenomena and indicates the-

potential value of similar work in TiNi and the other "memory" alloys.
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APPENDIX A
WIRE FABRICATION

Wires 0.5 mm in diameter and over 40 cm long were cast using the
following technique. The apparatus shown in Figure 49 was constructed from
quartz tubing. An AuCd ingot was placed in the apparatus as shown, and
was passed through the system thus purging the air. The system was sealed
‘at the constriction (A) at 1 atmoéphere argon,.placed in a furnace (~700°C),
and tilted to allow fhe molten ingot to flow up against the junction with
the capi]lary tube. ‘The argon pressure was increased'approximate1y 10 psi
thus forcing the ingot info the capillary tub?; The pressure reservoir
formed by sealing the constriction prevented bassage of the molten ingot
- completely through the capillary tube. The apparatus was driven out of the
furnace at approximately 10 inches per hour fo achieve large grain size,

and the apparatus was broken bpen to retrieye the cast wire.



(A) constriction in 8 mm sleeve for

6 mm tubing ) : support at constriction
Capillary tube
‘ . 777 To argon
P f S — A tank
Pressure AuCd ingot

reservoir 8 mm sleeve

Figure 49. The wire casting apparatus made entirely of quartz tubing showing a capillary tube joined
to a 6 nm tube. After flushing the system with argon, it is sealed at (A) at 1 atmos-
phere pressure. The apparatus is placed in a furnace so the molten ingot flows against
the capillary tube junction, and the ingot is cast by raising the argon pressure.

LLL



DATA SUMMARY

1. Load Control Testing

APPENDIX B
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‘ _ . Strain :

Specimen Comp, Stress Half Cycles to
# Typea % Cdb (Kg/mm?) Life Max. Min Failure
53 S 47 .495 .6.877 0.072 0.072 0.072 13,145
56" S 47.493 ~7.517 0.042 0.045 0.042 55,625
56 M 47.494 ~3.512 0.034 . 0.038 0.027 556,245
57 S 47.490 5.956 0.043 0.044 0.043 8,585
58 S 47.484 6.598 0.021 - 0.030 0.021] 136 7]0d
59 S 47.499 3.192 0.009 0.014 0.005° 15,000
60 M 47.487 17.739 0.026 0.026 0.024" 1,150 .
61 S 47.493 19.552 0.053 0.053 0.053 32
67 S 47.493 18.369 0.022 0.030 0.019 65, 690d
68 0 47.492 2.329 0.064 0.074 0.063 1,005 000d
69 M 47.496 5.935 0.036 0.036 0.036 128
70 S 47.499 5.577 0.013 0.013 0.012 441,250
71 M 47.489 5.886 0.043 0.044 0.043 6,685
72 - S 47.478 2.918 0.053 0.058 0.053 111,700
73 . S 47.480 11.440 0.032 0.034 0.032 341d
74 S 47.493 12.110 0.064 0.064 0.064 - 60
75 S 47.386f '5.540 0.053 0.057 0.050 10,490
76 S 47.489 2.792 0.023 0.030 :0.023 136,000
81 S 47.496 9.322 0.027 = 0.027 '.0.027 10,835

a) S is single region, M is mu1t1p1e region

b)
c)
d
e
f)

single crystal.

Assuming all weight loss is cadmium.

Testing interrupted and hardening effect observed.

No failure.

Stressed in tension on1y

Some loss of ingot during homogenization.

and

0 is orthorhombic



2. Stroke Control Testing
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Stress (Kg/mm2)

Specimen Comp. Half Cycles to
# Type % Cd Strain Life Max. Min. - Failure-
62 S 47.484 0.048 3.299 4,124 3.299 . 400,000 |
63 pd 47.485 0.013 13.689 13.689 13.689 2,205
64 P 47.480 0.024 12.369 12.369 12.369 1,240 |
65 P 47.487 0.008 8.550 8.550 7.988 40.070
66 P 47.481 0.038 20.828 20.828- 20.828 70

a) Po1ycrysta1
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APPENDIX C

ESTIMATION OF TORSION STRAIN AMPLITUDE

The following is an approximation to true strain at the surface
of torsion specimens. It assumes that a) Hooke's law is obeyed, b) the
specimen is isotropic with respect to torsion stress;>and E) plane sections
normal to thé specimen akis remain p]ahe during deforﬁation. TheAassump-
tion of Hooké's Taw is justified by the torque vs total twist angle data
(Figure 50) which, unlike most tension—compressidn data,are relatively
11néar owing to the 1sotrop1c‘nature'of fbrsion strain.

If a cylinder of thickness x and radius R is strained in torsion

(Figure 51), the shear stress, 1(r), at any radius r > R may be expressed as

t(r) = Gy(r) . (1)

where

w
1]

shear modulus

<
1]

shear strain

If the twist angle per unit length, do in a cylindrical section
dx

does not vary with r, then

y(r) =r %s-

and Eq. 1 becomes

w(r) = Gr %g- o ‘ (2)

* This is more true for torsion than for longitudinal stress and is necessary
to simplify the calculation. '
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Figure 50. The torque data vs total twist for a typical tersioen speci-
men showing approximate linearity (no stress steps or large
changes in medulus) justifying the use of Hooke's law to
estimate strain.
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LN _

Figure 51. The twist of a cylinder of radius R and length x showing
linear displacement of a fiducial mark with increasing x.
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The torque on the cylinder, M, is

R
M = J (2mr)(t(r))(r) dr
0
R :
= l (2mr)(Gr gg) r dr
) |
Mmo= Fepr (3)

The torsion specimen (Figure 3b) can be considered to be composed
of a number of short cy]indérs or discs of thickness dx whose radius R(x)

can be described by the polynomial
R(x) = Ax* +Bx2+C . - (4)
whose coefficients are determined by the boundary conditions:

R(0)
R(£1/4") shoulder radius

dR(21/4") . g
X

Therefore, Eq. 3 becomes

minimum specimen radius

[R(x)]" - (5)

=
1]
ro =
[ep)
Q.IQ.
xX|D

which may be rearranged by separating variables and integrating to obtain:
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— M 4x = de
mG[(x)]*
or
+1/4"
2M dx -
mG _1/4n [R(x)]l+ ' : (6)

where 6 is the total twist angle of the specimen. The integral is approxi-
mately 1.1 x 10* for a typical specimen and was calculated by iteration on a
Wang model 700A calculator. Since M and 6 ake easily measurable, Eq. 6 can

be solved for G and substituted into Eq. 3 to obtain

1/4"
M= EZ_M J _dx d_GRL'
2 79 R(x)1* dx
K -1/4".[ (x)] . _ (7)
solving Eq. 7 for 46

dx
e . 6
dx 1/4"

_]/4" [R(X)]H

’Since'y = R %gu'the maximum shear strain at the specimen surface

is found at a minimum radius, Rmin where

= de _ 8
Yiax min dx 1/4"
R3 dx

" e TROOTT (8)
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APPENDIX D

THE STRAIN PREDICTION ALGORITHM

The strains caused by complete twin conversion in R' AuCd
can be calculated in two essentially equivalent ways. The first involves
the Bain strains during the g>8' transition,® and while fhe calculation
is direct, its justification is somewhat cumbersome and it will not be
considered here. The second parallels the treatment of Christain and
Basinski*>® in which the twinning shear vector is added directly to a unit
vector in the direction of the length change to be calculated. Figure 4
shows é conventional twinning diagram with the twinning shear direction @,
the twin plane normal vector t ahd a unit vector G = cos oi + cos Bj +
cos yﬁ expressed in the orthorhqmbic system; the length change of V is to
be calculated. The twinning opération displaces v by distance C in the

shear direction g or

'R = V + Cg , (1)

AN

where C is proportional to the distance of V above the twin plane (V-t).

Since C = 2 tan o at a unit distance above the twin plane, Eq. 1 becomes

A A ~

¥' = V+2 tan a(V-t) g | (2)

Thus the length change of V may be calculated by subtracting 1

> ]
from |V '| or

AL = [1+4tana (Vet) (Veg) + 4 tan? a(V-t)21"/2 - 3
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where V has been rotated ¢ = which has a maximum value of 2o or

8.9 degrees.!!
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APPENDIX E

ESTIMATION OF LONGITUDINAL STRAIN WHEN THERE IS NO TWINNING DEFORMATION

The strain amplitude at the midsection in speciméns which do not
deform by twin boundary motion may be estimated by assuming Hooke's law is
obeyed and considering the machine to be hard and the specimen to be composed

of a number of discs or radius R(x) = Ax"* '+ Bx® + C as in Appendix C. For

each disc
Force | F
o = = = = E e(x)
Area 7[R(x)]2 (1)
where
g = tensile stress
E = the effective modulus
e(x)= tensile strain
Therefore ;
Celx) = —F - ).
mE[R(x)]? (2)

The total elongation of a cylinder of thickness dx is e(x) dx. Therefore

the total length change of the specimen, the stroke, S, is

x=+1/4" - O xerijan

s - e(x) de = E dx
Xx=+1/4"
. E = F_ _dx
T ms [R(x)]? (4)

x=-1/4"
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Since the maximum strain is found at the minimum radius, using R(x) = R

min
in Eq. 2 and substituting Eq. 4 for E
x=+1/4" -1
e - dx
max - 2 2
(Ryin) x=-1/4" [R(x)] (5)
x=+1/4"
dx

Since = 80_f0r a typical specimen and Rmin = ,063, Eq. 5

x=_]/4n [R(X)]2

€max 33 ' (6)



124

APPENDIX F

CALCULATION OF THE FRACTION OF THE APPLIED LONGITUDINAL STRESS RESOLVED FOR
TWINNING

The geometric factor for cylindrical rods in resolving the applied
stress as shear on the twin plane in the twinning direction is cos 6cos ¢ where
B and ¢ are the angles the twin plane normal and twinning direction make with
the cylinder axis.. In considering the geometric factor for hourglass speci-
mens, the ¢ dependence is unchanged since the component of the stress in the
direction .of twinning shear is unchanged. However, the 6 dependence represents
a.reciprocal area factor which is significantly changed in the hourglass shape.

The geometric .factor here is.

Amin : '
% * R, (1)
where
Amin is the minimum cross sectional area at the specimen.midsection
Ae' is the area of .a plane through the midsection whose plane

normal makes an angle 6 with the specimen axis

To calculate Ae, consider the specimen to be composed of discs of-

thickness dx. As with Appendices C and E, the radius of the discs can be ex-

4 2

pressed by the polynomial R(x) = Ax' +.Bx® + C. Figure 52 shows the speci-

men and the plane Ae which intersects each disc as a rectangle whose length, ¢,

dx - dx

cos (90-6)  sin @ ° Thus

is a chord of the disc and whose width is

_ dx
Adisc = Sing Y (@)
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”’___,J,)1(-49()°-£?

—PLANE A9

The determination of the area of plane A
divided into discs of thickness dx, and

The specimen is
area of the rectangle

the

of intersection of the Ag plane with each disc, (dx/sin 6)(2),

is summed.




From Figure 52

1/2

v 2 [IRT? - [Y(0)]

where

Y(x)

x tan (90-6)

X cot 6

Substituting Eqs. 3 and 4 in Eq. 2

_2dx 2 7]1/2
Adisc e [ER(X)] [x cot e]:]
and the total area of the plane, Ae, is obtained by integrating Eq. 5.
This was .done by iteration on a Wang 700A calculator, and Eq. 1 was used
to compile a table of geometric factors at 1 degree intervals between

6 =0 and 6 = 90 degrees.
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(3)

(4)
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