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ABSTRACT

N : . The elevated temperature tensile properties of TD Nickel were
. . measured after mechanical working and recrystallization treatments.
lncreasgs in strength were produced by cold swaging while upset for-

ging or prior torsion lowered the strength. Recr}gtallization to a

ccarse grain size increased strength over the fine grained cold

worked bar stock. Activation energies, measured at 2000°F under

l tensile coﬁditions, ranged from i60 to 330 K-;al/mol for boih fine
grained cold worked or coarse grained recrystallized structures.

. Intercrystalline cracking was the controlling mechanism for elevated
temperature strength of recrystallized TD Nickel. Evidence for a
similar mechanism in fine grained TD Nickel is discussed.

The development of a recrystallization resistent structure in
TD Nickel was shown to depend onn the deformation history. Compar-
able percentages of cold deformation produced recrystallization
temperatures ranging from 1250° to above 2400°F depending upon
working operation and direction. No recrystallization took-place
after cold swaging reductions of 15 - 95% while the occurrence and
extent of recrystallization after a given cold rolling reduction
varied with the rolling direction. |In some cases increasing amounts
of deformation, in addition to causing increased strain hardening,

were effective in increasing the recrystallization temperature.

Recrystallization resistance was accompanied by the develdpment of

relatively sharp crystallographic textures.
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INTRODUCT 1 ON

The incorporation of a fine hard particle second phase in
a single phase matrix results in an alloy which is useful to a
much higher fraction of its melting point than conventional alloys.

The inherent high temperature stability of dispersion hardened

Aalloys of nickel and cobalt is presently of great commercial

interest in the so-called 1900° - 2400°F materials gap, the'range
above general super-alloy capabilities and below normal refractory
metal application. However, the technology of producing dispérsion
hardeneéd alloys has outstripped an understanding of the properties
of these materiéls.

The objectives of the present investigation were to inves-
tigate the mechanisms of strengthening and recrystallization in a
commercial dispersion hardened material. Since these topics were
evaluated in two parél}él studies, the results'are presented in
two parts. The strengthening mechanisms at elevated temperatures
will be discussed first and the recrystallization behavior pre-

sented next.
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STRENGTHENING MECHANISMS

INTRODUCTION

The primary advantage of dispersion hardened alloys over con-
ventional materials is the stability of high temperature strength.
However, the mechaniéms of strengthening in these materials are not
well established. Although theories describing the influence of a
hard particle dispersed phase on yield strength and flow stress
have been reviewed by several authors (1,2,3,4), most of tﬁese
theories have treated idealized conditions of unworked single crys-
tals at low temperatures. At present there is no agreement upon-a
single theory appiicable to yielding and flow of commercial disper-
sion hardened ailoys which are cold worked, polycrystalline, and
used at elevated temperatures. It is generally acknowledged that
the elevated temperature strength of a dispersion hardened alloy
includes contributions from the presence of the dispersed particles,
which strengthen the matrix by acting as dislocation barriers, ‘and
from the development and retention of a particle-stabilized as-
worked structure. TD Nickel provides an example of the difficulty
of applying thesé general concepts to strength changes in a commer-
cial dispersion hardened alloy.

If TD Nickel powder is warm extruded to a fully dense struc-
ture, the elevated temperature yield and tensile strengths are
initially quite low, but may be increased by ‘a factor of three or
four by cold swaging (5). On this basis, it would appear that only

particle strengthening is active in the as-extruded material while
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a cold working contribution is ih;luded for the swaged bar. _How-
ever, ff'the Qwagéd bar is cold rolled and recrystallized;'fhe
yield and tensile.strengfhs are still high. Since the yiéld
gtrength of é fully recrystallized structure should also be due
only to particle strengthening, the dislocation density being
appreciably reduged by recrystallization (6), it is not clear why
the as-extruded and recrystallized strengths differ. The behavior-
is not confined to the TD Nickel system,since similar increases in
elevated temperature strength with recrystallization of an as-extru-
ded structure to a coarse grain size have been reported in TD
Nickel-Chromium, TD Nickel-Molybdenum (7), and for creep of SAP (é).
It also appears that the strengthening of TD Nickel by swag-
ing is not due to a simple process such as strain hardening the
nickel matrix. This is illustrated by the observation that trans-
vefse elevated temperature yield and tensile strengths are very low
in the swaged conditiop regardiess of the iongitudinal‘strength
leQel.- AnotEer argumént against a simple strain hardening Qiewpoint
is that upset forging commercial TD Nickel bar by 50%, a cold
working process, will reduce the elevated temperature strength by
half (5). No obvious defects in the microstructure, such as seams
or cracks, were found to explain these low strength values. It
therefore appears that while cold working operations may produce
strong as-worked materials, the specific stru?ture produced is
intimately related to the working process and direction rather than

to the amount of deformation.
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DESIGN OF THE STUDY

fhe objectives of‘the stﬁdy were to examine, quéntitativély,
the effect of mechanical working and recrystallizétion on the ele-
vated temperature tensile properties of TD Nickel and to evaluate
potential mechanisms affecting these properties. The mechanical
working operations consisted of swaging, upset forgihg, and torsion.
This combination of deformation proceéses includes elongafion,
compression, and twisting of a metal grain which are the bésic
modes of shape change. Mechanical working was the oniy variable
operating during this portion of the study since no recrystalliza-
tion could be fnduced after the working operations employed. The
independent variables were the amount of working and thg stress
state of the working operation while the dependent variables were
the 2000°F tensile properties.

The recrystallized structures were produced by anﬁealing
either an as-extruded or as-extruded-plus-rolled condition, with
the latter condition producing a greater degree of recrystallization.
The majority of the effort was in evaluating the effect of prior
working operations on the properties of the recrystallized struc-
ture but a few tests were performed after subsequent working of |
the recrystallized structure. |

fnvestigation of the mechanisms of yielding and flow was
partially phenomenological, through use of activation energy
measurements, and _partially physical with replica electron micros-

copic observations of specimens strained to the yield point. The




activation energy measurements would indicate if the rate control-

lfng mechanism during tensile deformation changed with grain size.

éreep of finé (8,10) and coarse (8) grained SAP and nickel-thoria
alloys (11). Creep of coarse grained alloys is felt to be control-
led by climb with an activation energy equal to matrix self diffu-
sion. Creep of fine grained materials has been variously inter-
preted as being controlled by grain boundary dislocation genera-
tion (8), or in TD Nickel, grain boundary sliding (12) with activa-
tion energies several times the value for matrix self-diffusion.
Direct observations of the structural changes that occur
with tensile deformation were made by light and replica electron
microscopy. Specimens examined included fractured tensile speci-
mens and tensile specimens strained to various points on the stress

strain curve and then unloaded. A few observations were made on

~ the surfaces of recrystallized tensile specimens strained to the

yield point to observe if grain boundary sliding was taking place.
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MATERIAL

The two types of TD Nickel selected for the study, as-extru-

ded and commercial bar, originated from a single sintered billet but

were taken from different stages of the manufacturing process. TD
Nickel is made by the.chemical production of a th;ria containing
nickel powder, the compaction and sintering of this powder into
billetﬁ, and the consolidation of this billet by warm extrusion (13).
After extrusion, a length of the three-inch diameter extru&ed'round
was cut off to serve as the fas¥extruded" material for the present
study. The as-extruded condition, which is presently not used commer-
cially because of low elevated temperature strength, was emp loyed
as a reference maferial containing a minimum amount of mechanical
working. The microstructure, shown in Figure 1, consisted of elonga-
ted grains about 2 microns by 4 microns in size. The hardness was
85 RG' Changes in hardness and X-ray line breadth with annealing
indicated that the material was in a cold worked condition.

The balance of the extruded material was cold worked to

3

commercial one inch bar stock by the supplierh using a proprietary
working schedule ~ and a final stress relief anneal. The microstruc-
ture of this material, Figure 2, revealed that the grains had been

considerabiy elongated by the working process, the grain size being

1 micron by 15 microns. The hardness was 82 RG' The commercial bar

%

The DuPont Company

afoats
iyl

Details not available.
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was in a cold worked state since annealing ébove 2000°F resulted in
a hardness dkop-without any oﬁservéble change in the microsfrgcture.
The chemical compoéition is listed in Table i. . Thoria cohtent wés
2;¢% by weighf which is approximately the same by volume. 1The

average particle size of commercial TD Nickel bar has been reported

as 3708 (12).



EXPERIMENTAL PROCEDURE

The working operations selected for the program were swaging,
upset forging,and torsion. Swaging samples of as-extruded material
wére prepared by slitting a length of the extrusion into quarters
and machining thé quérters to one inch diameter. As-extruded and
one inch commercial bar were then both cold swaged in passes of
15% to a total.reduction of 95% in c;oss sectional area with
lengths cut off at intermediate reductions. No intermediate stress
relief was employed and neither type of bar showed a tendency for
cracking during swaging. Tensile specimens were sectioned from
quarter, half,.or-full cross sections depending upon the swaged
diameter.

Upset forging was performed on slugs of one inch diameter
bar stock with ends faced parallel. Starting lengths were adjusted

to give a final one inch height after upsetting reductions of 15,

- 35, or 50%. .Upset forging was performed between flat dies in a-

150 ton hydraulic forge press. A graphite-grease lubricant was
coated on the dies before forging. Forging at elevated temperatures
employed heating for 20 to 30 minutes in air. Barreling was obser-
ved on all specimens but was less pronouncgd at the elevated tem-
perature. After forging, the samples were slit in haif and a longi-
.tudinal §r transverse tensile specimen taken from each half as close
to the center line of the bar as possible.

Specimens deformed in torsion had a gage section of 0.187"

diameter by 0.850" and were twisted in a special torsion tester
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constructed from a lathe bed. Specimens were twisted to plastic
deflections of 120° to 240° at room temperature. The strain grad-

fent in a twisted bar is linecar and the shear strain (¥ ). goes

w

‘from zero at the center to a maximum value ¥ = fif? at the surface.

A 240° twist corresponds to a ¥ of 0.52. Longifudinal lines
scribed on the specimen surface indicated that strain was uniform
during twisting énd untwisting. Specimens were then machined to
0.173" diameter to insure axiality and tested in tension at 2000°F.

Recrystallization heat treatments, where employed, wefe pér-
formed on specimen blanks befbre machining in a platinum wound
tube furnace with the temperature controlled to b 5°F with an atmos-
phere of flowing argon.

Tensile testing was performed in air on a standard Instron
Tensile Machine using a constant crosshead speed. Yield and ten-
sile strengths at elevated temperatures were determined from load-
deflectién curves recorded during the test. At room temperature,
aﬁ éxfensometer was'héed through the yield point énﬂ.concéntric
alignment fixtures were employed. Elongation measurements were
made on an optical compérator and the reduction in area determined
by measuring the diameter after fracture at two places 90° apart
with pointed micrometers. A few proportional limit measurements
were made at room temperature usiné strain gages. All specimens
were held at test temperatures 15 minutes prior to test. The tem-
perature gradient along the gage length of the specimen was less
than 5°F. Stress rupture tests were performed in air on a stand-

ard Arcweld stress-rupture frame. Specimens were soaked two to
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four hours to stabilize any temperature gradients. Test fempera-
tures were controlled to ¥ 7°%F.

Room temperature tests were made with threaded specimens
containing a gage section of 0.160'" diameter by 1.25“.' At 2000°F
it was necessary to reduce the gége diameter to 0.113" to avoid
failure of the threads. Sub-size specimens having a gage section
of 0.080" diameter by 0.400 long were used to compare longitudinal
and transverse properties or in situations where limited material
was available. Specimen size is indicated in all tables.

Activation energy measurements were made on as-extruded ,
commercial bar, and a recrystallized material. The recrystallized
structure was produced by sectioning a slab 1/2" thick by 3" wide
by 6" long from the as-extruded round and cold rolling in 15%
passes to 47% reduction in thickness with the rolling direction

parallel to the extrusion axis. The rolled piece was then heat

treated one hour at 2300°F in an atmosphere of argon and tensile

speciﬁens machined parailel to the rolling direction. Longftudinalv
tensile blanks of the as-extruded material were cut from Qithin ohe
inch of the center of the section and also heat treated one hour at
2300°F in argon. Tensile specimens were machined from the center

line of the commercial bar after a 23OOOF anneal.

The determination of activation energy for tensile yielding
was performed by two different test methods, a conventional test
method and a differential test.method; both of which are described

by Conrad (14). The activation energy determined by both methods is
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defined in the general equation: '
- ol (5T

EzA(o,T0) & FF kqn (1)
In:calcuiating AH, it is necessary to assume that A is not a func-
tion of temperature.

" The "'conventional'' test method employs standard constant
strain rate tensile tests to measure yield and flow stress as a
funcfion of temperature. The stress for a given strafn, such as
the 0.2% offset yield stress . is then plotted as a function of
temperature for several strain rates. The stress at a very low
strain is used in order that the structure be essentially unchanged
from the initial condition, thus providing a constant s value in

Equation (1). At a constant stress level, the activation energy in

Equation (1) may be written as

AH = -R ("f:_f Eqn. (2)
d Wt o4

The activation energy calculated by Equation (2) could conceivably

vary with stress, but réported activation energies for TD Nickel in

creep indicate no stress dependence at elevated temperatures (1).
The differential test method employs an abrupt change in
strain rate during the tensile test. [If the change is effected
rapidly enough, the structure will remain constant and the measured.
change inistress will be related to the deformation mechanism. The
activation energy is obtained from differential tests through the

1, [ 04 e o
AHz-T R( OT)TA(S:F)éb Eqn. (3)
! /

equation
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An expression for the activation energy similar to Equation
(3), but corrécted for the change in shear modulus with temperature,
is RT:(aﬁé) [ a0 _(&& e/
INE VoA [0, T \E ;Frj‘/

G Eqn. (4)

where £§§ is the internal stress and G iS the shear modulus. Using
shear modulus da;a of nickel from the literature (15), and substi-
tuting QBYS for 0”6, » the maximum correction is about 20%. How-
ever, since the yield stress (corrected for modulus variétion with
temperature) versus temperature curve did not level off to a cons-
tant value, the thermal component is not negligible and the substi~
tution of q31$ for 0¢, (16) is probably not justified; conse-
quently, the full correction does not apply. For this reason, no
correction was used in this program.

To examine the structural changes occurring as a function of

tensile strain, some tensile tests were run to pre~determined points

on the stress strain curve, the test stopped, the specimen unloaded,
reﬁove& from'the test}né furnace and cooled to room femperafure.
Several recrystallized specimens were tested in a similar way in a
vacuum of lxlO"5 torr. Prior to test, these recrystallized specf—
mens were electropolished and circumferential scratches placed on
the surface with metallographic paper.

: Metallographic‘preparation for examination by light micros-
copy employed standard metallographic polishing with a 1:1 acetic-
nitric etch. Specimens for electron microscopy were electro-
polished in a 1:7 sulfuric methanol solution and chromium shadowed

collodion replicas prepared.



-‘ - —

S N W W

-13-

RESULTS

A. Base Line Tensile Properties
2000°F

The 2000°F tensile properties, summarized in Table 2, show
that the as-extruded material is weak in both test directions with a
very slight'directiona]ity apparent between the longitudinal and
transverse strength values. The commercial bar is strong in the
longitudinal direction and weak when tested at 45° or transverse to
the bar axis. Low strength values of both as-extruded and commercial
bar materials are accompanied by high values of measured ductility.

Load-extension curves for the 2000°F tests of Table 2 are
plotted in Figure 3. The longitudinal test curve of the commercial
bar shows a very high yield strength but exhibits little work har-
dening. Fracture occurred at a low value of extension. The trans-
verse test curveslfor both materials, and the longitudinal as-extru-
ded curve, show yielding at vefy low loads with subsequent constant
load e#tension over a very wiHe range of tensile strains. The three
curves are very similar in shape, differing only in total eiongation.
The apparent lower modulus_for the three lower strength tests is a
reproducible phenomenon at elevated temperatures.

The high elongations represented by the curves in Figure 3
are not true measures of ductility because of the incidence of ‘inter-
nal cracking. The differences between true dugtility and measured
ductility has been discussed in the literature (17). Metallographic

examination of the specimens after testing revealed an extensive
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room temperature strength correlated with the room temperature hard-
‘ness. The only property influenced by the direction of testing was
the reduction in area which was lower in the transverse direction.

This is a normal relationship for mechanically fibered materials.

Stability

One hour exposures to temperatures up to 2500°F had no meas-
urable effect on the 2000°F tensile properties nor did a 2300°F
anneal change the 2000°F tensile properties of as-extruded material,
However, elevated temperature annealing did affect the room tempera-
ture hardness and strength of both materials, as is shown in Table 3.
The changes are generally typical of a conventional recovery process
with a decrease in ;trength and an increase in ductility, particu-
larly the elongatfon. Once again it should be emphasized that fac-
tors influencing room temperature strength do not necessarily affect
eleyated temperature properties. |

B. Mechanical Working

Mechanical working 6perations wereiperformed on'béth as-éxfru-
ded and commercial.bar. Both of these materials were fine grained
.after testing.indicating that recrystallization had occurred neither
during warm working nor during tensile testing at 2000°F. No cracks
or imperfections were noted after working to account for the property
changes to be discussed.

Swaging

Tensile properties of as-extruded TD Nickel cold swaged
various amounts and tested at 2000°F are listed in Table 4. Swaging

has increased the yield and tensile strengths by a factor of 4. The
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. degree of internal cracking, Figure 4. The cracking is also the

source of fhe la;ge reduction in area reported for the transverse
test.of cdmmercial bar. The unusual fracture appearance of the test
pieces is illustrated in Figure 5. The cross section of the ;ensile
fracture was elliptical with the major axis in the fiber direction.
Virtually no reduction had taken place in the fiber direction. The
entire length of the tensile specimen has this approximate dimension,
and the effect is not confined to strains after the ultimate load.
The surface cracks in the oxide layer illustrate that deformation has
been localized to‘two sides of the specimen.

The direction of the internal cracks found in fracture tensile
specimens followed the direction of the grain boundaries. Figure 6
illustrates the direction of cracking encountered for three different
test directions of commercial bar. Little cracking is apparent for
the longitudinal tests while the 45° test and transverse tests have
cracks at 45°% and 90° respectively. Such cracking has previously
been foundbin creep of TD Nickel and the cracks were reported to be
intercrystalline (12).

Room Temperature.

The room temperature tensile properties of as-extruded and
commercial bar materials show very little directionality in strength
values. In contrast to the elevated temperature strength, the room
temperature strength is very similar for the two materials, with the
as-éxtruded strength being slightly higher. The point should be
made here, emphatically, that there was no relationshfp found between

room temperature and elevated temperature strength. In general, the
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yield and tensile strengths, plotted against true strain during
swaging in Figure 7, show a linear strength incresse up to a swaging
reduction of 90%, a true strain of 2.2. Further deformation does
not appreciably add to the strength. This behavior is typical 6f a
strain hardened material in that lower reductions provide a much
greater strength increment. A swaging reduction of at least 90% is‘
required to raise the strength of as-extruded material to the level
of commercial bar. As the strength level is increased, the corres-
ponding ductility values show a steady decrease. The reason for the
abrupt lowering of ductility at 26% reduction is not known although
the data were obtained in duplicate.

Tensile properties of commercial TD Nickel bar given various
swaging treatments are listed in Table 5. A strengthening increase
of épproximate]y 25% is produced with a slight decrease in ductility.
As with the higﬁer reduction of the as-exfruded material, the

strength increment levels off at high reductions.

Upset Forging

The longitudinal and transverse 2000°F strength properties
after upset forging are summarized in Figure 8 and iisted in Table 6.
Upset working reduces the longitudinal yield and tensile strengths,
but does not influence the transverse strength, Unlike the change
in as-swaged strength, the decrease in strength with true upsetting
strain does not follow a linear plot. By 50% reduction, the longi-
tudinal and transverse strengths have reached the same Iéw valué.
While some scatter exists, the measured ductility in the longitu-

dinal direction increases as the strength decreases, The measured
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transverse ductility remains high regardless of the amount of upset.

" "Again, the measured ductility includes a considerable contribution

from internal cracking. Forging temperatures ranging from room tem-
perature to 2000°F did not affect the tensile properties at a 50%
reduction, The room temperature hardneés after a 50% upset at room
temperature increased 23} RG points indicating that strain hardening
did occur with deformation.

The load-extension curves from 2000°F longitudinal tensile
tests after a number of room temperature upsetting reductions are
shown in Figure 9. Increased reduction has lowered the yield and
tensile strengths but increased the elongation appreciably. After
forging reduction éf 50% the tensile curve is virtually indistin-
guishable from the as-extruded material. An apparent lowering of
the modulus is also found with increasing reduction.

The internal cracking present after a 2000°F longitudinal

tensile test in a sample upset 50% at room temperature is illustra-

Ated in Figure'lo. Theicracks are normal to the applied stress,

indicating that some grain boundaries exist transverse to the origi-

nal bar axis, for example compare to Figure 6. The upsetting opera-

tion has evidently introduced some buckling of the grains.

Torsion

The influence of torsional prestrain on the 2000°F tensile
properties of commercial TD Nickel bar is illustrated in Table 7.
Specimens were twisted at room temperature and tested in tension at
2000°F. The tensile test results show thaf.relatively small torsional

strains reduce the yield and tensile strengths appreciably, but the
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measured ductility was not affected.. |f a specimen was twisted and

then untwisted, the torsional prestrain affected neither the duc-

tility nor the strength. Restoration of strength after untwisting
indicates that some reversible feature of the twisted geometry has
reduced strength. Similar results have been reported for room tem-
perature testing of steel (18) and nickel (19). The results for
steel have been explained in terms of the alignment of segregation
cavities or various impurity phases. For pure nickel it was neces-
sary to postulate the presence of longitudinal micro cracks. Neither
of the explanations is plausible for TD Nickel since neither gross
impurities nor pre-existing cracks are reported for this material.
The most probable mechanism in TD Nickel is the failure of grain
boundaries inclined to the axis of applied stress.

C. Recrystallization

All recfystallized specimens were prepared from an as-
extruded starting condition, eifher by working plus annealing or by
annealiﬁg alone. In both insfances the recrystallized grain size is
about .05 to .1 mm by 1 mm,contrasted to the 1-2 micron by 4-15 mic-
ron of the as-extruded or commercial bar materials. The recrystallized
grains were always elongated in the direction of maximum prior work,
generally the extrusion or bar direction, although cross working
did decrease their longitudina1 dimension. A typical recrystal-
lized étructure is shown in Figure 11.

Recrystallized by Annealing Alone,

Samples of as-extruded material were recrystallized by
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annealing one hour at 2500°F in an atmosphere of flowing argon. This
treatment has the disadvantage that thoria'may have coarsened during
annealing above 2450°F (20). The resultant microstructure was

50-70% recrystallized with an elongated but coarse grain shape. The
longitudinal tensile properties of the recrystallized structure, Table 8,
compared to the cold worked as-extruded condition in Table 2, show

a -sharp increase in the yield and tensile strengths. The reduction
in area remains high while the elongation is reduced. Testing at 45°
or transverse to the original extrusion axis (which is also 45° or
transverse to the length dimension of the recrystallized grains)
reduces the strength to much the same degree as the fine grained
commercial bar. Th; ductility values are all much reduced in the
transverse direction,

Recrystallized by rolling plus annealing.

Rolling deformation of TD Nickel is particularly effective

in producing a recrystallized gtructure upon subéequent annealing.

A larger degreé of recrystailization may be produced ahd.lower ahﬁeé—
ling temperatures ﬁay be employed, thus eliminating the possibility
'of thoria coarsening. The structure produced by rolling a slab to

a reduction of 51% parallel to the extrusion axis is 100% recrystal-
lized. The tensile properties of this structure are listed in

Table 8. -The strength values are even higher than those of the com-
mercial cold worked bar stock. The recrystallized specimen has a
large reduction in area but only moderate elonéation. Intercrystal-
line fractures were noted in all tests of recrystallized material.

On testing at an angle to the grains or across the grains, the
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strength is still high but the ductility is nil. Load-deflection
" curves of longitudinal and transverse tests, compared invFiguré 12,
show that the transverse test pieces fail in a brittle manner.

The superiority of the recrystallized structure in 2000°F
tensile strength is also maintained in elevated temperature stress
rupture behavior. Stress rupture life as a function of applied
stress is plotted in Figure 13 for recrystallized and commercial bar
materials at 1950°F. The recrystallized material has a 100 hour
rupture stress of 16,000 psi compared to a 12,000 psi stress for
commercial bar.

Effect of Rolling Direction

| Since the properties of TD Nickel are sensitive to the
direction of working, the influence of prior rolling direction on
recrystallized strength was established. As-extruded slabs were
rolled to a reduction of 50% with the ro]]fng direction either longi-
tudinal, transverse, or alternately longitudinal and transverse to
fhe e#frusion axis. The.tensile propertiés of these materiais,
tested in the extrusion direction, are shown in Tab]g 8 aftér a re~
crystallization treatment of one hour at 2400°F. Rolling in the
longitudinal direction has produced the highest strength, with
rolling alternately longitudinal and transverse being almost the
same. Rolling 'in the transverse direction appreciably lowers the
strength. The reduction in area drops off in the»same order. The
two recrystallized structures are shown in Figure 14. The strength

changes correlate with the degree of fibering of the recrystallized
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grains.,
Effect bf'Cold'Work on Recrystallized Strength.

The effeﬁt of a 50% cold swaging reduction upon‘fhe
sfrength of a.recrystallized structure is shown in Table 9. There
is little if any increase in strength although the change in speci-
men size slightly.complicates the comparison., The differences in
elongation may be explained by the different gage sections rather
than differences in material properties.

D. Activation Energy

The temperature dependence of activation energy was deter-
mined for commercial TD Nickel bar using the conventional test
metﬁod. The tensile specimens used had been machined for a prior
study and were taken from another heat of material, These parti-

cular specimens are the only material used in the present study which

" did not originate from the single billet described in the MATERIALS

section. This prior hegt had an analysis of 2.3% thoriq with an
average partiéle size appreciably larger than the present maéerial.
Tensile tests were run at'temperatures ranging from ambient to
2000°F at strain rates of 5x10-2 and 5x10-3 min'-l using a specimen
gage section 0.080" dia. x 0.400' length.

Activation energies, calculated from plots of yield

" strength versus temperature, were determined at various constant

stress levels. The resultant activation energies are plotted against
homologous temperature in Figure 15. At low and intermediate tem-

peratures, activation energies are all less than the 61-67 K-cal/mole
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values reported for self diffusion of pure nickel. This is consis-
tent with a proéeés‘such as cross élip controlling yielding;"The
activation energy increases above about 0.65 of the melting point,
reaching a value twice the activation energy for self diffﬁsion at
0.8 of the melting point, (2000°F). Activation enefgies for two SAP
alloys plotted in the same figure follow a similar trend. An
increase in the acfivation energy at elevated temperatures has also
been reported for commercial TD Nickel bar in creep with a crossover
point between high and low temperatures activation energies of

about 1/2 of the melting point (12). There is no generally accepted
explanation of the very high activation energies at elevated tem-
perétures.

The precision of the activation energies reported in Fig~
ure 15 is not particularly good at elevated temperatures since only
. two strain rates were used and a limited number of specimens were
available. The small gage section is another problem in accurate
determination of yield.;frength from a load-def]ection.c;rve.'There
are also possible efrors in using the calculation of Equation 2 over
a wide temperature range;‘ The internal stress field may be
larger at lower temperatures and the activation energy may be stress
dependent. However, even with these limitations in mind, it is
-obvious that different activation meéhanisms are opgrative at low
and high temperatures. It is also apparent that similarities exist
between the mechanisms operative in tensile deéormétion of TD Nickel

and SAP alloys.
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Activation Energy as a Function of Structure

The activation energy for three different structural
conditions of TD Nickel was determined near 2000°F using both the
conventional and the differential test methods. Materials tested
were as-extruded + 1 hr/2300°F, commercial bar + 1 hr/2300°F, and
a recrystallized structure produced by a 47% longitudinal rolling
reduction of as-extruded material + 1 hr/2300°F. The 2300°F anneal
was given to all materials in order to provide a common thermal
history for botH recrystallized and unrecrystallized materials. All
specimens were taken in the 1ongitudinal direction.

The results of tensile testing are listed in Table 10 and
thé yield and tensile strengths plotted against test temperature in
Figures 16, 17 and 18. The data are consistent and plot as paral-
lel lines in most cases. Calculations of activation energy made
from Figures 16, 17, and 18 are listed in Table 1l under the conven-
tional test method heading. The activation enefgies for the fine
grained materfals, baséd 06 thé strain af 0.2% offset; ére 193 K; .
cal/mol for the egtruded material and 220 K-cal/mol for the commer-
cial bar. These values are in fairly good agreement with one
another. The recyrstallized material has a higher activation energy

of 330 K-cal/mol.

-Activation energies determined by the differential method

are also listed in Table 11, Each value listed in Table 11 is the

3 2

average of two tests, one between 1.6x10°° to 1.6x10° min-l strain

2 1

rate and a second at 1.6x10  to 1.6x10° min-l strain rates. No

consistent difference in activation energy between the two pairs of
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strain rates was noted.

" The éctiVation énergy foF self diffusion of nickél'}s given
as 61-67 K-cal/mol. The data in Table 11 even with the degree of
séatter bétweén test methods, are all two and a half to ffve times
this value, indicating that the rate controlling prbcess for defor-
mation does not involve self diffusion.

E. Structural Observations

Light Microscopy

Tensile specimens of recrystallized TD Nickel that had been
strained various amounts at 2000°F were examined by optical micros-
copy. The recrystallized. structure was produced by rolling as-
extruded material 51% in the longitudinal direction and annealing
one hour at 2400°F. Specimens strained in the rolling direction
showed no internal cracking or fissures at strains of 0.2 to 0.6%

. offset although some grain boundary cracking was found in fractured
specimens. Specimens which were tested at 60° to the rolling direc-
tion showed grain boundary cracking at the 0.2% yield 'strain, Fig-
ure 19. Specimens tested transverse to the rolling direction failed
before the yield strain was reached, approximately 0.1% of fset.
These specimens also showed cracking in the gage section away from
the fracture, Figure 19. Grain boundary cracking was found at very
low strains for all specimens which contained grain boundaries at an
angle to thé applied stress.

Specimens of as-extruded material which had been tensile
tested at_ZOOOOF at various strain rates were also examined by light

microscopy. The generalized cracking found after testing, Figure 4,
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was found to decrease with increasing strain rates. Specimens

tested at .002 crosshead speed had.extensive cracking througﬁéut

the gage section, at .02 crosshead speed there was less and at .2
crosshead speed almost none. The reduction in area increésed sharply
with strain rate, Table 10. These observations are’consistent with
the presence of grain boundary sliding leading to intercrystalline
cracking, a proces§ facilitated by low strain rates.

Observations of the electropolished surface of ;ecrystal-
lized specimens strained to the .2YS at 2000°F were made to ascer-
tain if grain boundary sliding was operative. Up to the .2YS there
were only isolated displacements of the reference scratches for
speéimen strained in the longitudinal direcfion but specimens
oriented 60° to the rolling direction showed many instances of sli-

ding atvarious points. An example is illustrated in Figure 20. For

.specimens strained to .4% YS isolated sliding was observed for the

longitudinal orientation but not nearly as much as the 60° orien-

tatién.af .2YS.




-——

N G G B G B GBS Bl B BB B T B O e

-26~-

DISCUSSION

fhé étfeﬁgth of a dispersién hardened alloy is uéuéily.dié-
cussed in terms of individual contributions from the particles and
the as-worked structure. There is a general feeling that the as-
worked ‘structure portion is due to the effects of.what is called
""cold work'. A common explaation for the strength of dispersion
hardened alloys is that a large amount of ‘'‘cold work' or ''stored
energy' is built up in these materials. The present data have illus~
trated that the term “cofd work'' is too nebulous to explain the
effects of mechanical working on strength. It has been clearly shown
thgt room temperature and elevated temperature strengths are influ-
enced by different variables. As-extruded and commercial bar have
similar strengths at room temperature but differ widely at elevated
temperatures. Comuercial bar and recrystallized materials have dif-
ferent room température strengths but are relatively close in ele-
’yateq temperature strength. The activation energies and fracture
characteristics are also different at high and low temperatures. The
present data suggest that only room temperature properties'are
influenced by cold working or strain hardening. The strength follows
the room temperature hardness and, presumably, the dislocation den-
sity of the various materials. ﬁowever,the elevated temperature
strength does not correlate'wifh the amount of deformation.

The changes in elevated temperature sgrength of TD Nickel
with mechanical working and recrystallization may be understood by

considering the role of grain boundaries during deformation. The
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proposed source of low strength in various TD Nickel structures is

the premature failure of grain boundaries inclined at some angle

to the stress axis. It then follows that structﬁfes which contain
grain boundaries parallel to the applied stress are strong. bata
supporting this viewpoint will be presented for the fully recrys-
tallized material and comparison made with results of nickel-base
superalloys which have been directionally solidified to a columnar
grain structure. Evidence for considering the strength of fine
grained as-extruded and commercial bar material to be controlled by
grain boundaries will be presented next and, finally, the mechanism
of grain boundary failure will be briefly discussed.

| It is known that the directional solidification of a nominal-
ly brittle Ni-Cr-Al alloy results in increased rupture life and
ductility in the longitudinal direction (21). Testing the columnar
structure at various angles from the longitudinal direction reduced
both rupture life and ductility. The fracture Qas intergranular
and the fracfure surféce followed the grain direction.ﬁn all cases.
The reason for the increased rupture life is that rupture is con-
trolled by intercrystalline fracture which, at elevated temperatures,

is initiated at grain boundaries. The orientation of the grain

boundaries out of parallel to the direction of the applied stress

‘caused early failure during the test and reduced life. It is for

this reason that a coarse grain size with few transverse boundaries
is preferred in nickel base superalloys. Similar increases in

strength and ductility with directional solidification have been
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produéed in other nickel base superél]oys, including Mar-M200,
B-1900, IN-100 and TRW 1900 (22).

The grain shape of recrystallized TD Nickel produced by
rolling and annealing is analogous to the grain shape of unidirec-
tionality solidified nickel base superalloys. The'TD Nickel struc-
ture has a coarse transverse grain dimension and an appreciaBle
length dimengion,.the width to length ratio being approximately
1:20. The majority of the grain boundaries are aligned in the
longftudinal direction. As with the columnar superalloy, the
strength and ductility of recrystallized TD Nickel are a maximum in
the longitudinal direction. The fracture locus in tensile
tésting TD Nickel is the grain boundary as shown in Figure 14. The
brittleness of the material when loaded at right angles to the
grain boundaries is indicated by the load-deflection curve of
Figure 12. Even though the longitudinal test specimens displayed
high elongation and reduction in area, indicating that individual
gréins'are ductile, thé'transverse tests revealed thaf.a brittle
type of failure is produced by failure of the grain boundaries. The
ductile nature of speciméns pulled along the grain boundariés com-
pared to the brittle behavior of specimens containing grains at an
angle is clearly shown in Figure 14.

. The localized failure which 6ccurs within grain boundaries
was convincingly demonstrated by the micrographs of Figure 19.
Figure 19 shows grain boundary cracking at ve}y low strains for the

specimen axis skewed to the loading axis. The presence of grain
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boundary sliding was also found 061y for specimens taken at orien-
tations other than loﬁgitudinal.

Since a columnar grain structure produces strengfh and duc-
tility in the longitudinal direction, the variation in tensile
strength with rolling direction may be understood in terms of the
recrystallized grain shapes produced. The recrystaliized grains
obtained after prior transverse rolling are not as elongated as the
grains obtained after prior longitudinal rolling, Figure 14. Hence,
with more grains inclined to the stress axis the strength and duc~
tility are lowered.

The low strength of as-extruded material and transverse
sﬁecimens of commércial bar may also be considered in terms of grain
boundary failure. Several factors suggest that the behavior of
these fine grained materials is the same as recrystallized material.
One factor is the high activation energy which the coarse and fine-
grain materials have in commoﬁ. Both materials.also have inter-
crystalline fractures. The fracture surfaces and the'o}ientatibh éf
internal crackiné also indicate that failure always occurs across
the grain direction. Support for the concept of grain boundaries
failing early in the tensile process is provided by the apparent

lowering of the modulus for the low strength materials and orien-

-tation. - Such a lowering is probably due to small amounts of inter-

nal cracking.

Previous work has demonstrated that grain boundary sliding

is active in commercial TD Nickel bar (12), and grain boundary




S W T U - I W 7 T S - - - . ll!l L ll!’ L l!ll

-30-

sliding with eventual fracture has been proposed to account for the

lowering of ductility with increasing test temperature in dispersion

hardened alloys. indirect evidence for the presence of grain boun-

dary sliding in the present work is provided by the increase in duc~
tility-with strain rate in.Table 10, an effect normally associated
with grain boundary failure.

To explain the results of the present study in terms of
grain boundary failure; éhe as-extruded material is in a relatively
weak condition because a‘large number of grain boundaries exist at
various angles to the applied stress, Figure 1. Because of this
general low strength level, there is no great directionality in
st}ength although the transverse strength is slightly lower. Swa-
ging produces- a fibered grain structure which is strong in the longi-
tudinal direction but still weak in the transverse direction.Re-
crystallization will also increase the loﬁgitudina] strength of as-

extruded material both by producing aligned grain boundaries and by

increasing the grain size which reduces the overall grain boundary

area. The relatively high transverse strength of the recrfstallized
material is due to the increased grain size which exposes a smaller
grain boundary area to tensile stress. Thé'effect of torsion on
strength is to incline grain boundaries at an angle to the axis. The
loss of strength with upsetting is due to buckling and twisting of
grains with upset deformation.

Although the point has not been conclusively proven in the

present study, it appears that total dislocation density is not a
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major factor in elevated temperature strengthening. This conclu-

" sion is based on the high Etrength of the recrystallized structure.

The elevated temperature strength was also insensitive to annealing
at temperatures up to 2500°F. However changes in room temperafure
strength and hardness suggest that the dislocation density was
lowered. Finally, the cold swaging of the recrystallized structure
did not produce appreciable elevated temperature strengthening.

The ductility observations may also be explained by grain
boundary failure. The ductility of the recrystallized material is
very much like a directionally solidified nickel base superalloy,
ductile in the longitudinal direction but brittle in the transverse.
Thé true ductility in the low strength condition of as-extruded or
commercial bar materials is probably low, but internal cracking
leads to a high measured value. The differences in measured duc-

tility of coarse and fine grained materials is most likely due to the

differences in fracture path.

While‘the failﬁre process in elevéted temperatﬁre tensile
testing has been éttributed to grain boundary failure and the
strength changes have correlated with the orientation of grain boun-
daries to the stress axis, it has not been possible to follow the
precise sequence of grain boundary failure. Much more detailed
study by both replica and transmission electron microscopy will be
required to follow the fine details of the process. However, it
has been established that the grain boundary is the locus of failure

in TD Nickel tensile fracture and that grain boundary sliding is



_32_

operative. It is known that Intercrystalline cracking Is fre-

' quently produced by the graln boundary sliding and that, If the

intrinslc Internal strength of the alloy grains are high, that
fallure ts almost completely by Intergranular cracking, It Is also
known that the tendency for cracking may be reduced by migration of
the graln boundary. The most likely failure process In TD Nickel

Is then a sequence of grain boundary stiding with the early produc-
tlion of Intercrystalline cracking. Because of the pinning effect
of tﬁorla on graln boundaries, no migratlon Is possible and the
cracking process continues until fracture. High strength in dis-
persion hardened alloys Is then possible only with a structure
which does not fail prematurely In the grain bbundary; l.e. a struc-
ture with boundaries paraliel to the applied stress. Any comparison
of 5e¢ondary varlable; which Influence elevated temperature strength,

such as l;terpartlcle spacing, must be performed with & common grain
structﬁ}e. B

Th; prese;ce of thorla particles I&ithe nickel matrix serves
two functions, internal strengthening of the graln and }etardlng
boundary movement. The internal strengthentng ismost likely due to

direct particle Interactlon with dislocations rather than indirect

interaction via dislocation fangles. The retardation of grain boun-

.dary movement results In the stabllization of the specific grain

morpholoéy produced by mechanical working., It has been shown that
the combined presence of thoria particles and a fibered graln shape
will produce excellent elgvated temperature propertles. However,
If grain boundarles were loaded In shear, fallure occurred at very
low stresses. These results Indicate that, even with the thoria
addition, the grain boundary strength Is lower than the strength
within the graln, Utilization of the strengthening effect of
thoria particles was found only when prematur? graln boundary
fallure was avolded through prior alignment of grain boundaries by

mechanical working.
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RECRYSTALLIZATION BEHAVIOR
INTRODUCTION

The effect of a finely dispersed hard particle second phase
on recrystallization has beeﬁ the subject of investigations on both
single and polycrystalline materials, and the results have been
summarized by several authors (23,24). it is generally found that
a finely dispersed phase will retard recrystallization although
some exceptions have been noted. The recrystallization resistance
is usually considered in terms of the particles_interfering with
normal nucleation and/or growth processes. The work of Brimhall_
and Huggins (25) on internally oxidized silver and aluminum alloys
is of special intérest because it points out that the as-worked

dispersion hardened structure is different than the pure matrix

. given comparable deformation. This observation suggests that the

particles may play an active role in the development of a recrystal-
lization resistant structure rather than the more passive role of
generally resisting boundary movement. |t is the purpose of the
present study to illustrate that recrystallization resjstancé in a
commercial dispersion hardened alloy, TD Nickel, requires not only

the presence of the dispersed phase but also a particular prior

. deformation history.

TD Nickel, a DuPont product containing two volume percent
thoria in a‘nickel matrix, is a commercial dispersion hardened alloy
useful for high temperature applications. Although- the as-received

cold worked bar will not recrystallize after one hour at 2500°F (5),
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various subsequent working operations may produce one-hour-recrysta-

" 1liZation temperatures ranging from 840°F (almost the same as pure

nickel) to above 2500°F (5,20,26) for comparable percent reductions.
The specific cold working operation employed appears to exert a
strong. influence on recrystallization behavior; in one instance
cold swaging up to 75% did not lead to recrystallization while cold
rolling reductions as low as 35% would recrystallize (5). Similar
differences between swaging and rolling have been found for nickel
thoria alloys produced by mechanical mixing (27). The present
study has examined the influence of working operation, working
direction, and reduction upon the recrystallization behavior of
TD'Nickel in an §ttempt to define the factors which control the

recrystallization process.



.llr7"1lllfﬁ‘llll L

«35~

EXPERIMENTAL PROCEDURE

fhe materials used were previously described in the
MATERIALS section. Neither the as-extruded nor thekcommercial_TD
Nickel bar would reérystallize after one hour at 2400°F.

The cold working operations selected for the program were
swaging and rolling. Samples of as-extruded material to be swaged
were prepared by slitting a length of fhe extrusion into quarters
and machining the quarters to one inch diameter. As-extruded and
one inch commercial bars were then both cold swaged in passes of
15% to a total reduction of 95% with lengths cut off at interme-
diate reductions. .No intermediate stress reliefs were employed and
neither bar showed a tendency for cracking during swaging.

Rolling samples were sectioned to a common width from areas
indicated in ngures 21 and 22, The faces were machined parallel

to .250" thickness, and the surfaces ground on 240 grit metallo-

.graphic paper. The rolling directions referred to as longitudinal,.

transverse, and radial, have reference to the extrusion or bar axis.

.Longitudinal and transverse pieces were cold rolled through a 10"

mill with the same side up and the same end into the rolls on each
pass. The radial pieces had the same side up but were rotated 90°
cfockwise each pass. Reductions were appro*imately 20% per pass
Qith lubrfcatioﬁ being used only above 80% total reduction. A
single sample was rolled to each reduction evaluated. No interme-
diate stress relief treatments were used and severe cracking was

encountered for the as-extruded material at total reducticns in
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excess of 60%. The commercial bar stock rolled in the transverse
dfrecfibn'eXhiBited some slight crécking above 80% reductidn;. In
all cases sufficient sound material was available for evaluation.
Metaliographic sections of a plane normalvto the folled
surface containing an axis parallel to the originalvbar or extrusion

direction were cut from the center of each sample, and heat treated

" in a platinum wound tube furnace controlled to ¥ 5°F in an atmos-

phere of flowing argon. Because coarsening of thoria has been re-
ported in TD Nickel above 2450°F (20), 2400°F was the highes£ recry-
stallization temperature employed. The percent recrystallization
was measured with a planimeter for representative micrographs,
Ro;kweli G hardness readings were taken on the swaged samples and
microhardness readings taken on sheet specimens. Reported micro-
hardness readings are the average of measurements of both diagonals
taken on at least 5 Vickeré impressions located at the center line
of the sheet thickness.

. 'Specfmens weré ﬁrepared for texture determinafi;n by grin-
ding to‘the center of the sheet thickness, metallographically poli-
shing through Linde A ab}asive, and electropolishing in a 10% HZSO4-
90% methanol solution. Texture at the rolled surface was measured
after a light electropolish. Pole figures were obtained in reflec-

tion with a Norelco pole figure device using copper Ky radiation.

The specimen area irradiated was approximately ,040'x ,040'". With

receiving slits removed, defocusing losses were less than 10% out

to 70° so no correction was applied.




T W I Ty T TN - W e

T sy T EREN T g ST WY g W s

-37-

RESULTS

Tﬁe micrograph sho@n in Figure 11 illustrates a structure
typfcal of all partially fecrystallized samples. The recr?stal-
lized grains were characterized by a relatively large (.05 mm x ]mm)
grain size and were elbngated in the initial bar or extrusion direc-
tion regardless of the direction of secondary working. The fine
twin structure previously reported for this material (5,6,26) is
contained within the recrystallized grains. The dark areas are
regions of unrecrystallized material in which the one micron grain
size cannot be resolved. The room temperature-strength and hard-
ness of.this structure, tabulated in Table 12, are much lower than
for the two starting materials,

The degree of recrysféllization after various one hour
annealihg temperatures is summarized in Tables 13 and 14 for the
various reductions and working operations. The percent recrystal-
lization was measured at the central portion of the sheet thickness
but, except where noted, was approximately the same throughout the
specimen. No recrystallization was found for any swaging reduction
after a 2400°F anneal, verifying previous observationg that swaging
reductions do not favor recrystalli;ation (5). The presence of
recrystallization after rolling depended Eoth upon the rolling
direction and the starting material. The influence of rolling
direction is evidenced most strongly for commercial bar where
specimens rolled in longitudinal passes would not recrystallize,

while specimens rolled in transverse passes would recrystallize as
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low as 1250°F. A similar trend may be present for the as-extruded
material but the differences here are very slight. The commercial
bar: material would fecrystallize only after large reductions when
}olled in the radial direction. Of the two different starting
materials, the as~extruded material appeared more prone to recrys-
tallize.

An unusual effect is found after large reductions of the
as-extruded materials. Whereas small reductions led to extensive
recrystallization, the very large rolling reductions served to pre-
vent recrystallization. This retardation, which was noted to
some extent for all three rolling directions of as-extruded mat-
efial, always stgrted at the sheet surface. Typical behavior is
illustrated in Figure 23 which shows the development of a recrys-
tallization resistant structure. Just the reverse effect was
noted in the radial passes of commercial bar. In this case, defor-

mation of a recrystallization resistant structure finally produced

recrystallization which started at the specimen surface. Speci-

mens exhibiting a surface effect are noted in Tables 13 and 14 in
brackets indicating the percent recrystallization af the center,
surface, and the overall average.

Room temperature hardness values for bothrolled and swaged
specimen§ increased with increasing percent deformation, up to the
maximum reductions employed, even for the samples which became
resistant to recrystallization. No differencés fn as~-rolled ha?d-
ness either between the hardness values for different rolling

directions at a constant reduction or differences between sheet
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center and surface, were found to account for differences in recry-
stallization témperature.‘ The hafdness after annealing corhélated
with the amount of recrystallization with a fully recrystallized
structure haQing a hardness of 190-210 VHN and a partially recrys- -
tallized structure having a hardness of 230-210 VHN. The change
in recrystallization temperature with rolling direction for commer-
cial bar is refleeted in the hardness plots of Figure 24. The
sharp drop in hardness at 1250°F for the transverse rolling direc-
tion is due to }ecrystallization. 0f the remaining data points in
this figure, recrystallization was found only for the gample rolled
in the radial direction and annealed at 2400°F. The retardation of
récrysfallizatiop with Increasing rolling reductions is illustrated
in Figure 25 for as-extruded material. Material rolled 59% in the
longitudinal direction was almost completely recrystallized after
one hour at 2400°F while material rolled 90% reduction in the same
direction would not recrystallize. In like manner, material rolled
onfyb5f% in radial paS;és was almost completely recryé£alliied
while specimens rolled to 90% reduction were only partially re-
crystallized. |
Crystallographic textures of all rolled and swaged samples
were determined using a standard reflection method. The initial
fiber texture of the two starting méterials is shown in Figures 26
and 27. The commercial bar had a strong, almost perfect, duplex
texture consisting of [QOQ] and [ﬁli] componénts with the half

width of the central (200) or (111) line approximately 6°. The
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as-extruded material had a much weaker texture also containing
[20Q7 ahd'-ZFiE] components and a wide céntral half peak width of
about 22°.

The texture changes which accompany the development of a
recrystallization resistant structure in longitudinal rolling of
as-extruded material are shown in Figures 28-30., At 37% a mild
rolling texture has developed; at 74% the texture has become more
pronounced and at 90% still further sharpening has occurred. The
texture shown in Figure 30 is common to rolling directions which
displayed resistance to recrystallization, i.e. the longitudinal
passes of commercial bar, Figure 31, and to a lesser degree the
transverse passes of as-extruded maferial, Figure 32. The texture
is not composed of a single ideal texture but may be approximated
by a combination of (123) [412] and (146) [211] . In samples con-
tdining an unrecrystallized sq}face layer, especially the longi-
tudinal as-extruded passes, the texture at the gurface was closer
to Figure 30.than was‘the-center. | . .

The extreme difference in recrystallization behavior between
Ionéitudinal and. transverse rolling of commercial bar is accompan-
ied by a difference in as-rolled texture. The texture after trans-
verse rolling is close to an ideal (100) Cbl@] , Figure 33, and is
‘not as sharp as the longitudinal texture.

The textures developed by radial rolling are difficult to
analyze, probably a result of the cross flow taking place upon

successive 90° rotations. The commercial bar had an initial strong
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fiber texture but successive rolling passes tended to destroy this.

- The texture changed at the surface before the center of the speci-

men. Recrystallization also was initiated at the specimen surface

[\)]

in this series.

The fiber textures found after various swaging reductions
are listed in Table 15. Specimens were placed in the pole figure
unit and aligned to reach maximum intensity in the fiber direction.
A é scan of the central peak was then made and the maximum inten-
sity and peak half width are listed in Table 15. The relative pro-
portion of (111) to (100) texture is listed in Table 15. The
texture sharpens appreciably from the as-extruded condition parti-
cularly at the lower reductions. The mixed (11) Qo0) fiber com-
ponents persist fhroughout the deformation history although the

(111) increases with greater reductions.
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DISCUSSION

Tﬁe unique featu}e‘of the recrystallization behavior of fD
Nickel is the relative»insensitivity of the percent recrystal]ized
to the percent of deformation. This effect is most pronounced for
as-extruded samples rolled in the longitudinal direction where the
specimens given larger reductions would not recrystallize even
though the speéimens given lower reductions recrystallized exten-
sively. The trend is also noted in the extruded-transverse and
extruded-radial sequences. The amount of recrystallization does
not follow the amount of strain hardening since the room temperature
hardness of all'sequences increased with increasing percent reduc-
tion. The deformation process has evidently produced a structure
that is resistant to recrystallization in spite of a high degree
of strain hardening. The swaging process seems particularly effec-
tive in producing this recrystallization resistant structﬁre. The
since no intermediate anneals were employed.

A potential mechanism for the retardation of recrystalli-
zation with mechanical working may involve the as-worked crystal-
lographic texture. Variation in recrystallization temperatures
with the texture of the as-deformed materiél has been frequently
feportéd.for sihgle crystals. For e*ample, single crystals of
copper and aluminum may be heavily deformed without change in their
initial crystallographic orientation and recrystallization takes

place with great difficulty in such crystals (29,30). Recrystal-



P W Wy T e | e -—— - S T e

-43-

lization temperatures also vary with deformation texture in cold
rolled sflféon.iron crystals (31,52) and in coppe? sinéje crystéls
(32).l These single crystal results have been reviewed recently by
Hu (33). Deformation texture is also reported to affect recrygtal-
lization temperature and kinetics in polycrystals, copper (34,35)
and iron (36) being two examples. The mechanism for the variation
is not completely clear but has been discussed in térms of the
specific texture produced (33) or the sharpness of the deformation
texture (37).

Since texture so obviously influences the recrystallization
temperature of Single crystals, the lack of more extensive data on
polycrystalline materials is an obvious question. The probable
reason for the lack of data 1is that in a random polycrystalline
material, many grains are oriented for easy recrystallization and
the texture retardation is not produced until a highly perfect
texture has been obtained. In the case of copper (34,3?) and
iron (36), deformationg of'96-99% were employed to acﬁieve a hiéh
degree of texture. In cémmercial TD Nickel bar,a high degree of
texture is present in the starting material because of the prior
processing history and lack of recrystallization anneal. Any infld-
ence of texture on recrystallization would then be noted at lower
reductions.

Fcc rolliné textures are of two genera! types usually called
copper type and brass type or sometimes pure metal type and alloy

type. The copper type, while characteristic, is difficult to
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define in terms of a single ideal orientation but may be approxi-
mated by (123) [413] or (123) [812] + (146) [211] (37). The brass

type is ciose to a (110) [ﬁ12} but sometimes contains a (110)

o

[bOE] minor component. Pure nickel sheet textures are of the
copper type (39,40). The texture.of cold rolled nickel-23% thoria
has also been reported as copper type (40,27) but the ideal orien-
tation in the latter investigation was (135) [Hlé] which is just
slightly off the usual designations for a cépper type texture. The
addition of thoria is reported to produce a more pronounced texture
at a given reduction than pure nickel (40). The thoria also ten-
ded to stabilize any prior texture with rolling reductions in
excess of 90% required to eliminate the previous pattern (27). TD
Nickel rolled in'longitudina1 and transverse passes had a (110)
[ooi] texture (20).

In the present study, the as-rolled sheet texture of sam-
ples which did not recrystallize are of the copper type. These
samblés'incldde the Iéé§itudinal passes of commercial'bér,F?gure 31,
and longitudinal and transverse passes of as-extruded materiatl,
Figures 30 and 32. The ‘surface of as-extruded specimens roiled in
the longitudinal direction did not recrystallize. The texture of
the surface is closer to the copper type texture than the texture
of the center, where recrystallizatfon occurred. Note that the
transition from the fiber texture to the sheet texture requires a
minimum texture change for the commercial bar; as indicated by

comparison of Figures 26 and 31. During these rolling passes
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recrystallization could not be produced. Cénversely, the initial
texture 6f-£he.as-extrudea materiél is weék and considé}able re-
adjusfment is necessary to reach the final texture. These speci-
mens recrystallized readily at the low rolling reductions. THe
sample which had the lowest recrystallization temperature came
from the transQerse rolling of commercial bar stock. This texture
was a relatively weak (100) [blé] .
Fcc metals have duplex fiber texture composed of[i[ﬂ and
[jOé]components. in pure nickel the[jOQ]cohpopent is found only at
low reductions while the[il_]]component predominates at higher de-
formation. The re.ported percentage ofﬁ]ﬂ has been reported from
83 to 100% (41,27,42). In a nickel thoria alloy, the/10d] compo-
nent is not as easily supressed, being reported at 60%‘after a 95%
cold drawing reduction (27). However, the percentagé of[‘li]@oes
irncrease with the degree of working. This stabilization of an
intermediate textured component is similar to results for rolling.
It has been guggested | (43) that processes which inferfere wifh
cross slip will stabilize the[iOé]texture. However, it has not
been established that the dispersed particles inhibit cross slip.
The theory is also in disagreement with the observation of a[iOd]
fiber texture in aluminum; a material in which cross Slip should
occur readily (44).
The texture of TD Nickel bar has been reported as primarily
DO(ﬂ (45,20,12). The present work shows a mixed LT] 1] and [T00] texture

for the commercial bar with an increase in[?l[]with deformation.
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The[jOQ]component has been reported to increase slightly with
ahneélfné (27,40).' The difference in texture between the éfesent
study and previou§ data hay be dué partially to measuring the as-
&eformed tex&ure. It is also possible that the present lot of
material was worked more which would also increase the[l[ﬂ compo-
nent. |
The inhibition of nucleation is the generally acknowledged

mechanism for the retardation of recrystallization (23) by a dis-
persed phase. The very coarse recrystallized grain size reported
for SAP (46) and TD Nickel (20) and the grainisize found in the
present study are consistent with this observation. The dispersed
particfes do appear to influence growth, as evidenéed by the elon-
gated recrystallized grain shape. Similar grain shapes are
observed in SAP (46) and in tungsten wire.

| Two current theories of nucleation are the bulge theory by
Bailey and Hirsch (47)'and the growth or coalescence of sub~-grains
advanced by Li (48) aﬁd Hu (33). The bulge theory tréats tﬁe
localized bulging of a grain boundary from a region of low dislo-
cation density to a regfon of high dislocation density. This
mechanism suggests that nucleation is really an.early stage of
growth. Evidence for the operation.of the bulge theory has been
reported for moderateiy deformed nickel (47). The growth or coal-
escence of sub-grains treats the production of nuclei from the
movement of low angle subgrain boundaries either with or without

subgrain rotation. This mechanism has also been reported in
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nickel (49).

The retardation of nucleation by the production of a sharp

‘texture is consistent with either theory. The bulge theory re-

quires the movement of high angle grain boundaries. However, the
presence of a strong single component texture has been reported to
reduce the mobility of grain boundaries b? a process called texture
stabilization - { 50) or texture inhibited growth = (51). The
decrease in mobility has been discussed more fully by Dunn-and
Walter (52). While the effect is a growth process occurring during
secondary recrystallization, it should also apply to growth to
localized bulging. Evidence in the literature also indicates that
textufe may influence the low angle grain boundary movement either
through mobility or driving force. For example, the rate of poly-
gonization in aluminum(53) and copper crystals (54) ha§ been shown
to depend upon the as~-worked qrystal orientation. The relative |
orientation of sub-grains, which is reflected in a texture measure-
ment, also influences fhe Ariving force of low angle boundary méve-
ment., As an examéle of the latter case, rolling of single crystal
silicon iron crystals in a direction to maintain an initial ( 001)
[‘lldj orientation produced a sharp texture, a uniform substructuré,
and a high recrystallization temperature. Cross rollfng to produce
a (001) [:2\0] orientation resulted in a non-uniform substructure,
misorientation between sub-grains, and low regrysta)]ization tem-

perature (31). The retardation of recrystallization by a sharp

texture could be due to either high angle or low angle boundary effects.




Y W U

-48-

CONCLUSTONS

1. There is no correlation between room and elevated tem

era-
ture strength of TD Nickel. The strength is controlled by differ-
ent processes at room and elevated temperatures with the room

temperature tensile properties being "normal'' in response to

mechanical working and annealing.

2. Cold swaging deformations produce strengthening at both

room and elevated temperatures.

3. Upset forging and prior room temperature torsion lower

the elevated temperature strength.

4. A fully recrystallized structure has very high strength
at elevated temperatures but low strength at room temperature

compared to the fine grained cold worked starting material.,

" 5, High activation energies, 21 - 5 times nickel self-
diffusion, were found in tensile testing of as-extruded, commercial

bar, and recrystallized structures.

6. Recrystallized TD Nickel fails by intercrystalline
cracking. The failure process, which occurs at very low strains if
grain boundaries are not parallel to the applied stress, constitutes

a serious limitation on strength.

7. The data on fine grained TD Nickel indicate that these

materials also fail by grain boundary failure.
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8. It is concluded that the presence of grain boundaries
parallel to the applied stress is a necessary condition for eleva-

ted temperature strengthening in dispersion hardened alloys.

9. Additional strengthening through the presence of a
dislocation substructure or finer interparticle spacing will be

effective only if premature grain boundary failure is avoi@ed.

10. Recrystallization in TD Nickel is influenced more by
the specific working operatfon and working direction than the

degree of strain hardening.

1. Recrystallization could not be obtained after swaging

reductions of 15 - 95%,

12. Recrystallization for a given rolling reduction varied

with the rolling direction.

13, Continued rolling deformation in one direction pro-
duced a more recrystallization resistant structure in spite of

increased strain hardening.

14. A structure resistant to recrystallization always had

a sharp crystallographic texture.

15. The presence of a sharp texture is consistent with
the inhibition of nucleation by either of the two current

nucleation theories.
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TABLE 1

VENDORS CHEMICAL ANALYSIS OF TD NICKEL LOT 2294

ELEMENT : %
c .0038
Ti <.00]
Fe ©.002
Cr ~¢.00]
Co .01
Cu .003
) S .002
Tho2 2.4
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TABLE 2

" BASE L'INE TENSILE PROPERTIES

Yield Ultimate
_ _ Strength(psi) Tensile Red.in
Material Condition 0.2%0ffset Strength(psi) Area% %Elongation:

commercial bar-L

commercial bar T

as-extruded L

as-extruded T
commercial bar-L
commgrcia] bar
L5™ to bar axis
commercial bar-T

as-extruded-L

as-extruded-T

ROOM TEMPERATURE

90,600 101,800
83,600 97,400
92,100 105,000
90,000 103,800
2000°F
14,700 17,900
12,400 17,600
4,350 5,340
3,160 4,290
.2,800 3,500
2,550 3,350
3,840 4,160
3,850 250
3,240 . 3,540
3,240 3,690

83
35.5

66.5

24
30

11.8.

12

26.5
18.3

15.1

12

* = specimen damaged and could not measure
specimen gage = .080" x .400"
crosshead speed = .005'"/min

14.6

12

33
35

15.5
12.4

20.5

16

14.5
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TABLE 3

EFFECT OF ELEVATED TEMPERATURE EXPOSURE ON TENSILE'PROPERTfES

T T T e D B B B B e

Yield . Ultimate
Strength(psi) Tensile Red.in .
Material Condition 0.2% Offset Strength(psi) Area% %Elongation
2000°F
commercial bar 18,650 19,000 9 L.8
18,700 19,300 5.3 8.3
: commerciaé bar 17,300 18,100 3 2.6
+1/2300°F :
commerciaé bar 18,700 19,000 5 1.1
+1/2500°F
as-extruded* : 3,840 L,160 26.5 20.5
" 3,850 250 18.3 16
as-extruded 3,400 3,760 Lo 19.5
+1/2300°F
ROOM TEMPERATURE
Prop.
Limit _
commercial bar 42,000 85,500 104,500 61 1.
40,500 86,000 105,000 63 12.5
commercial bar 77,000 95,600 84 19
+1/2300°F :
78,100 95,500 85 18.7
commercial bar 74,900 92,600 - 8k 17.6
+1/2500°F
as-extruded 49,000 88,400 103,200 83 1.5
50,700 89,000 104,000 . 80 11
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TABLE 3 (continued)

as-extruded 83,000 97,600 72
+1/2300°F
83,000 97,600 74

* ,080" x .400'' gage section and .Q05'/
min crosshead

specimen gage = 160" x 1.25"

crosshead speed = .020"/min

18.5
17.8
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TABLE 4

" EFFECT OF COLD SWAGING ON 2000°F TENSILE PROPERTIES

OF AS-EXTRUDED TD NICKEL

Yield Ultimate
Strength(psi) Tensile Red.in
Swaging Reduction (%) 0.2% Offset Strenght(psi) Area % % Elong.
0 3,840 4,160 26.5 20.5
3,850 4,250 18 16
26 . 5,070 5,760 9.7 *
5,240 5,950 8.5 11.5
45 6,100 6,840 17 15.5
59 | 7,450 9,400 17 8.1
75 N 7,500 14,000 4.6 5.2
82 16,700 18,100 6 4.2
]5,500' 18,300 3.6 2.2
90 15,600 19,000 1.2 %
95 17,900 19,200 7.3 ka2

ot

* specimen damaged and could not measure
specimen gage = .080" x .40O"
crosshead speed = .005'"/min
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TABLE 5

- EFFECT OF COLD SWAGING OM 2000°F TENSILE PROPERTIES.

OF 1'' COMMERCIAL TD NICKEL BAR

S U T T U T O T YT O U OT" =

Yield Ultimate
Swaging Strength(psi) Tensile Red.in
Reduction (%) 0.2%0ffset ~Strength(psi) Area%  %Elongation
0 18,650 19,000 5.9 4.8
18,700 19,300 5.3 8.3
59 19,h00. 22,000 1 *,
75 20,900 24,100 1.6 2.6
8L 24,000 25,400 6 2.8
90 22,600 24,600 3 .5
95 23,000 25,000 3 5

. % specimen damaged and could not

. measure

specimen gage .113'" x1.25"

crosshead speed = .020" / min



TABLE 6

EFFECT OF UPSET FORGING ON 2000°F TENSILE PROPERTIES

OF 1'" COMMERCIAL TD NICKEL BAR

Yield Ultimate
Strength(psi) Tensile Red.in
Material Condition 0.2% O0ffset Strength(psi) Area ¥ % Elong.
commercial 1'' bar L 14,700 17,900 ] 4. 4
12,400 17,600 3.2 *
T 2,800 3,500 11.8 15.5
2,550 3,350 12 12.4
upset 15% RT L ]4,000. 15,200 8 6.7
11,600 14,200 5 5.5
T 2,250 3,380 12.5 *
2,500 3,280 9.8 *
upset 35% RT L 6,100 7,610 18.5 11.5
5,960 7,660 24 .6 1
T 3,100 3,880 8.5 16
2,950 3,930 10.8 17.5
upset 50% RT L 3,930 4,720 20 12
4,270 5,160 16.7 _11.5
Edge - L 5,110 6,300 15.6 14.5
5,620 7,300 12.1 13.5
T 3,080 3,880 21.3 13.6
3,080 3,880 21 16.5
upset 50% 1000°F L 4,280 5,260 10 . 12.5
3,980 5,170 16.7 !
T 3,730 4,220 - 10.8

3,630 4.030 10.9




- Tt ¢ L L

-60-

TABLE 6 (continued)

upset 50% 1500°F L 3,580 4,870 16.
23,630 4,930 17
T 3,170 Lk 190 12,
3,730 4,020 14,
upset 50% 2000°F L 3,050 3,640 15.
T 3,150 3,640 13

3,340 3,640

* specimen damaged and could not
specimen gage .080' x .400%
crosshead speed .005'/min

measure

14
15

10
10

13

10
8.6
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TABLE 7

. EFFECT OF PRIOR TORSIONAL STRAIN ON 2000°F

TENSILE PROPERTIES OF COMMERCIAL TD NICKEL BAR

' T W e L

Yield Ultimate
Strength(psi) Tensile Red.in
Material Condition 0.2%0ffset Strength(psi) Area% %Elongation
commercial bar 15,700 18,400 4.9
' 16,500 17,500 3.4 *
commercial bar 14,300 15,800 2.1 5.7
‘twisted 120°
commercial bar 11,800 13,100 8.2 2.7
twisted 240°
commercial bar 15,800 17,600 5 7
twisted 120° 3
untwisted 120
15,500 18,000 6.4 5.5

* specimen damaged and could not

measure

gage section

.173 x .850"

crosshead speed .010'/min.
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TABLE 8

2000°F TENSILE PROPERTIES OF RECRYSTALLIZED TD NICKEL

Yield Ultimate
. Strength(psi) Tensile Red.in
Material Condition 0.2% O0ffset Strength(psi) Area % % Elong.
as-extruged + L 15,250 15,950 26 9.2
1/2500°F
(50-70% re- 11,000 11,500 15 3.5
crystallized) o
b5 7,700 7,900 3 2.9
hy250 4,750 . 6 . k.9
T 5,400 . 5,500 3 2.6
4 500 4,900 L 3
as-extruded + L 19,400 20,000 24,7 5.6

rolledOSI% L+
1/2400°F (100% re- 18,800
crystallized)

60° 19,150 19,200 3 2.8
T sk 15,150 0 2
w0 14100 0
as-extruded + L 18,800 19,500 21.5 7.6
rolled 50% (rolling) .
in L,T or 18,700 19,200 32 6.8

both directions

+ 172400°F all test
L to extrusion axis
(100% recrystallized)

LeT 18,700 19,900 13 6.3
(rolling)
. 18,700 19,100 n b4
(r111ingi7’2°° 17,300 2 3.6
16,900 17,100 . 1.5 - 1.6

* 113" x .750" gage section and .010'"/min
crosshead speed
*% fractured before reaching yield strain
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TABLE 9

* " EFFECT OF COLD WORK ON 2000°F TENSILE PROPERTIES

= re

OF RECRYSTALLIZED TD NICKEL

I T T e e T T T

Yield Ultimate
Strength(psi) Tensile Red.in
Material Condition 0.2% Offset Strength(psi) Area % % Elongation
recrystallized 19,200 19,600 13 6.6
(as-extruded and
rolled 47% in. 18,900 19,500 18.3 5.2

longitudinal
directéon +
1/24007F)*

recrystallized 19,700 20,500 15.5 12

+ cold swaged ;
50% 18,900 19,700 25 1

* gage section .113" x 1.25 and .020"/min
crosshead speed

*% gage section .080" x .400" and .005''/min -
crosshead speed
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TABLE 10

TENSILE PROPERTIES OF TD NICKEL

Yield Ultimate
Test o Strength(psi) Tensile ‘Red.in
Temp. F Speed(in/min.) 0.2% Offset Strength(psi) Area ¥ % Elong.

as-extruded + 1/2300°F

1800 .002 k,580 4,740 22 15.5
1800 02 5,520 © 5,590 39 32.5
1800 .2 6,450 6,780 45 30.5
2000 .002 2,800 3,500 1 11.6
2000 .02 3,400 3,760 40 19.5
2000 .2 k230 i 300 53 63
2100 .002 2.060 3,000 1 14,5
2100 .02 2,830 3,280 38 22
2100 .2 . 3,370 3,670 59 37.5

recrystallized (as-extruded p rolled
47% + 1/2300°F)

1800 .002 20,500 21,200 33.6 6.5
1800, .02 21,200 22,100 20.8. 6.9
1800 .2 21,700 23,100 Lk .6 8.5
. 2000 .002 18,500 18,800 13 . *
2000 .02 © 18,700 19,800 20.2 7.1
2000 2 19,700 20,400 30.7 7.3
2100 .002 16,750 17,450 8 4.0
2100 .02 17,400 17,930 13 6.5
2100 2 18,000 18,940 36 7.5

commercial bar + 1/2300°F

1800 . .002 20,800 - 21,200 '3 10
1800 .02 22,700 22,900 7 20
8 6.4

1800 .2 24,300 24,800 1



2000
2000
2000

2100
2100
2100

.002
.02

.002
.02
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TABLE 10(continued)

16,300
17,300
20,100

13,900
14,600
17,050

16,700
18,100

20,700

14,700
16,080
17,600

* broke getting out of grip
gage section .113" x 1.25"

W W -

) ot
v\

VI

I -
o~

o OMLO
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ACTIVATION ENERGIES AT 2000°F DETERMINED BY TENSILE TESTING
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TABLE 1

Material

as—extruged +
1/2300°F

recrystallized
(as-extruded +
rolled 47% +
1/2300°F)

commercial bar + °

1/2300°F

Test Method

Conventional

Differential

Conventional

Differential

Conventional

Differential

AH K-cal/mol

193

175

330

190

220

160
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Rolling

Reduction (%)

21
37
59
7

85
" 90

20
- 36
59
74
85
88

21
34
57
70
91

14
26
45
59
75
82
90
95
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TABLE 13

REéRYSTALLIZATION IN AS-EXTRUDED TD NfCKEL

AFTER ONE HOUR HEAT TREATMENTS

% Recrystallized

2400°F 2300°F 2000°F

Longitudinal Pass

9t 95 0
97 .99 30
99 99 11

97(0) (80) 100(0) (80) 16

100(0) (50) 100(0) (50) 50(0) (i0)
0 0 0

Transverse Pass

100 85 Y
98 65

95 90 5
95 95 25

100(50) £80) ** 80(0) (60)
100(0) (80)  100(0) (60)

Radial Pass
95 5 0
95 30 0
90 85 3
60 30 1
10 S 2
Swaging Reduction (%)
2400°F
0
0
0
0
0
0
0
0

% = % recrystallized at surface
X =g

recrystallized overall
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TABLE 14

RECRYSTALL IZATION IN COMMERCIAL TD NICKEL

BAR AFTER ONE HOUR HEAT TREATMENTS

% Recrystallized

Rolling
Reduction (%) 2400°  2300°  2000°  1500°  1250°  1000°F
Longitudinal Pass
21 0
37 0
59 0
74 0
82 0
87 ]
‘Transverse Pass
22 0 0 0 n b}
37 99 97 25 0
59 ° 100 100 80 52 5
74 100 100 95 95 0
83 100 100 100 100 0
87 100 100 100 100 0
Radial Pass
22 0 0 0
38 0 -0 0
60 2 4] 0
3 35 (45) * (40) ¥#20 (55) (40)0
85 100 30(50) (40)5
Swaging Reduction(2)
2400°F
LD 0
26 0
k5 0
59 0
75 0
82 0
90 0
95 0

* = ¥ recrystallized at surface
%% = ¥ recrystallized overall
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500X

10,000 X

Figure 1. Optical and Electron Microstructure of As-
Extruded TD Nickel
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Figure 2. Optical and Electron Microstructure of Com-
mercial One Inch TD Nickel Bar.
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100X

Unetched

nsile Test.

Internal Cracking of As-Extruded TD Nickel After
Te

2000°F

Figure L.




Figure 5. Fracture Surface of Commercial TD Nickel Bar Tested
in Transverse Direction at 2000°F. 15X
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100X
Longitudinal
Test

. Figure 10. Internal Cracking Found After 2000°F Tensile Test
of Sample Upset 50% at Room Temperature.




Figure 11.
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100X

Typical Recrystallized Microstructure (As-Extruded +
Longitudinal Rolled 47% + 1/2300°F).
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Figure 20.
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250X
Unetched

Grain Boundary Sliding on Surface of Recrystallized
Specimen Tested to 0.2% Offset Yield Stress at 60°

to Rolling Direction.
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Pieces Sectioned for Rolling from As-Extruded
TD Nickel
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ROLLING
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Figure 22, Pieces Sectioned For Rolling From Commercial One Inch
TD Nickel Bar




- d
‘|e1d23el popnaix3-sy JO sasse .
v : . h_
Bui((Oy |Bulpn3ibuol Buiang 49Aeq @de4ung pazl|[eISA4d34un 4O juaswdo|araq "€z 24nb

¥00l
X001 X001

-93_

uo13onpay %/¢
uo139npay %06 uo13onpay %58




-94-

‘uvg TINOIN AL TVIONIWWNOD

40 NOILVZITIVLSAYO3Y NO NOILO3HId ONMTIOY 40 103443 v2734NSId
do '3HNLVHIHWNIL ONITVINNV

oot 0002 006Gl 000 a311oy-sv
) 0 | n ] ] 06l
O
ISHIASNVYL d
Iviavy ©
/ ~ 0ge
X )

0

IWNIGN.LIONOT /x/

2

IVIAVY %elL 4377048 O
JdSY3ASNVHL %tv. 4377104 O
TAVNIGALIONOT %¥L 437704 = X




-95-

1AMOIN AL A3aNYLX3-SV

40 NOILVZITIVLSAYO3Y NO NOILONA3Y 9NITTI0d JO 103443 (G2 3HNOId
4o 3HNIVYIdWIL ONITVINNY

010} 2 000¢

008! 000l ERTIE
O -0 | 1 T
WiavE %S O
oo |
“WNIGNLIONO %665 // __
," =1 0ed
'
0—0 ,
WAV H%06 /x, O
X =y

IVNIGNLIONOT %06

VIGVH % LS GF108 @
iavy %06 4317048 O
TYNIGNLIONOT %6S Q37708 =0
TTYNIANLIONOT %06 43717704 =X

0L¢

(NHA)
| SSINQYYH
]

ole




-96~

Figure 26, Pole Figure of Commercial TD Nickel Bar.



Figure 27.
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EXTRUSION AX/s

Pole Figure of As-Extruded TD Nickel.
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e =TT EXT RUSION AXYES

ROLLING DIRECTION

‘Figure 28. Pole Figure of As-Extruded TD Nickel Rollied 37% in
Longitudinal Direction.
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Pole Figure of As-Extruded TD Nickel Rolled 74% in

Figure 29,
Longitudinal Direction,
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Pole Figure of As=Extruded TD Nickel Rolled 90% in
Longitudinal Direction,

Figure 30.
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| ' BAR AXIS
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Figure 31, Pole Figure of Commercial TD Nickel Bar Rolled 87% in
Longitudinal Direction.
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_Figure 32, Pole Figure of As-Extruded TD Nickel Rolled 88% in
Transverse Direction.
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Figure 33.
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Pole Figure of Commercial TD Nickel Bar Rolled 87% in
Transverse Direction,



