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ABSTRACT

This thesis presents the results of an experimental investiga-
tion of the yielding phenomenon during the transition from elastic to
plastic behavior in 3 per cent silicon-iron alloy. Static load tests,
constant strain-rate tests and square wave rapld loading tests were
conducted on single crystal and polycrystalline specimens in order
to determine the dislocatlion configurations at various stages in
the yielding process. An electrolytic etching technique was used to
reveal dislocation intersections with the observation surface.

Grain boundaries were found to be the primary source of disloca-
tions for slip band formation in fully ammealed materlal. The vel-
ocity of mobile dlislocations was fourd Lo be an exiremely sensitive
function of the applied stress.

A irue static upper yleld point was found to be consistent with
theories of the upper yield point based upon dislocatlion kinetics. The
delay-time for yielding at constant applied stress was found to depend
upon the dynamics of dislocation motlon, the anisotropic stress concen-
tration, the stress concentration due to relexation of individual
grains and the Schmid factor of the least favorably oriented grains.

Dislocation dynamics and dislocation configurations at various
stages of plastic deformation were capable of accounting for a true
upper yield .point, the shape of the strain-time curve at constant
stress andythe Luder's band propagation velocity in polycrystalline

specimens.
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I. INTRODUCTION

A1l materials deform when subjected to external loads. The
deformation may be either elastic or plastic depending upon the mag-
nitude of the applied stress and mechanical properties of the stressed
material. Elastic deformation of erystalline materials is well under-
stood and quite predictablé because there is no rearrangement of in-
teratomic bonds-and no movement of lamellae of the cfystal over one
another. Mathematical standards for imitation or comparison (models)
have been devised which describe elastic deformation quite adequately.
On the other hand, plastic deformation does involve the rearrangement
of interatomic bonds and the movement of lamellae over one another.
The exact nature of plastic deformation is governed by mechanical
phenomena occurring on the submicroscopic level. These phenomena
have not been found to follow any a priori model. The complexitles
arising from interatomic bonding forces and motion of lamellae with-
in a material are difficult to visualize and have thus far resisted
representation by comprehensive_mathematical models.

The most revealing approach to the problem of plastic deforma-
tion has been through the use of dislocation theory. The concept of
a dislbcation itself resulted from a careful interpretation of the
observed fact that crystalline materials were not as strong asvpre-
dicted from calculations based on interatomic bonding forces. The
applicability of dislocation theory to the study of crystalline solids
has been successfully established by direct observation of disloca-

tions and their behavior. Dislocation concepts have been used to
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explain the difference between the strengths of perfect crystals and
imperfec£ crystals when the imperfections could be defined in terms
of dislocation configurations. Some of the more obvious failures of
dislocation theory have occurred when attempls were made to explain
the behavior of materials subjected to large plastic strains. lMany
authors have proposed theoretical dislocation models which explain
mechanical properties, plastic deformation and work hardening. These
models are often contradictory and depend on critical assumpﬁions
which, with notable exceptions, can be verified by careful, though
often tedious, experimental tests. These tests have not been per-
formed. The purpose of this experimental investigation was to obtain
dislocation data and observe dislocation motions and configurations
in order to develop a more consistent and complete description of
the transition from elastic to plastic deformation.

The progress of dislocation theory has to a large extent been
limited by the lack of experimental evidence needed to verify the
theory. One reason for the lack of experimental evidence has been the
difficulty of observing dislocations. Several methods have been
developed for revealing the presence of dislocations. Dscoration by
bulk diffusion of impurities has bsen used on some transparent ma-
terials and etching by chemical or electrolytic processes has been
used on opaque matérials to reveal dislocation intersections with
free surfaces. In many cases a combination of decoration by bulk

or surface diffusion followed by etching has been successfully used.
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Diffraction contrast effects (1)* obtained by transmission electron
mieroscopy reveal dislocations, and the dislocation motions can be
observed directly.. The use of the field ion microscope has made
possible the direct obéervation of individual dislocation inter-
sections with free surfaces. With the development of new tools for
investigation and observation has come verification of some of the
previous models and assumptions. In addition, the door has been
opened for new experimentation and speculation on more complex

" problems with respect to the plastic deformation of materials. The
common metals have been found to have similar mechanical properties
when grouped according to the equilibrium crystalline lattice
structures. It is reasonable to assume that the same model for
plastic deformation would apply within a particular group having
similar crystal structures.

Silicon-iron has been sh&wn to exhibit many of the mechanical
properties {e.g., pre-yield microstrain, upper yield point, discon-
tinuous yielding and delay-time) commonly found in low-carbon steels
and other body centered cubic (BCC) materials containing interstitial
impurities (2, 3, 4, 5). The observation of dislocations is necessary
in order te verify the dislocation models devised to descrlbe these
mechanical properties. Direct observation of dislocations is diffi-
cult due to thelr size. 4n etching technique for silicon-iron has

*Numbers appearing in parentheses indicate references listed at the
end of the thesis.



been developed which reveals dislocation interssctions with free
surfaces (6). These intersections are revealed as pits on the sur-
face after suitable decoration and etching.

The stress-strain curve shown in figure 1 is typical of fine
grained silicon~iron, This curve is characteristic of static load-
ing and is obtained when the strain rate is very low. The stress
at the static upper yield point, o7, w decreases as the mean grain
diameter is increased and disappearséen‘tirely at a critical grain
size (7), only to reappear in single erystals. The grain size
dependence of the stress at the static lower yield point, 0:€ g} s
has been investigated by many people and is represented by the well-
known Petch equation (8),

-1

%y = G Y %d e W
wherse 6:",_. is related to the friction stress on a moving dislocation
within a grain, -fv: gé-é; is the stress required to overcome the resist-
ance to the spread of a slip band associated with a grain boundary
and 4 is the mean grain diameter. The friction stress wi‘t;hin a
grain on a moving dislocatipn, ’7; s is the stress at which the
first motion of unpinned dislocations is observed in the undeformed
lattice, and is independent of grain size., Unpinned or "fresh"
dislocations are those introduced into the material by scratching
or other methods at temperatures low enough to prevent the migration

of impurity atoms to the dislocation (9). Stresses greater than

6; produce microstrain in grains containing the highest resolved
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Fig. 1 Typical static stress-strain curve for fine grain
silicon-iron.



shear stress (2). The stress required to produce plastic deforma-
tion in BCC materials containing interstitial impurities is sensitive
to the rate of plastic deformation.

A familiar equation of basic dislocation theory for plastic

shear strain, YP, is

X‘;b = Ab (2)

A= total area of slip plane swept out by the dislocations
per unit volume, and

b = magnitude of the Burgers vector associated with the
dislacations,

The plastic shear strain-rate is given by
X = A b (3)
where
' /4
= = v
A ‘jL- K /Om ; (&)

7/'*15 the velocity of the moving dislocation segment a4 , and

L is the total length of dislocation line per unit volume. This
integral cannot be evaluated directly, and has been simplified by
the second equality in equation 4 where /Om is the total length of
moving dislocation line per unit volume and "V~ is the average
velocity of moving dislocations. The total length of dislocation
per unit volume of material /O.r is proportional to the density of

dislocation intersections on any reference plane through the material.



The constant of proportionality depends on the configuration of the
dislocations on the slip planes and the orientation of the refer-
ence plane with respect to the slip planes. The constant of propor-
tionality for silicon-~iron is approximately unity and varies little
for arbitrary reference planes (10). The units of /0.,. are
length/volume, but the usual method of determining f’T is by the
planar density, intersections/area. Throughout this thesis, the
expression "dislocation density" will be used to denote the quantity
/97- « Equation 3 has been used to express the relation between
macroscopic shear strain-rate and microscopic dislocation parameters
for both slngle crystal and polycrystalline specimens.
For a given material, the quantity ,é in equation 3 is entirely

determined by the crystal lattice and operative slip system, The
dynamic behavior of crystalline materials is therefore a direct

function of the density of moving dislocations, /O , and the vel~

m
ocity of moving dislocations, U/~ . The mechanisms which create new
dislocations will not be considered here. large increases in disloca-
tion densities always accompany the onset of plastic flow. These
increases are often confined to narrow bands in the material and the
densities within the bands approach a maximum due to dislocation
interactions. However, Johnston and Gilman (11) infer that the

flow of crystals is not limited by a lack of dislocations, but that
dislocation mobilities must play an important part in determining the
flow stresses of a crystal. It is significant to note that the

above inference refers to flow of crystals and may exclude the



initiation of flow in view of locking by a mechanism such as the
interaction of dislocations with interstitial lmpurities as proposed
by Cottrell (12).

Certain plastic strain, which is small compared to elastic
strain, occurs in materials subjected to stresses between 0‘7}' and
7 %. Since this strain occurs before the macroscopic yield point
and is of very small magnitude, it has been called "pre-~yield micro-
strain" to distinguish it from strain after attaining the upper
yield point. Pre-yield microstrain has been experimentslly invest-
igated in silicon-iron under static loading conditlons by Suits and
Chalmers (2) and in low-carbon steel under rapidly applied constant
stresses by Vreeland, Wood and Clark (3). The pre-yield microstrain
observed in both of these investigations was found to approach a
saturation value asymtotically for siress levels less than the upper
yield stress and greater than the friction stress. The average
equilibrium microstrain prior to the upper yleld point was found
to be 30 x 106 in./in. for low-carbon steel. A lower limit for Pre
corresponding to the pre~-yield microstrain can be estimated as
follows. Suits and Chalmers have showa by etch pit studies that
pre-yleld microstrain is confined to individual grains. The average
maximum distance a single dislocation can move is therefore the
mean grain diameter of the material Z .

The total area of slip plane sweplt out by the moving disloca-

tions is
" A=me (5)



where X is the average distance the dislocations move. The small-
est value of /0,,, oceurs when Z. is a maximum for a fixed value

for A + The maximum distance the dislocations can move during pre~
yield microstrain is 67 » Equation 2 can now be rearranged and the
expression A = /0,,., 57 used to obtsin a lower limit for /0”1:

P = 0 /bed ®

where J;;.. is taken as one half the elongation strain. The lower
1imit for the total number of dislocations which must have moved is
/Opf = 1016 d:islco<:ations/:1.n.2 using the values for & s 07 and ff-
obtalned by Vreeland, Wood.and Clark.

When the strain is increased beyond its value at the upper yield
point, the load on the specimen decreases. This yield point drop is
the most prominent feature of the plastiec deformation characteristics
for BCC materials with interstitial impurities. Clark and Wood (13)
found that a well defined period of time elapsed between the instant
the stress reached its full value and the instant plastic deformation
began. This period of time is called the "delay-time." The limited
strain sensitivity of the method of Clark and Wood made an observa-
tdon of pre-yield microstrain impossible. However, these experi-
ments established the existence of delay-time for macroscopic
plastic strain in fully annealed low-carbon steel. The yield point
drop was shown to be a time dependent phenomenon. A typical strain-
time curve under constant applied stress for fine grain low-carbon

steel is shown in figure 2. The strain sensitivity of the test is
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Figs 2 Typical plastic strain-time cwrve for fine grain low-carbon
steel under constant applied stress.,
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sufficient to demonstrate clearly pre-yleld microsirain and the
delay-time for yielding at constant applied stress.

Several theories for the existence of the upper yleld point and
associated phenomena have been based on the works: of Cottrell. In
his first theory (14) Cotirell attributed the sharp yield drop to the
tearing away of dislocatlons from atmospheres of segregated carbon
and nitrogen impurities. The decrease in stress at the beginning
of plastic deformation was attributed to the reduced stress required
to keep a dislocation in motion after 1t had been released from the
atmosphere. After the observation of microstrain at siresses below
the upper yield point, Cottrell modified his theory. The delay-time
in Cottrell's modified theory (15) was the time required to form a
pile-up of dislocations against an obstacle. This delay-time was
due to the limited rate at which dislocations could be released from
atmospheres under the combined action of stress and thermal fluctua-
tions. The yield point drop thus emerged as the sudden'breakdown
of the obstacle blocking the pile-up. The breakdown occurred when
the stress due to the pile~up was sufficient to overcome the cbsiacle
and propagate dislocations beyond the barrier. Cotirell's modified
theory and later models (12) based on the modified theory thus
contained the essential features of the experimentally observed
yield point drop, delay-time and pre-yleld microstrain.

Fisher (16) applied Cottrell's theory (15) to the delayed yield
in mild steel and obtained good agreement with experimental observa=~

tions for the temperature and stress dependence. However, he found
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that unreasonsbly low values of binding energy botweon ipters‘biﬁ.al
atoms and dislocatlion lines were required in order to fit Cottrell's
theory to observed delay-time. Cottrell (17) modified Fisher's treat~
ment of thermally activated release of dislocations and obtained
reasonable values of the parameters in the theory when applied 1o
delay-time measurements.

Russell, Wood and Clark (18) modified Cottrell's treatment and
thereby explained the grain size effect on delay~time by assuming
that a critical fraction of the. total number of grains must contain
piled-up groups of dislocations before the onset of macroscopic yleld-
ing. They assumed that a Luder's band is formed by the growth of
yielded regions. The growth is unstable because of the siress con-
centration at the interface between the ylelded and unylelded regions
of the materials. They obtained reasonable agreement with the exper-
imental measurements. All of the above theories of the ylield drop
| ard delay-time itreated the rate determining process in yielding as
the thermally activated release of dislocations from Cottrell atwos-
pheres. An alternative hypothesis is that the delay-time may be
governed by the velocity with which dislocations move once they have
been created or released Irom a pinned position. This alternative
has resulted from direct observations of slip band structures and
dislocation velocities.

Direct observations of the stiructure of slip bands in silicon-
iron by etch pit techniques (19) and by electron microscopy (20)

suggest that the bands are not formed by the dynamlc generatldon of a
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large number of loops from a single source. The double ecross-slip
mochanism proposed by Koehler (21) appears ito operate after the
initlal source has generated at most a small number of loops, and this
mechanism accounts for the multiplication and spread of the slip
band. The slip band growth is fastest in the direction of the
Burgers vector since the leading edge segments of the slip band do
not cross-slip and interact with loops growing on nearby slip planes.
Direct observation of the average velocity of mobile dislocations

has been made in lithium-fluoride (11) and silicon-iron (9). Johnston
and Gilman (11) have shown that for velocities well below the shear
wave speed in IAF the velocity is a very semnsitive function of the
applied stress and that there is a minimum stress below which no
dislocations move. The velocity of glide dislocations has as an
upper limit the shear wave speed or "velocity of sound" in the
crystale This results from the inérease in kinetlc energy associated
with the dislocation as 1t moves through the crystal (22). Stein and
Low (9) have shown that for 3 1/4 per cent silicon-iron the aversge
velocity of moving dislocations, 2/, is an extremely semsitive
function of the applied stress. For a constant temperature, the data
of Johnston and Gllman have been fitted to the empirical relation
V= Up eﬁp/? where 2/~ 1s the shear wave speed in the
material, D is a material constant and 7~ is the applied stress.
Their data have also been fitted to the empirical relation (23)

2> = (7‘/22)” )
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for velocities well below "UC‘ s Where ?; is the siress necessary
for a velocity of 1 cm/sec. Stein and Low have fitted their data
for silicon-iron to equation 7. |

The next development in the theory of the yield point took . place
with the application of the strain rate equation 3. Johnston (23) has
accurately predicted the stress-strain curve for single crystal speci-
mens of LiF. He started with equation 7, assumed a linear relation
between /9,1 and o of the form /Dm = /Da +ad’  and accounted
for the elastic strain in the loasding device. Johnston had experi-
mehtally determined the values of & , /7 anmd 75 for his material.
The two parameters found to be most eritical in his work were the
values of /oo and the exponent /7  in equation 7. The stiffness of
the testing machine and exact nature of the dislocation multiplieca-
tion process were of secondary impqrtance in obtaining a yield drop.
The delay-time for yielding in LiF single crystals as interpreted by
Johnston was attributed to the incubation peried necessary te gener-
ate a measurable value of the product b fm UV at the comstant
applied stress, Thus ithe dynamics theory of Johnston was shown to
predict accurately both the static and dynamie plastic deformation
for LiF single crystals.

Hahn (4) and later Cottrell (24) have applied Johnston's
dynamic theory to polycrystalline specimens. As with the Fisher
treatment, for different reasons, Hahn obtains the correct stress and
temperature dependence for the delay~time. The yield point drop

in polyerystalline iron is found to depend quite critically on the
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value of i 3in equation 7 and the initlal densitly of moblile disloca-
tions P" . Hahn's treatment does not explain the disappearance of
the yield drop with increasing grain size (18), does not consider
pre-yield microstrain or mobile dislocations produced by pre~yield
microstrain and does not consider the heterogensous nature of the
polycrystalline material in the yielding mechanics. In a recent
publication, Petch (25) has presented an empirical equation for the
upper yield point which, like his lower yield point equation, depends
on ‘!“’Z but does not consider the effect of the polyerystalline
nature of the material on the microdynamics of dislocaﬁions or on
the dislocation configurations which develop.

A1l of the above theories and models for the plastic deformation
of polycrystalline materials suffer from a lack of good experimental
observations on the microscopic scale. This lack of experimental
evidence forces assumptions to be made at critdcal stages in the
development of the models and theories. Several assumptions are
common to most of the above theories. Some of the areas in which
careful experimental work would lead to & better understanding of
the dislocation processes related to yielding are dlscussed below,

Uncertainties in material constants and exact dislocation con-
figurations force the assumption of homogeneity and the use of aver-
age values for parameters which are known to be heterogeneous and
dependent upon time, strain, temperature, etc.

The sources of mobile dislocation in both single and poly-

crystalline specgimens have been assumed by most authors to be
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uniformly distri'buted throughout the bulk of the materials initially,
and the probability of each one becoming active has been assumed to
be initlally the same. The assumption that the sources and probabili-
ties remain uniformly distributed and equal during the transition
from microstrain to fully developed uniform yielding is not always
reasonable. The operation of a single isolated source of dislocations
will alter the probability distribution in the immediate vieinity of
the active source by relaxation of the stress on the source by local
plastic deformation. Similarly, the yielding of a single grain in

a polycrystalline matrix will increase the average stress on the
adjacent grains and thus alter the probability that these grains will
begin to yield. Release times of dislocations from Cottrell atmos-
pheres do not appear to be the rate determining process on the basis
of the observed growth of slip lines and the proposed multiplication
mechanisms of double cross-slip (19, 21).

Stress vs. dislocation ve]_.ocity measurements have been directly
made only for single crystal specimens of silicon-iron and tungsten
(26) of the BCC metals. The exact stress distribution in a poly-
erystalline specimen is of course complicated because of elastic
anisotropys. The extreme sensitivity of Individual dislocation
velocity to applied stress and the complicated stress distribution
present a critical problem in predicting ylelding behavior of poly-
crystals. A method of eliminating this pr.oblem would be to determine

by direct observatlion the average velocity of individual dislocations

in polycrystals.
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The above theories-predict strain-time curves al constanlt stress
which are monotonically increasing functions of time in contrast to
the observed inflection point behavior actually obtained for poly-
crystalline materials such as BCC iron. Hahn (4) has made
essentially the same assumptions as Johnston, but has attempted to
apply them to polycrystalline materials directly. Grain size and
grain boundary effects have been totally ignored and hence the argu-
ments presented are only applicable to single crystal specimens and
are incapable of giving a truly static upper yield point.

The experimentally documented pre-yield microstrain (2, 3) does
not eliminate the yileld point drop or the delay-time for yielding in
low~carbon steel and silicon~iron. Based on equation 2, this observed
microstrain must certainly produce an abundance of mobile dislocations
which contributes to subsequent deformation. Thus, the models pro-
sented in the literaturs apparently fail to desecribe plastic deforma-
tion in polyerystalline specimens for at least two reasons:

a) they require that the initial dislocation densify f% be less
than that produced during pre-yield microstrain; b) they predict
strains which lncrease monotonically with time at constant applied
stress levels gresater than the static upper yield point.

There wers two objectives of this expsrimental investigation.
One was to obtain new data on the microdynamics of dislocations and
the dislocation configurations during the transition from the upper
yield stress to the lower yield stress. The second was to examine

the current theories and models as they relate to the plastic
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deformation of silicon~iron in order to obtain a better understanding
of the macroscopic behavior of BCC materials with interstitial impur-
ities.

An experimental program using the etch pit technique for aarect
observation of dislocation configurations was undertaken. Single
crystal and polyerystalline specimens of iron-3.L4. per cent silicon
alloy were prepared as described in Part II. Constant strain rate
and rapidly applied constant stress pulse tests were conducted in
order to obtain dislocation mobility data as well as maerascopie
stress-strain and strain-time data. The equipment used to obtaln the
data 1s described in Part III and the test procedures employed are
given in Part IV.

The resultis of the testing program are presented in Part V,

In addition to the experimental results, Part V contains comparisons
with similar data reported previously and limitations of the data
obtained here. 4 carei‘ulv comparison of some of the critical assump-
tions in the above referenced literature with the new evidence pre-
sented here appears in Part VI. A more complete descripiion of
dislocation processes leading to the ylelding éf polycrystalline

material is made possible' by the observations of this investigation.
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II. PREPARATION OF TEST SPECIMENS
Material
The material used in this investigation was obtained in strip
form 2 inches wide and 0.024 inches thick. The General Electric
"Research Laboratory kindly supplied the following chemleal analysis.

Element Welght Per Cent
SIlicCoNn « o o o = « o o « o s o o « 314
Carbon o o o ¢ o v ¢« s ¢ o » o o « 0,001
Manganese T ¢ 8 043
Phosphoms e o o o e s s o s o e o 0,008
Sulphur e o o o e s s v o e o s o o 0,018
Nickel o o ¢ ¢ ¢ o ¢ o ¢ o o ¢ o o Oe 066
Copper R ¢ 8 079

Tin e o o s o o o 0 0 s 0 e o e o 0,010
Chromium o« « ¢« ¢ ¢ ¢« « e s ¢ o » « Trace
Alulﬂinum ® ¢ ® ¢ & & e ® o & ® o o Trace
Iron L * . > L d - - Ld * ° . * L3 - * Remimer

This material is from the same heat as that used by Suits and
Chalmers in their investigation (2).

Suits and Low (27) have reported that an iron silicon alloy
must contain a carbon content from 0.004 to 0.006 wt. per cent in
order for dislocation sites to be revealed by the Dunn and Daniels
etching technique (6). The as-received strip stock was gas carburized
to increase the carbon content to approximately 0.005 wt. per cent by
the Angeles Heat Treating Company, Los Angeles, California. The car
burizing atmosphere was derived from natural gas and contained water
vapor as the controlling variable. The strip stock was carburized
for 5 minutes in & batch type furnace maintained at 1550°F. The
"Dew Point" of the carburizing atmosphere was 58-60°F.
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Test Specimens

Drawings of the test specimens used in this investigation are
shown in figures 3 and 4. Two thicknesses of polycrystalline speci-
mens were used., The grain size and initlal dislocation density .are
very sensitive to the amount of cold work prior to recrystalliza-
tion. A "trial and error" procedure was used to determine a cbmbin—
ation of cold working by rolling and heat treatment that would
produce itwo different grain sizes with similar initial dislocation
densities. Single crystal test specimens were fabricated by cement-
ing loading tabs to the ends of the single crystais with Armstrong
A-12 epoxy cement as shown in figure 4. This technique permitted the
use of the same loading fixture for both polycrystals and single

crystals.

Polycrystalline Specimens - Fine Grain

The carburized strip stock was rolled to obtain a 50 per cent
reduction in srea. Specimens of the shape shown in ‘figura 3 were
then formed with a blanking die. The blanked specimens, 0,010 in.
thick, were recrystallized at 1290°F for one hour in a vacuum of not
greater than one micron of mercury to prevent oxidation of the sur-
face. The mean grain diameter after recrystallization was approx-
imately 0.001 inches and the specimen contained an initial disloca-
tion etch pit density of ].06 to 107 per em®. The dislocation density
could have been reduced by recrystallization at higher temperatures

and longer times, but larger grains would have been prcduced.
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In order to obtain a sharp upper yield point in a fine grained
tensile specimen it is necessary to minimize bending siresses. This
is particularly difficult in thin temsile specimens because of the
difficulty in making the tensile axis pass through the centroid of
the cross-section. The ratio of bending stress to tensile stress for
a tensile specimen with rectangular cross-section is

where

€ = eccentricity of the load axls, and

t = spocimen thickness.
Specimen curvature was found to cause an excessively large value of

€ after recrystsllization of free hanging specimens.
The initial curvature was reduced by the use of a special fixture

for holding the specimens during recrystallization. A drawing of
this fixture is shown in figure 5. The fixture was made of 18-8
stainless steel, and one specimen was clamped to each side. Mica
sheets were placed between the stainless steel and spscimens to
prevent fuslon during the heat treatment. Stainless steel has a
larger coeffioient of thermal expansion than siileon-iven, whiech
imposes tension on the two specimens as the temperature of the furnace
is increased. This procedure straightens the specimens and insures
their straightness during recrystallization. The fixture contracts
more than the specimen as the temperature is decreased during cool-
down, opening a gap at the butt face A of the fixture and thereby
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preventing buckling of the specimens. This procedure reduced the
bending stress due to initial specimen curvature to less than 1 per
cent of the tensile yleld siress.

Polyerystalline Specimens - Coarse Grain

The carburized strip stock was rolled to obtain a 6 per cent
reduction of area. Specimens were thenlblanked to the shape shown
in figure 3. The blanked specimens were recrystallized at 1850°F
for one hour in vacuum as before. The coarse grained specimens were
approximately 0,020 inches thick with a mean grain diameter of about
0.003 inches and initial dislocation density of IJ.O6 to 107 per on?.

Single Crystal Specimens

Single crystal specimens were produced by the strain-anneal
method of Dunn and Nonken (28). The carburized strip stock was rolled
to obtain a 6 per cent reduction of area. Strips approximately &
inches long, 0.27 inches wide and 0.020inches thick were sheared from
stock. Several strips were stacked and clamped between 1/4 inch cold
rolled steel bar stock with the sheared edges of the strips extending
beyond the clampling bar. The exposed edges were ground flush with the
bar on metallographic papers with final grinding on 600A silicon-
.carbide paper. This ﬁechnique produced strips with less than
0.0005 in./in. of taper in width. Individual strips were suspended
in the vacuum furnace and recrystallized at 1600°F for thirty minutes.
The recrystallized strips were then "eritically" strained in tension

to approximately 3 per cent elongation which corresponded to the
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Luder's strain for this material.

Various crosshead speeds were used during the critical straining
of the annealed sirlps and load vs. time curves were recorded on the
Instron X-Y chart recorder. This data will be discussed further in

The remainder of the steps for producing single crystal sirips
may be summarized as follows (28):

1. One or more crystals were groﬁn on one end of
the strip by passing it slowly into the hot
zone of a high temperature gradient furnace
for about 1/2 inch.

2, The strip waé removed from the furnace and
etched with a 25 per cent solution of nitric
acid to reveal the crystals which were pro-
duced in step 1. One of these crystals was
chosen as the seed crystal and the remainder
were removed by grinding.

3 A1l ground surfaces were heavily etched with
a 25 per cent solution of nitric acid to re-
move possible nucleation sites from which new
crystals could form.

4, The strip was returned to the furnace and
passed into the hot zone through the high
temperature gradient causing the seed crystal
to grow through the entire strip.

A typs 2904 vacuum furnace manufactured by NRC Equipment Corp.,
Newton Highlands, Massuchusetts was used for all reerystallization
and straightening heat treatment of specimens. The basic furnace
consists of a heating unit enclosed within a stainless steel vacuum
chamber. The heating unit is a water Jacketed resistance furnace
using tungsten heating elements with radliation shielding on the hot

zone. The heating unit was modified to provide the high temperature
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gradient (== 1800°F per in.) required for single erystal growth.
A cross-section of the heating unit with the modification is shown
in figure 6. The temperature gradient achieved is showm in figure 7.

The single crystal specimens as produced by the above procedure
would not etch properlﬁr to reveal dislocations. The portion of the
single crystal immedliately behind the growing front showed a "cell"
‘type pattern. The cell bourdaries were regions which did not show
any dislocation etch figures. The j.nterior of the cells revealed
dislocation etch figures in the norn'1al mamnner. At distances of a
few thousandths of an inch behind the growing front, the cell began
to fade out and had disappeared entirely at 1/8 in. behind the growth
front. The cell type patiern very closely resembled the normal
microstructure of the polycrystalline sirip and the cell walls could
readily be seen to align wlth grain boundaries across the growth
front.

The probable explanation of this etching behavior is as follows,
The carbon and impurity content in the grain boundaries of the poly~
grystalline strip was higher than that within the grains. The growth
of the single crystal into the matrix was rapid enough to localize
~ the carbon and impurities at the region of the former grain boundary.
- This region would not elch properly to reveal dislocation sites. At
| large distances from the single erystal growth front, the impurities
and carbon had diffused throughout the crystal, thus changing the
etching characteristics. |
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This unsatisfactory etching behavior of the single crystals was
corrected. Carbon was removed from the single crystals by a 24 hour
wel hydrogen treatment to reduce the carbon in solution to less than
0,001 per cent. The hydrogen was treated by passing it through the
following equipment prior to entering the furnace which was maintained
at 1290°F:

1. De-oxo catalytic hydrogen purifier, a product of
Baker and Company, Newark, New Jersey.

2. Distilled water bath at 176°F with a 5 micron
porous ceramic diffuser.

3. Heated manifold to prevent condensation.

The etch pitting of dislocation sites was made possible by ine
creasing the carbon content to 0.005 per cent. A ten hour treatment
in an atmosphere of dry hydrogen with one per cent methaﬁe by volume
was used for the carbon addition (29). The hydrogen was passed
through the following equipment before addition of the methane and
introduction into the furnace which was maintained at 1560°F:

l. De-oxo catalytic hydrogen purifier. |
2. Dri-rite (CaSOy) drying tower.

3+ Activated charcoal tower submerged in liquid
nitrogen.

A sligh’c..curvature was introduced in the single crystals during
the wet hydrogen and recarburization treatments. The singie crystals
were straightened by clamping them between flat strips of hot rolled
steel and heating the assembly to 1560°F for two hours in vacuum.

The straightened single crystals were used to fabricate tensile

spocimens.
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An aligmment fixture was used to hold the single erystal strip
accurately positioned on the center-line established by the two holes
in the loading tabs during the curing cycle for the epoxy cement.
Figure 8 is a photbgraph of the alignment fixture with a specimen
in place ready for the curing cycle.

This aligmment fixture was capable of maintaining less than
0.001 inches of misalignment between the center-line of the loading
tab holes and the center~line of the single crystal sirip. The
essential feature of this fixture was that it would accept all
widths of single crystal strips bétween 0 and 3/8 inches and still
maintain the above accuracy of aligmment without recourse to measur-
ing instruments, while requiring a minimm amount of set-up time.

The orientation of each single crystal was determined by the
back-reflection Laue method after fabrication of the specimen. The
location of the tensile axis for each crystal is shown in the unit
stereographic triangle, figure 9.

A summary of the specimens prepared .‘L‘gr this investigation, their
grain size and the nominal dislocation etch pit density is given below.

Specimen Grain Size, in. Btch Pit Density, on™?
Fine Grain Polyerystal 0,001 10% - 107
Coarse Grain Polycrystal  0.003 | 10% - 107
Single Crystal 0.020 x 0.25 x 3 10° - 107
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IIT. TEST EQUIPMENT AND TECHNIQUES

Rapid Load Testing Machine

The equipment for rapid load testing shown in figure 10 con-
sists of three partst 1) a Rapid Load Testing Machine, 2) a con-
trol system, 3) a recording system. The design'and construction of
this equipment is described in reference (30). Briefly, the Rapid
Load Testing Machine is a pneumatic-hydraulically operated mechanism
designed to apply a constant tensile force rapidly to a specimen
and to permit the rapid removal of the force on the specimen after
a predetermined period of loading. The control system consists of
suitable pressure regulatérs, pumps and additional plumbing which
make: possible the application of a predetermined force. The recording
system consists of suitable power supplieé, amplifiers and recording
oscillographs to record the output of resistance sensitive strain
gage bridges by which the force applied to and the strain in the
specimen may be measured.

The original design of the Rapid load Testing Machine used a
hydraulic pressure differential across a piston to develop a force in
the piston »od. The force was transmitted to the specimen through
a rotation mechanism and & strain gage dynamomster. The rotation
mechanism consisted of a pre~loaded axial bearing assembly and suit-
able attaching devices which permitted the rotation of the piston
and piston rod with respect to the stationary dynamometer. The
loading piston was rotated to reduce friction between the piston

and cylinder walls by maintaining a continuous film of o0il around the
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Fig. 10 General view of equipment for rapid load testing.
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piston. The rotation mechanism caused two undesirable character=
istics: 1) increased moving mass of the loading machine and 2) small
oscillations of the load produced by the rotation mechanism. The
Rapid Load Testing Machine was modified to eliwinate the rotation
mechanism, and to introduce an alternate method of maintaining a
continuous oil film around the piston. The continuous film of oil is
now maintained around the piston by controlled leakage. Areas of in-
creased radial clearance were etched into the cylindrical surface of
the piston. A continuous throttling rim at the top of the piston
causes radial centering pressure forces to be developed when the
piston is displaced from the center of the piston eylinder. The
piston is attached to the piston rod through a spherical seat. This
design provides a stable, self-centering piston which maintains a
leakage path of uniform thickness around the piston. The modifica-
tion eliminates the load oscillations and accomplishes a reduction
in rise time by increasing the stiffness and reducing the moving mass
of the loading system.'

The Rapid Load Testing Machine applies the load to the specimen
with a rise time of approximately 2 x 10-3 seconds, and maintains
the load for preselected perloeds of n x 17 x 10'3vsecondsbwhere n
can be any integer between 1 and 100,000, The machine was designed

for the application of a maximum force of 2000 pounds.

Loading Fixture

The loading fixture and its attachment to the Rapid Load Testing
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Machine shown in figure 11 was designed to insure that the load axis
would paés ﬂhrough the centroid of the specimen bcross«section. Fig-
ure 12 is a photograph of the loading fixture parts. This fixture
transmits equal forces to two ioarallel specimens. One specimen was
made from heat treatable steel and was hardened so that its propor-
tional limit was greater than the maximum stress to which the speci-
men would be subjected. The other specimen was the silicon-iron
specimen which was to be tested.

Tests were conductéd to determine the amount of bending in the
test specimens.. This ﬁas a final check on the specimen curvatures
and the eccentricity of loading. Foll type strain gages were mounted
on both sides of the test specimen and were comnected in a Wheatstone
bridge circuit to measure bending of the specimen. The force was
applied to the specimen through the fixture by the use of an Instron
testing machine.

Bending stress vs. applied load curves were obtained with the
test specimen mounted 1) on the right side of the loading fixture,
2) on the left side, 3) on the right side with the specimen reversed
(i.e., rotated 180° about is load axis) and 4) on the left side with
the specimen revere;ed; The difference in bending stress induced
by test (1) and test (2) above was twice the bending stress induced
by the loading fixiure. The sum of the bending stresses in test (1)
and test (3) was twice the bending stress induced by initial curva-
ture of the specimen. Test (4) was a check on the above results.

The resultant bending stress dus to initial curvature of the testi
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specimen and non-symmetry of the loading fixture was less than one

per cent of the tensile yleld stress.

Load and Strain Measurements

The load acting on the specimen was measured by a strain gage
dynamometer attached to the pull rod of the Rapid Load Testing
Machine. The dynamometer was calibrated by hargingknown dead-
weights directly on the pull rod in its assembled position and by
recording the ‘output of the dynamometer on the recording oscillo;
graph. Prior to hanging the dead-weights on the pull rod, and again
after removing the dsad-weights, a fixed resistor of known value
was switched into the Wheatstone bridge circuit parallel to one of
the active gages and tho deflection of the galvanometer trace
produced by thls resistor was recorded. The known value of
"equivalent” bridge imbalance was then used as the calibration check
prior to each test.

The strain in the specimen was detected by means of two foil
type strain gages mounted on opposite sides of the gage section
of the test specimen. The suﬁ of the elastic and plastic strain in
the specimens was not recorded. Only the plastic strain in the speci-
men was recor&ed. This measurement was accomplished by the use of
gages on the heat treated specimen mounted parallel to the test
specimen in the loading fixture. The heat treated specimen, or strain
bar, had 2 proportional limit sufficiently high to insure that the

strain in the strain bar accurately followed Hooke's lLaw., Two
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strain gages of the same type as those used on the test specimen were
mounted on the strain bar. The four gages on the specimen and strain
bar were comnected in a Wheatstone bridge circuit in Such a way that
the output signal was proportional to the difference between strains
in the strain bar and in the specimen. The cross-—section of the
strain bar was such that the elastic strains in the specimen almost
canceled those in the strain bar. This arrangement permits the use
of the maximum possible sensitiviiy of the recording system without
exceeding the total stréin«recording capacity of the system.

The output of the strain gage bfidges was amplified by means of
type 1-113B, Consolidated Electrodynamics Strain Gage Amplifiers.
The amplifier output was recorded on a Consolidated Electrodynamics
direct writing oscillograph. The oscillograph galvanometers were
type 7-315 which have a resonant frequency of 1,000 cycles /sec. The
maximum sensitivity of the amplifiers in the strain measuring cir-
cults could be used only when the elastic strain ‘difi'er@nce between
specimen and strain bar was less than 0.00002 in./in. which corre-
sponds to O'V.-l per cent variation in test specimen cross-section. This
close control of specimen geomelry would have been too time consum-
ing. An altermate method of achieving the maximum sensitivity of
the strain meé.suring circuitry was to decrease the effective sensi-
tivity of the gages on the strain bar (31). (See figure 13.) The
effe_ctive elastic strain difference as measured by the amplified
output signal from the bridge circuit could thus be reduced to

approximately zero. The maximum sensitivity of the strain measuring
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and static test measurements of microstrain.
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circuitry was 20 x l()“6 in./in. per inch of trace deflection on the

oscillograph recording paper.

Static Test Equipment

Static tests and comstant strain-rate tests were made with a
10,000 pound Instron tensile testing machine. The loading fixture
shown in figure 11 was adapted for use in the Instron as well as in
the Rapid Load Testing Machine., A photograph showing the loading
fixture and the Instron testing machine is shown in figure 14. The
rod shown above the crosshead extended through the crosshead and
was attached to the top of the specimen and strain bar through a
spherical seat. Load was applied by moving the crosshead downward.
The rod was loaded in tension and the force on the specimen was
determined by means of the standard tension load cell on the Instron
machine.

All test data for static tests and for constant strain-rate
tests were recorded on the X~Y chart recorder on the Instron. The
X-axlis displacement of the recording pen was proportionmal to strain
and the Y-axls displacement was proportional to load during stress~
strain tests. Constant strain-rate tests were only conducted for the
purpose of determining the Luder's band propagation velocity and
Iuder's strain. The recording pen was displaced in the X-direction
proportional to crosshead displacement and in the Y-direction

proportional to load. Iuder's sirain was proportional to the X-axis



Fig. 14 Loading fixture adapted to Instron testing machine.
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deflection since during Luder's band propagation the loading rate

is zero.

Etch Pit Techniques

The change of dislocation configuration (density, distribution,
shape, etc.) in a pulse loaded specimen may be observed by comparing
a photomicrograph of the dislocation configuration prior to loading
(initial configuration) with a photograph of the same area after
the load has been applied and released (final configuration). The
desirability of making these observations on that portion of the
‘specimen directly wnder the strain gage which was used to record the
plastic strain is obvious.

The electropolish and electroetch technique used by Dunn and
Daniels (6) was employed in this investigation to reveal dislocation
intersections with the cbservation surface. This electrolytic process
uses a chrome-acetic acid electrolyte in which the specimen is the
cathode. A‘technique was developed here to permit the determination
of initial and final configurations after completion of mechanical
testing.

The Dunn and Daniels etching technique for revealing dislocation
sites in silicon-iron required that impurities segregate at the dis-
location sites. These impurities are assumed to be carbon/and or
nitrogen, since wet hydrogen itreatment to remove carbon and nitrogen
from the iron alsc removes the capacity to etch dislocation sites.
All dislocations remaining in the material after the annealing treat-

. ment can be presumed to have the segregation required for the
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formation of etch figures, if the carbon content in the specimen
has been carefully controlled (27). Freshly formed dislocations in
the annealed material will not have tho segregated atmospheres at
75°F, and will not be revealed by the etching procedure. Subse-
quent aging at 320°F will allow impurities to diffuse to the frésh
dislocation sites and thus allow them to be revesled by additional
etching. The following procedure was developed to reveal thé
initial and i‘iﬁal dialocation configurations in that portion of the
gage section covered by strain gages:

l. Apply strain gages to finished specinmen.

24 Conducf a stress-strain test.

3« Remove strain gages with suitable stripper at room
temperature.

4., Polish and etch specimen to reveal initial config-
urations, take photomicrographs.

5. Age specimen for one hour at 320°F,

6. Etch specimen to reveal final configuration, take
photomicrographs.

Internal dislocation configurations were studied by preparing sections
through the specimen in that portion of the gage length directly
under the strain gages. Doth the initial and final dislocation cone-
figurations were observed afier cutting the specimen at 45° to the
tensile axis using an electric spark discharge machine and mounting
‘the exposed section between stainless steel strips in "Quik-Mount",

a room temperature curing plastic. These specimens were then

abraded on metallographic papers te remove all spark damaged material

prior to polishing and etching as described above in steps 4, 5 and &.



7

Technicue for Determining Orientation of Individual Grains in
Polycrystalline Specimens

In order to determine the orientation of a grain with respect
to the specimen surface, it is necessary to locate two poles. The
procedurs given by Barrett (32) was modified to permit use of eiist~
ing laboratory equipment. An etchant was used to produce etch pits
or facets with plane faces of low index. The plane faces thus re-
vealed were {100] planes in the case of 3 1/4 per cent silicon-
iron, while those described by Barret are {100} planes in A-iron.

The orientation with respect to the specimen surface of one

{ 100} pole was determined by obtaining a maximum intensity of the
reflected light beam from a {100} facet. The use of a highly
collimated light source enhanced the accuracy of the technique,

A Unitron Microgoniometer Microscope with & magnification of about
L00 diameters was used for this orientation. The specimen stage of
the microgoniometer rotates about the optical axis of the mieroscope
tube when the tube is vertical. The tubs of the microscope is
mounted on a counterbalanced arm which pivots about a horizontal
axis passing through the focal point of the objective lens. Thus

it is possible to rotate the Specimen stage and the hicroscope

tube while maintaining focus on the specimen. The angles necessary
to produce a maximum intensity reflection from a {100} plane were
plotted as a point on a stereographic projection. A piece of tracing
paper was fastened over a stereographic net by a pin at the center of

the net. Angles measured on the stage rotation circle correspond
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directly to rotation of the tracing paper with respect to the stereo-
graphic net, while angles on the microscops tube cirele correspond to
angles to the right or left along ithe equator of the stereographic net.
For convenient reference, the tensile axis of the spscimen was made to
coineide with the equator of the stereographic net when both of the
above angles were zero. The basic circle of the net was the repre-
sentation of the specimen surface and the center of the netl repre-~
sented the specimen surféce normal. The physical construction of the
Unitron Microgoniometer was such that it was impossible to obtain more
than one {100} pole for each grain in the polycrystalline specimen.
The second pole was obtained by observing the angle between the

tensile axis of the specimen and the slip trace on the observation
surface. The "locus of all plane poles" on a stereographic projec-
tion capable of producing a given slip itrace on the surface of a
specimen must be on a diameter at right angles to the observed

slip trace. This principle was used to locate three possible

{110} poles which could represent the single slip trace observed.
These three possible poles were determined by plotting points on the
"locus of all plane poles" which were 45 and 90 degrees from the

{J.OQ} pole determined by use of the microgonlometer. For each of
these possible {llO} poles, the resolved shear stresses on the

[110} {111 ) slip systems were calculated. That orientation having
the highest value of resolved shear stress on a { 110} <{111)> slip

system was assumed to be the correct orientation.
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IV, TEST PROCEDURES

Two basic types of tests were corducted on the various speci-
mens used in this investigation. Constant strain-rate tests were
conducted to determine: a) the static stress~strain curves for
polycrystalline and single crystal specimens and b) the velocity of
propagation of Luder's bands in polycrystalline specimens. Rapldly
applied constant stress pulsé tests were conducted to determines
a) delay-times for yielding in fine grain polycrystalline specimens,
b) dislocation velocities in individual grains within a polycrystal- .
line specimen and ¢) dislocation velocities in single crystal speci-
mens. The method of obtaining and recording data is described for
each series of tests. All tests were conducted at room temperature

of about 75°F.

Constant Strain-Rate Testis

A. Stress-Strain Curves

The loading fixture described in Part III was used for all static
or low strain rate tests., This fixture was designed for the Rapld
Loé.d Testing Machine, but was adapted to the Insiron testing machine
and was used for both polycrystalline and single crystal specimens.

Constant strain-rate tests were conducted to deterwine the plaste
ic strain vs. stress curves for fine grain polycrysta]line specimense.
One group of specimens was strained until the loading rate was almost
zero, and then unloaded to permit determination of the residual
microstrain_. A second group of specimens was sirained beyord the

uppor yield point sirain where the loading rate becsme negative.
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A total of nine fine grain polycrystzlline specimens was sitrained
in the above manner to deterulne the early portions of the static |
stress-strain relation with highest possible sensitivity. Seven
specimens were strained at 0.010 in./min crosshead speed and two were
strained at 0.020 in./min crosshead speed. Five of the specimens were
strained beyond the yield point drop until work haidening caused the
stress 1o increase againe.

Several of the abové polyerystalline specimens were polished and
etched to reveal the dislocation configurations resulting from vare
ious amounts of pre-yleld wicrostrain. Iuder's bands had developed in
some of these specimens. Photomicrographs were taken of the resulting
dislocation configurations on the surfaces and cross~sections of the
specimen. One static stress vs. engineering strain curve was cbtained
from a single crystal spocimen, S1, and a few static stress vs.
engineering strain cuirves were cobtained from polycrystalline specimens.
The total strain in each of thess specimens was recorded. 4 two
active-arm resistance strzin gage bridge was used to determine the
strain. The two remaining arms of the bridge circuit were tempera~
ture compensating gages of the same type as those used on the test

specimen.

B. Luder's Band Front Velocity and Propagation Strass
The technique used for the production of single crystals required,
as an intermediate step, the "ecritical® straining in tension of the

fully annealed polycrystalline strips (28). The strips were strained
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in the Instron at constant strain rates and the stress required to

propagate a Luder’s band at constant velocity was determined. The

standard clamping jaws of the Instron were used to grip the strips.
The clamping conditions initisted Luder®s bands at each end of the

specimen. These two band fronts then propagated toward the middle

of the tensile strip atl & constant velocity which was deterwmined by
the constant rate of elongation imposed by the crosshead.

The X-Y chart recorder on the Instron was used to record the
load~time ‘curve. The Y~axis displacement was proportional to load and
the X-axis displacement was proportional to crosshead displacement.
The X-axis of the recorder was driven at ccmstant speed by a syn-
chronous motor. The load on the specimen just prior to the meeting
of the two Iuder®s fronts was used to determine the stress necessary
to propagate the front at constant veloecity.

‘The number of moving Luder's band fronts was determined by
‘direct obsei'vation. Obligue illumination of the surface of the strip
created a contrast pattern on the smoo’hh surface. This contrast was
due to the "orange peel" surface deformation associated with the
Iuder®s band. There were always two fronts propagating into rela-
tively unstrained material until they jodned at the cenler of the
specimen. Thirteen tests were conducted at various crosshead rates
between the limits of 0,005 in./min arﬁ 2.0 in./min. The distance
between the jaws on the Iunstron was 3.7 ine. and the time required for
the two moving Iuder®s band fronts to traverse this gage length was

‘determined from the load-time curve. The specimen strain due to the
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propagation of the Luder®s band was determined by multiplying the
propagation time by the crosshead speed. The machine compliance
did not introduce errors in determining the Luder's strain by this

method since the Iuder®s bands propagated at constant load.

Rapid Load Tests

A. Delay-Time in Fine Grain Polycrystalline Specimens

Rapid loading tests wers made on fine grained silicon-iron speci-
mens to ascertain if this material exhibited a delay-time for the
initiation of catastrophic plastic deformation similar to that found
for amnealed low-carbon steel (13). The procedure usedwas similar to
that reported previocusly by Clavk, Wood and coworkers (13, 18).

The specimen with strain gages attached was mounted in the load-
ing fixture and the gages were comnected as shown in figure 13. The
recorded signal was pzfoportional to the strain in the specimen minus
the elastic strain in ’che‘ strain bar. Hydreulic pressures were ad-
justed to apply a prelead of approximately 10 per cent of the lower
yield stress to the spscimen. The difference in elastic deformation
between the strain bar and test épecmen caused the bridge circuit of
figure 13 to become unbalanced. The variable resistors Rp and Rp were
then adjusted to give a slight nsgative imbalance of the bridge with
respect to the imbalance caused by plastic deformation of the test
specinmen. The stiffness of the sitrsin 'bér was slightly less than vthe
stiffness of any of the test specimens, since this is required for the

above procedure to be effective. Then when the test is performed, the
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transition from elastic to plastic deformation in the test specimen
causes a sharp transition in the rate of strain difference from a
slightly negative rate to 2 sharply positive rate.

Prior to the test, the preload was remsved so that the botiom
ball of the lecading fixture was free from its seat. AU this point
the #zero™ load on the specimen and the calibration for the load
dynamometer and stirain measuring circuit wers recorded on the record-
ing oscillographiby manual activation of the oscillograph and cali-
bration switches. The hydraulic pressures were again adjusted to -
apply a slight preload to the specimen. The preload eliminated all
clearances in the loading mechanism between the actuating piston and
the speéimen. This preload also corresponded to less than 10 per cent
of the nominal lower yleld siress of the specimen and permitied the
optimum rise time for thé rapid loading pulse. The recording oscill-
ograph was started before the application of the square wave load
pulse to allow the recording paper to reach full speed before load
application. The duration of the rapid load pulse and running time
for the recording paper were preselected and initiated in the proper
sequence by use of sultable relays and timing clircuits. A second
"zero" and calibration record wes made after the test to see that no
drift or failure of the load measuring circuitry had occurred during
the 1oad.pulse. The entire sequence required less than one minute
total elapsed time, and thereby minimized errors due to changes in
hydraulic pressures, temperatures of récording devices and line

voltage variation during the test.
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Delay-time tests were conducted on ten fine grain polycrys-
talline specimens at stresses of 71,500 1b/in.2 to 75,500 1bjin.2.
One objectiv§ of these delay tests was to observe the dislocation
configurationé associated with various stages of development of the

pre~yield plastic microstrain.

B. Dislocation Velocity Tests in Polycrystalline Specimens

| Dislocatlon veloclity determinatlions were only made on ¢oarse
grain polyerys‘talliz;e specimens because of experimental difficulties
encountered in determining the orientation of individual grains within
the fine grain specimens. Rapid loading sfcress pulses were used to
cause fresh dislocations to propaga%e within & single grain. The
averaée propagation velocity was determined by dividing the length
of the longest slip line within & grain, which did not terminate
at a grain bourndary, by the duration of the loading pulse.

Each specimen was lightly abraded with 6004 silicon~-carbide
paper to rémove any oxide or scale which had formed during the speci-
men preparation. The épeei::nen was then electrolytically polished to
remove all cold worked material. A source of fresh dislocations was
introduced by scratching the polished surface with a conical diamond
stylus (9). The load on the stylus was 3.6 grams. The elapsed time
between scratching and pulse loading of the test specimen was less
than 5 minutés which prevented immobilization of the fresh disloca-
tions by diffusion of impurities to them.

The specimen was pulse loaded, aged. for one hour at 320°F to

docorate the dislocaticns and electrolytically etched to reveal the
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dislocation configurations (6). Fhotomicrographs were then taken of
those configurations from which data could be obtained. The grains
in the photomicrographs with slip lines originating at the scratech
and terminating within the same grain were numbered for reference
purposes. The orientation of sach numbered grain was then determined
by the procedure given in Part III.

Four specimens were tested at tensile stresses of 50,100 to
59,400 1b/in.2 and loading pulse durations of 0,017 to 1.85 seconds.
From photomicrographs of these specimens, 48 numbered grains were

selected for analysis.

C. Dislocation Velocity Tests in Single Crystals

Rapid loading tesis were conducted on freshly scratched single
crystals to determine the stress dependence of the velocity of
mobile dislocations. The oriehﬁation of the single crystals was
determined by'@he back-reflection Laue X-ray diffraction technique
prior to pulse loading. Multiple tests were possible on the single
crystal specimens because aging of the specimens after each load pulse
anchored all fresh dislocations. These aged dislocations did not act
as sources for slip lines during subsequent tests.

Each specimen was abraded with 600A silicon-carbide paper,
electropolished, scratched and pulse loaded in the same manner as the
polycrystalline specimens above. After aging and eleétroetching, the
length of the longest slip lines originating from the fresh seratch

was determined by direct measurement using a filar eyepiece on a
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standard metallurgical microscope. The average dislocation velocity
was determined by dividing the observed length of the slip lines by
the load pulse duration. After each velocity determination, the
specimen was scratched again on an area of the gage section which did
not contain slip lines from previous scratches, and pulse loaded
again at a higher load to obtain amother velocity determination.
This procedure was continued until the gage section was covered with
slip lines, or until the specimen failed by twinming.

Four single crystals were used to obtain nine velocity deter-
minations over a range of velocities from 7.19 x 10"6 to
2.80 x 107% cmfsec. The corresponding resolved shoar stress range

was from 21,300 to 28,000 1b/in.2.
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V. EXPERIMENTAL RESULTS

Constant Strain Rate Tests

A. Stress~-Strain Curves - Polycrystalline Specimens

Static stress-strain curves were obtained by the use of the
Instron static testing equipment shown in figure 14. Typical stress-
strain curves for polyerystalline specimens are shown in figure 15,
and the resulis obtained from static testing data for fine grain
polycrystalline specimens are summarized in Table 1. All poly-
erystalline spocimens tested statically exhibited both am upper yield
point and a lower yield point. The design of the loading fixture
precluded strainming to large values of plastic strain. The strain
rate during plastic flow was much greater than the initial elastic
strain rate because during elastic loading a substantial portion of
the crosshead motion is related to the elastic deflectiocn of the
maéhine, the loading fixture, the pull rod, etc.

Typical stress vs. plastic strain curves for fine grain poly-
crystalline specimens M36 and M27 are shown in figure 16. Specimen
M36 was strained until the loading rate was almost zero, and then
unloaded to determine the residual wicrostrain. The plestic micro-
strain was determined by use of strain gages conmnected in bridge
circuits as shown in figure 13. The initial slope of the curve for
specimen M36 is due to the difference in elastic strain between the
specimen and strain bar. The plastic microstrain at load is shown

on the curve.
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TABLE 1

Polycrystalline Stress-Strain Data
Fine Grain Specimens

Specimen Crosshead Upper Yield Lower Yield Pre-Yield

No. Spced Stress - Stress Microstroin
at Upper

Yield Point

in./min  1b/in.? 1b/in.2 107% in. /in.
M3 0.01 74,200 68,500 134
M5 0.01 76,500 70,200 97
M|l . 0.02 73,700 68,500 -
M2 0.02 71,600 67,100 -
M27 0.01 73,000 ~—— 280
M28 0.01 75,100 71,200 Ly
M34 0.01 70,100 — 64
136 0.01 71,500 —— 118

38 0.01 71,300 —— 68
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Specimen M27 was strained beyond the upper yield point. The
stress on the specimen can be seen to decrease for strains greater
than 280 ::'10'"6 plastic strain. The average strain under the strain
gage can be seen to increase continuously as the total specimen
strain increases. The upper yield point microstrain at load is

about 280 x 10~0.

B. Stress-Strain Curves ~ Single Crystal Specimen

Figure 17 is a static stress-strain curve of singleicrystal spec-
imen S1. The 105ation of the tensile axis for this specimen is
shown on the unit stereographic triangle in figure 9. The yield point
drop observed in this specimen was not dus to latiice rotation as
described by Barrett (33). Lattice rotation due to single slip
always rotates the slip direction towards the tensile axis along a
great clircle on the stereogﬁaphic triangle. The lattice rotation

is related to the elongation by ,
sin ¢ =[/é///)5’” % 9)

where

¢£:and qé are the initial and final angles between the
slip plane and the tensile axis,

and

/é2>and.xé; are the initial and final gage lengths,
respectively (33).

From figure 17 it may be seen that the stress dropped from
57,000 to 55,000 lb/in.2 while the specimen experienced

375 x 10"'6 in. /‘.'Ln. of plastic deformation. The corresponding
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resolved shear stress on the active sllp system changed from
26,600 to 25,800 1b/in.? and the angle change cbtained from equa~
tion 9 is less than 10 seconds of arc. The reduction of resolved
shear stress due to lattice rotation in this case would be no more
than 10 1b/in.? based on the Schmid equation

25 = g Cos gg cos A (10)

where ¢ is the angle between the tensile axis and the normal to
the slip plane, and A is the angle between the tensile axis and

the slip direction.

Ce ZILuder's Band Front Velocities and Propagation Stresses
The stress necessary to propagate a Iuder's band at constant

velocity in polycrystalline 3 per cent silicon-iron alloy
(J 22 0.002 177.) was determined by varying the crosshead speed
on the Instron testing machine and observing the velocity of the
Luder's band front. The total plastic strain in the specimen was
determined by observing the time required to propagate the Luder's
band front from the end of the specimen to the center. The motion of
the crosshead corresponded exactly to the elongation due to strain,

e ;,,, in the specimen since this strain occurred at constant stress.
In all cases, there were itwo band fronts approaching each other so
that

V, = Vbs/26n (1)
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where \/B is the Iuder®s band front velocity and % § is the cross-
hoad speed. Table 2 gives the results for thirteen tests. Figure 18
is a representative load~time curve for specimen 1.

Figure 19 is a plot of the Luder's band propagation stress vs.
the propagation velocity. The straight line curve was obtained by
the "{wo-point" curve fitting technique. The data in Table 2 were
divided into two groups. The seven lowest velocity tests formed one
group and the remainder formed the second group. The average value
of the lower yield stress and of the 1og10(10 b4 VB) was calculated
for each group. A strajght line was drawn between the two "average"
points determined for the two groupings. The analysis of the data
relating to this curve will be given in Part VI.

 The strain distribution associated with Iuder's bands was
observed by the use of etch pitiing of dislocations. Iuder's bands
which developed during testing extended across the surfaces of the
specimens. The band fronts were straight and parallel within % 2
grain diameters and probably contained a large majority of the moving
dislocations responsible for ﬁhe Inder®s strain. In' the area ahead
of the moving Luder's band front and within 10 grain diameters, 15
per cent of all grains on the surface of specimen M36 contained
active slip systems as evidenced by slip traces within individusl
grains. These slip lines were all confined to one grain and did not
penetrate any grain boundaries. The region immediately behind the
moving front revealed that all grains had undergdne extensive slip.

The density of dislocations in all grains within the Luder's band
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TABLE 2

Results of Luder’s Band Velocity Tests
Polycrystalline Specimens

Specimen Crosshead Total Flastic Lower Yield Band

No. Speed train Stress Veloecity
in. /min per cent 1b/in.2 in. /min
1 0.020 2.99 63,800 T 0.345
2 0.005 2.69 61,300 0.093
3 0.010 2.72 62,700 0,183
4 0.200 3.75 66,700 2.66
5 0.100 3.05 65,500 1.64
6 0.050 3.04 64,100 0.810
7 0.500 2.74% ’ 66,500 9.12
8 1.000 3.48 66,600 1wk
9 2.000 3.75 67,700 26.7
10 0.500 3.50 65;200 7.15
11 0.200 3.34 64,300 3,00
12 0;100 3.03 64,900 1.65

13 0.050 3.06 63,500 0.819
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Fig. 18 Typical load-time curve for determining Luder's stress and
strain. Specimen 1.
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was too high to identify any slip lines of fam;lies of slip lines
at 1000X magnification.

Figure 20 is a photomicrograph showing the Luder's band front in
specimen M36. This sﬁatica]ly loaded specimen contained a Luder's
band away from the strain gages. The residual nicrostirain recorded
by the strain gages on specimen M36 was 112 x 1.0"6 in. fin. after
u.nloading, and the dislocation etch pit analysis revealed a total
of 8.2 per cent of all surface grains under the gages contained
active slip systems. Comparison of the three regions (the Luder's
band front, within 10 grain diameters and under the gages) reveals
that the transition between the material ﬁith the Luder's strain
and the material with only a small fraction of yielded grains is
confined to a linear region of approximately four grain diameters

or 1072 cm for the specimen shown.

Rapid Load Tests

A. Delay-Time in Fine Grain Polycrystalline Specimens

The silicon-iron used in this investigation exhibits a delay-
time for yielding similar to that reported for low-carbon steel when
subjected to a constant, rapidly applied stress (3, 13, 18). The
addition of 3 per cent silicon to low-carbon steel inecreases the
stress for a given delay time. For delay-times of the order of
10~} seconds in specimens of comparable grain size, the stress
- increaseis approximately 20,000 1b/in.%, i.e., from 50,000 to
70,000 1b/in.2.



Fig. 20 Luder's band front in specimen M36. Etched to reveal
dislocation sites. 100X.
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A reproduction of a typical oscillograph record of the applied
load and the strain vs. time is shown in figure 21l. The delay-time
for the initiation of yielding as shown for specimen M2l was
30 x J.O"3 sec. The pre-yield plastic microstrain at the end of the
delay~time was 140 x 10'6. The delay-time as shown represents the
initiation of the very rapid increase in strain rate which precedes
the development of a Luder®s band. The high sensitivity of the
strain measuring device reveals the continuous nature of the growth
of an embryonic Luder's band when the strain detected is the average
value on a surface area 3/16 by 3/16 in. (i.e., gage dimensions).
Inder's strain bhad not occurred under a significant fraction of the
gage when the strain traée reached the edge of the recording paper.
The load drop recorded for specimen M2l indicates that {the strain
rate of the specimen inecreased until the Rapid Load Testing Machine
was no longer capable of maintaining the applied load at the required
extension rate. Table 3 contains the resulis of nine delay-time
tests on fine grain polycrystalline specimens.

Figures 22 and 23 are photomicrographs of a cross-section of a
pulse loaded specimen etched to reveal dislocation intersections with
the observation surface., The darker grains have a greater dislocation
density than the lighter grains. In fact the lighter grains have not
yot yielded. Figure 22 shows several relaxed grains clustered
together to form a relaxed nucleus of yielding within the bulk of
the specimen. Figure 23 shows a different portion of the same

cross-section in which the nucleus of yielding has spread through
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TABLE 3

Results of Delay-Time Tests at 75°F
Fine Grain Polycrystalline Specimens

Specimen No, Applied Stress Delay-Time Pre-yield Microstrain

1b/in.2 sec 10-6
L5 75,500 0,050+ 168
17 72,300 0,050 112
M21 73,300 0.036 140
M22 72,400 0.015 18
w23 72,500 0.050+ 153
M24 71,500 0.010 70
M39 74,600 0.170 -
M40 73,600 0.250 267

M43 72,700 0.263 165
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Dark
300X.

Etched to reveal dislocation sites.

grains--high dislocation density.

Fig. 22 Cross-section of specimen MZ1l prior to formation of a
Iuder's band.
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Dark

Etched to reveal dislocation sites.
grains--high dislocation density. 300X.

Luder's band.

Fig. 23 Cross-section of specimen M2l showing an embryonic
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the thickness of the specimen to both free surfaces.

B. ADislocation‘Vplocity Tests in Polycrystalline Specimens

The results of the polyerystalline stress vs. dislocation
velocity tests are presented in Table 4. The resolved shear stress
given in the table was calculated on the assumption that a
{110} <111> slip system was active during deformation. The curve
shown in figﬁre 2l is a "best" fit of the stress vs. dislocation
velocity data to equation 7. Data from grains number 3, 4, 8 and 12
in specimen T3; 7 in specimen T8; and 4 ard 9 in specimen T16 were
discarded; and the remainder of the data was divided in'ﬁes TWo groups,
Thé discarded grains were judged to be erroneous because of large
values of standard deviation from the "best" fit curve for the data.
Grains inrspecimens T3, T8 and T2 formed one grouping and grains in
specimen T16 formed a second grouping. These groups were used as the
basis for a "two-point" best fit curve. This curve fitting method
gave a lower value of standard deviation than a "least squares" fit.

?hotomicrographs of typlcal dislocation configurations obtained
from pulse loaded coarse grain polyerystalline specimens are shown
in figures 25 and 26, The fresh dislocations produced by the central
scratch act as sources for dislocation slip lines, and produce far
greater numbers of slip lines than any other sources in the specimen.

Figure 27 is a composite of six selected areas of photomicro-
graphs which illustrate the relaxation process in inﬂividual grains.,
The growth of a slip band appears to occur by the addition of
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TABLE &

Results of Polycrystalline

Specimen Load Tensile Grain Resolved Dislocation
Noe. Pulse Stress No. Shear Velocity
Duration ’ Stress
sec . .1b/in.2 1b/in.2 cm/sec
T3 1.850 50,100 1 19,700 0.00173
: 2 20,050 0.00153
3 22,850 0.00083
L 25,000 0.00124
5 20,850 0.00171
6 21,800 0.00171
7 21,200 0.00396
8 19,600 0.00288
9 22,400 0.00342
10 22,150 0.00514
11 20,800 0,00126
12 23,400 0.00166
T8 0.529 53,300 1 22,800 0.00586
2 23,800 0.0158
3 22,400 0.0132
4 22,150 0.0151
5 22,800 0.0173
6 22,400 0.0155
7 19,100 0.00567
8 22,300 0.0195
T2 0.175 55,350 1l 23,550 0.0149
2 24,700 0.0267
3 24,700 0.0175
T6 0.017 59,400 1 26,000 0.118
2 26,650 0.113
3 26,200 0.363
L 28,600 0.202
5 25,400 0.177
6 24,700 0.165
7 24,800 0.196
8 27,450 0.333
9 23,400 0.303
10 27,400 0.186
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TABLE 4-Continued
Specimen Load Tensile Grain Resolved Dislocation

No. Pulse Stress No. Shear Velocity
Duration Stress

sec 1b/in.? lb/in.2 cm/sec
T16 0.017 59,400 11 - 25,050 0.303
~ 12 28,650 ~ 0.461
13 24,600 0,102
1k 25,550 0.122
15 25,700 0.130

16 26,550 0.617 -
17 25,200 0.558
18 27,200 0.647
19 24,900 0.255
20 28,650 0.491
21 25,600 0.141
22 26,200 0.215
23 27,000 0.137
2k 26,800 0.166

25 25,300 0.128
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Fig. 25. Typical dislocation configuration in a pulse loaded specimen.
Note the dislocation motion in grains that do not contain
the fresh scratch. Etched to reveal dislocation sites.
Specimen T14. 300X.



80

Etched

Note the
300X.

Specimen T15.

ion sites.

dislocation motion away from the fresh scratch.

to rovesl disloecat

Fig. 26 Photomicrograph of a pulse loaded specimen.
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Fig. 27 Photomicrographs of widening slip bands illustrating the
/ mechanics of relaxation. Etched to reveal dislocation
sites. 300X.
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successive slip lines adjacent to the slip band. The spacing
between successive slip lines is approximately constant within the
band. |

C. Dislocation Veloeity’Tests in Single Crystals
The results of tests to determine the stress dependencevof
dislocation velocity in single crystals of silicon~iron are shown in
Table 5. The data have been plotted in figure 28, The plot shows
that the data may be represented by a relation of the form
v =(T/r, )” where /7= 32.6 and 2% = 31,700 1b/in.2.

Column 4 of Table 5 lists ﬁhe angle between the observed slip trace
on the surface of the specimen and the <111)> Burgers vector of the
observed active slip system. The observed slip trace is the inter-
section of the active slip plane and the observation plane (see
figure 29),

© 8lip tracesbdbserved on the flat surfaces and exposed edges of
the test specimens were:used to determine the Miller indices of the
slip planes. Due to massive'slip in some specimens, it was not
possible to‘identify clearly the slip trace on the exposed edge.
All specimens for whiéh two slip traces could be identified cleérly
yielded on {ilO} planes. For the remaining specimens which revealed
only one slip trace which was identified clearly, a further analysis
was required. |
| ‘The <111)> slip directionbin BCC iron is well accepted as the

only slip direction active during the yielding process (34, 35).
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Results of Single Crystal Tests

Resolved Stress
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Observed Velocity

TABLE 5

Angle Between
Slip Trace and
<111 Direction

lb/in.z em/sec Degrees
s9. 21,300 7.19 = 10- 31
510 22 100 1.02 x 1072 27
S9 22,050 1.21 x 1077 31
s11 23,200 3.95 x 10~2 4o
s11 24,100 1.46 x 1077 40
s11 25,200 3.70 x 107 40
s11 26,800 1.42 x 1073 40
S10 26,550 6.01 x 1072 27
512 28,000 2.80 x 107 10
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Fig. 28 Stress dependence of dislocation velocity for single
crystals. 75°. Dashed line--Stein and Low data.
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Fig. 29 Typical dislocation configuration after a pulse load
single crystal specimen S9. 300X.
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Assuming tha{-, <{111> is the slip direction for all single crystals
tested, it follows that the ﬁaxim‘am number of "possible" siip
planes consistent with a single slip trace is four.

The resolved shear stress for each of these "possible" slip
systems was calculated. The."possible" slip system subjected to
the highest resolved shear stress in all single crystal tests was
of the {110} <111> type. Thus it is clear that only {110} slip
planes were active during the single crystal tests in this investiga~

tdon. -

A1l attempts to obtain stress vs. dislocation velocity data at
higher stress levels than those reported in Table 5 were unsuccessful
due to twinning of the test specimens. The twinning stress on the
most favorable twin systém was calculated for all single crystal speci-

mens by using equation 10. The twin plane for BCC iron is {112} and
the direction is <111) (36). Table 6 lists the resolved stress for
the most favorable twin systems and the most favorable slip systems.
The final mode of deformation observed for each single crystal

specimen and the highest stress are also tabulated‘.

Two of the specimens contained 'Ewo highly stressed twin systems.

The twinning directions for specimen YS9 were [I11] and ] ,
while those for specimen S13 were [111] and [111] . The summation
of twinning directions for S9 yields a net [0I1] direction while for
813 a [iOQJ direction is obtained. Specimen 513 cleaved along a

( 100) plane while S9 twinned on two separate planes. Microscopic

examination revealed that two separate twin systems were active
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TABLE 6

Results of Highest Stress
Applied To Single Crystal Specimens

~ Specimen Highest Resolved Stress Resolved Stress Final
No. Applied for Slivp for Twinning Behavior
Stress {110} <111> {112} <1115
2
1b/4in. 1b/in.? 1b/in.?
52 61,100 28,400 26,900 Twinning
S3 54,500 25,100 27,200 Twinning
S8 57,300 . 27,200 28,600 Twinning
. 25,200 28,000
59 56,450 26.100 28,200 Twinning
s10 56,450 26,550 26,900 Slip
S11 55,000 26,800 25,500 Slip
- 812 56,200 28,000 27,100 Slip
: 27,700 29,400
S13 60,000 26:500 27:000 | Cleavage
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adjacent to the cleavage surface of specimen 513. The twin‘systems
observed and their‘role in nucleating cracks is consistent with
previous reports by Hull (34). |

The extreme sensitivity of dislocatlon velocity to small
differences in stress provides an excellent method for determining
the accuracy of the specimen preparation and loading procedures. The
dislocation velocity was determined on both sides of specimen S12

by direct observation, and the difference in stress was calculated

(%)

% "
(%/%)
'Dividing equation (a) by equation (b):

Ve = (TF/Z‘E )n

on the basis of equation 7.

il

(a) Front Side Velocity: ‘1{;

(b) Back Side Velocitys: Vg

or

| %
?F/TB. — ('u;/vé) n

The ratio of observed velocities in specimen S12 was 1.73 which
indicates a bending stress aqual to 0.85 per cent of the tensile

stress.
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VI. DISCUSSION OF RESULTS

Source of Dislocations in Polycrystalline Specimens

The observations of slip bands indicate that in fully annealed
material the grain boundary was the initial source for slip band
growth. The distribution of individual etch figures withinvthe slip
bands which do not traverse the entire grain shows a decreasing
density of dislocations with inereasing distance from the grain
5oundary. Slip band growth by the cross-slip mechanism proposed by
Koehler (21) should produce slip bands with dislocation densities
which decrease as the distance from the source increases. This is
seen in the slip bands in polyecrystalline silicon—iroﬁ emanating
from fresh seratches which show a dislocation density decreasing
with distance from the scratch when the slip band does not reach a
grain boundary. All slip bands appearing in fully amnsaled poly-
crystalline specimens (without scratches) are observed to have at
least one end originating in a grain boundary. If the primary
sources of dislocations were uniformly distributed throughout the
matrix, then at least some evidence should bevobtained in which
both ends of a slip band terminate within a grain. This would
especially be true for specimens subjected to short duration pulse
loading. However, the grain Boundaries are the primary sources.
This is in agreément with Worthington and Smith (37). They
‘reported that slip bands are nucleated at grain boundaries in
3 per cent silicon-iron statically loaded to produce pre-yield

microstrain.
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The observations of slip band growth in polycrystalline
specimens indicate that an initial stress is required to initiate
the slip bands at the grain boundaries. The relative ease with which
fresh dislocations move in a scratched grain is clearly shown in
figures 24 and 25. The number of slip lines formed from the fresh
scratch is much gréater than the number formed from the grain
boundaries. Furthermore, a high percentage of the scratched grains
developed slip lines in the stress pulse tests. Only a very low
percentage of the unscratched grains shows any slip lines. These
observatlons indicate fhat a cfitical resolved stress greater than
the friction stress is i'equired to Initiate slip:in a fully annealed.
grain, and that grains which do not show slip at a given o~ y could
form slip bands when sources are introduced or when o is increased.
This conclusion that a eritical stress greater than the friction
stress is required to initiate slip in fully annealed material will

. be used in the delay-time model to be pres_ented below,

Stress-~Dislocation Velocity ﬁelations
A. Single Crystal Specimens

The velocity of mobile dislocations in siﬁgle erystals of
silicon~-iron was found to be a very sensitive function of the applied
stress. Figure 28 shows that the empirical equation VU~ = ( T/Z;
used by Stein and Low could also be used to fit the data obtained
here with small differences in /5 and /7 .

Two factors which are probably responsible for these differences

are the initial total dislocation density and the crystal orientation.
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An increase in the/dislocation density would be expected to raise

To because of the increased number of dislocation interactions.

The effect of dislocation density om #? in silicon-iron is unknown.
Stein and Low observed displacement of edge dislocations in erystals
having 105 dislocations/cm? prior to scratching, while in this invest-
igation the displacements of dislocations of mixed edge and screw
components were observed in crystals having an initial density of
107 to 10" aislocations/en®. The higher value of 75 obtained
here is consistent with the greater initial density.

Low and Guard (19) have shown that dislocation loops in silicon-
iron are very mmuch elongated in the direction of the Burgers vector.
This indicates thatl the velocity of screw oriented dislocations is
much less than the velocity of edge:oriented dislocations with the
same applied siress. The slip bands observed in this investigation
had Burgers vectors which intersected the slip traces at angles large
enough to preclude the observatlon of the maximum dimension of the
slip band which is established by the velocity of edge oriented
dislocations. Such elongation of the dislocation loops would make
the present observation of dislocation displacements the result of
essentially screw oriented dislocation motion. The difference between
the <5 obtained from the present data for screw dislocatioms in
s1ip bands and the <o obtained for edge oriented dislocations by
Stein and Low is consistent with the observations of the slip band
shape, i.e., slip bands grow faster in the direction of the Burgers

vector.
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The data obtained could alse satisi"y an expression of the form
v = ‘UZ ,Q,- D/’r for the range of velocities observed (ll’). The
values V{ = 1010 em/sec and D = 768,000 lb/in.% were obtained
from a plot of the data. The valuse of 'Zj:_ (the limiting velocity at
infinite stress) should be the shear wave velocity of the material,
approximately 105 cm/sec in silicon-iron. The value of 'U'c_' = 1010
em/sec is too high for any physically meaningful interpretation of
the data based on the expression U = ‘U:_JQ.“D/’T.

A more critical determination of the functional relation between
dislocation veloeity and stress can be made by extending the range of
direct observation data beyond that presently available. All attempts
to obtain data at stress and velocity levels above those shown in
Tigure 25 failed because of twinning in the tensile specimens.

The resolved twinning stress for 3 per cent silicon-iron single
crystals is between 26,900 l‘b/:i.m.2 and 28,200 lb/in..2 in rapidly
applied tensile tests at ?5°F. Stein and Low obtained their stress
vs. dislocation velocity data in 3-point bending tests of single
erystals and did not report the occurrence of twinning in their
specimens at room temperature. The maximum velocity cbserved by
Stein and Low was 102 cm/sec and was limited by the method of load-
ing. The maximum velocity observed in this investigation was

2.8 x 1072 em/sec, while the maximum velocity capability of the ex-
perimental equipment was at least 25 cm/sec with the specimens de-
seribed earlier. The specimens used by Stein and Low were oriented so

that only single slip occurred. The angle from the tensile stress
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axis to the slip plane {].10} was 45 degrees and the angle to the
slip direction ‘(111) was 45 degrees. This orientation caused thé
observed slip system to be subjected to the highest resolved shear

stress of any possible slip or iwinning system'in the crystal.

B, Polycrystalline Specimens

The experimental measurements of the velocity of fresh disloca-
tions in single crystals show relatively little deviation from a
linear relationship between log T and log 1)‘; A relatively large
deviation from a linear relationship between log ¢ and log U is found
in the polycrystalliﬁe data. The initial density of dislocations
and the chemical composition of both single crystal and polycrystalline
specimens were:nearly equal. Testing temperature and loading rate
were also equal or equivalent for both types of tests. - Therefore,
the "scatter" of the polycrystailinebresults must be due:to.devia~-
tions in the resolved shear stress on the slip systems from that
calculated from the tensile stress and the Schmid factor. The devia-
tions are attributed to the effect of elastic anisotiropy  on the
actual stress distribution in the pdlycrystalline specimens. A
maximum deviation of 25 per cent in stress is observed between the
| results obtained with the single crystal and polycrystalline specimens.
This deviation is reasonable in view of the varliation in elastic
properties with crystal orientation (38). N

A1l points baéed upon the tests with polycrystglline specimens

lie above the curve fdr data on single orystal specimens, see figure
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2k, This is because the duration of the stress pulse used to deter-
mine T~ vs. U~ in polycrystalline specimens was such that data was
obtained only in the highly stressed grains. A short duration pulse
test at a constant 6~ produces data from only those grains contain-
ing the highest resoclved shear stress. Longer duration pulses will
allow the slip band to traverse the most highly stressed grains. The
pulse duration was chosen so that very few grains wére completely
traversed. Data was therefore obtained from only the most highly

stressed grains.

Delay-Time for Yielding in Fine GréiniPolycrystalline Specimens

The delay-time phenomenon is an intriguing aspect of the plastic
- deformation behavior:of BCC metals containing interstitial impurities.
The discovery of a delay-time for yielding in low-carbon steel by
Clark.énd Wood has provoked a large number of investigators to ponder
the cause or causes and the mechanics of the deformation processes
that occur during the transition from elastic deformation to a

fully developed, macroscopic plastic deformation.

The sequence of evenis leading to the formation of a Ludert®s
band has been observed in this investigation by the use of the pulse
loading and electrolytic etching techniques. These observations,
together with the cbservations of theAstress dependence of dislocation
- velocity will be used to develop a semi-quantitative déscription of
the dislocation mechanics leading 1o the formation of the ILuder's band. .

The following explanation of the yielding of silicon-iron is

based on three assumptions: firsit, that dislocation sources are
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not activated until a critical resolved shear stress Zzlis feached
which is greater than the friction stress ]?‘; second, that the rate
of ylelding is governed by the dislocation veloecity which is a sensi-
tive function of stress and varies considerably from grain to grain;
and third, that the delayatima is essentiglly given by the time for
the ylelded region to spread continuously through the thickness at
" some section of the specimen. This section is called the critical
section.

The strain vs. time relation for fine grain polycrystalline
silicon~iron subjected to a constant stress can be explained as fol-
lows. The initial high plastic strain rate is the result of the
rapid relaxation of the highest resolved shear sﬁressas in certain
grains and to a small degree from grains with lower resolved shear
stresses. The variation in resolved shear stress from grain to grain
is the result of two factofs: a) the grains are oriented differently
and hence have different Schmid factors, and b) the elastie moduli
of neighboring grains differ when referred to common axes because
of elastic anisotropy. The strain rate decreases as the highly
stressed grains are relaked. The fraction of the total grains re-
laxed at any time will be dependent on the applied stress. Applled
stresses less than CZ%?,and great enough to produce 7ﬁ5 in some
grains produce a strain rate that décreases to zero. The struc~
ture at this point shows essentially isolated relaxed grains be-~
cause stresses on adjacent grains are insufficient to generate
slip bands, As the stress is increased, more grains relax and

clusters of relaxed grains appear. An applled stress equal to the
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upper yield point stress will resuli in a zero strain rate, However,
the duration of this>condition is indeterminate., The effect of the
reolaxation of those grains whiech have yislded prior to general yield-
ing is to increase the resolved shear stress on less favorably
orisnted grains to a value which will initiate slip bands in the
adjacent grains. The clusters of relaxed grains cause a local stress
concentration on adjacent grains (proportional to the square root of
the cluster diameter). When the upper yield stress is reached, the
stress concentration is sufficient to cause one of the clusters of
yvielded grains to extend through the thickness of the specimen.

At this stage, the stress concentration factor increases
significantly and the band rapidly spreads to cover a cross-section
of the specimen. This results in a relatively sudden increase in the
strain rate which marks the end of the delay period, When a cross-
section of the specimen is completely covered by relaxed grains the
Luder's band is distinguishable by its characteristic sﬁrface defor-
mation and propagates as a stable front along the length of the speci-
men. The propagation velocity of the Luder’s band is less than the
growth rate of the embryonic band across a cross-section because the
value of the stress concentration factor decreases when the elastic-
plastic transition region extends across the entire specimen. The
time for yielding to occur under constant applied stress is then
essentially the time for an embryonic Luder's band to grow across

the thickness of a specimen,
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The delay-time in fine grain silicon~iron observed in this
investigation rangéd from 0.010 to 0.263 sec for applied constant
stresses between 71,500 and 74,600 1b/in.2. Assuming an a'pplied
stress of 72,400 1b/in.2 and an ideally oriented grain ( ¢ = 450,
>\ = 45°) within a polyerystalline matrix, the nominal resolved shear
stress on the grain would be 36,200 lb/in;z. The velocity of a
dislocation in this grain obtained by extrapolating the curve in
figure 28 would be approximately 340 cm/sec. At this velocity

the dislocation would cross the ideally oriented grain in about

-6 "

7.5 x 10™° sec. The delay-time for yielding is at least 107 to 10
greater than the time necessary for individﬁal dislocations to
traverse the ideally oriented grains in a specimen.

The complete relaxation of a grain doeé not occur with the
formation of the first slip band. A family of slip bands is observed
to build up by the additioﬁ of one new slip band at a time adjacent
to an existing slip band at a characteristic distance /7 « The
characteristic spacing, A s must be a function of the stréss and
test temperature, but does not appear to be a very sensitive function
of stress., A value of /i = 0,91 x 10""" in. has been reporﬁed for
statically loaded silicon-iron b§ Hibbard and Dunn (39). Aver;ge
values for /i in randomly oriented grains in this investigation were

0.95 x 10~4 in. for static tests and 0.96 x 10'4

in. for pulse tests.
Stress concentrations at grain boundaries near the end of a slip line

tend to reduce ;I by activating dislocations on parallel slip systems
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close to the existing slip band. Interaction of dislocations on the‘
old slip band and on thg newly forming slip band fends to increase h .
~ The delay~-time required to relax a grain by the above model,
one slip line at a time, would be CM\ times the traverse time
necessary for the formation of one slip band across the grain. The
average relaiation 'hixﬁe for an ideally oriented grain in the fine
grain material at an applied stress of 72,400 lb/:'m.2 would be
ten times the traverse time for a single slip line, or about
7.5 x 10'5 sec, if the stress in the grain is assumed to be constant.
This relaxation time is still 102 to 103 less than the observed delay-
time. However, all grains are not ideally oriented and the time
to relax less favorably oriented grains is significantly lenger.
The fine grain specimens contalined approximately ten grains through
their thickness, and the delay-time for yielding can be calculated
from the dislocation velocity vs. stréss data if the stress is
estimated for each grain at ;(;he critical cross-section. Such an
estimation 1is very difficult. . In view of the very high sensitivity
of dislocation veloecity to stress, the delay~-time will essentially
be governed by the time to relax the grain thal has the lowest
" stress (i.e.,, lowest Schmid factor). Therefore, the delay-time will
be approximately given by C/ )
t =
° /7 Vmin

where J 1s the diameter of the grain in the critlcal section having

(12)

the lowest resolved shear stress, A is the spacing between adjacent
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slip bands in the grain and Vm in is the dislocation velocity in the‘
grain. |
The minimum velocity Vmin. is given by
n

Viwin = (Tin/ ) (13)

but again Ty, cannot be accurately estimated. The expression

Tmin = M Sa‘* v (14)

where

m = stress concentration factor due to surrounding
relaxed grains and anisotropy,

S = Schmid factor and

0~ = nominal applied tensile stress,
will be used to calculate a value for Tj,;, based on the observed
values of 'LL_O s h ’ c_{ s N and T, obtained in this investiga-

tion. Combining the above expressions.gives the delay-time as
t, = ( LIVl o
N S A (15)

Consider a typical delay-timé test shown in Table 3. For speci-

" men M21, T = 0.036 sec, h =104, d =103 1n., h =32.6
and 7, = 31,700 when the nominal stress was 73,300 lb/in.z. From
equation 12, 2 -
VoA _ [o~¢
S 3.6x/07%x 07>

b Cm/se_c

o]

:

vmiu =

L
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o 7%
Tw\'tn. = 7; (Vmim) =(3‘)70°)é‘fz,)
Tmin = 30,800 b /in*>
which, when substituted into equation 14, gives
mS = Tmin/ = 30’800/73,300
ms = 0.420

The value of 0.420 is reasonable for the product of stress concen-

and from equation 13 ’

'br#tion factor and Schmid factor for a poorly oriented grain, in
view of the fact that S can be as low as 0.278.

The stress dependence of the delay-time is the same as the stress
dependence of the dislocation velocity. The temperature dependence
of the delay-time results from the temperature dependence of the
dislocation velocity as postulated by Hahn (4) and Cottrell (24).

The foregoing discussion has explained the appearance of a true
upper yield point, the observed plastic strain vs. time behavior at
constant stress and the delay—time for yielding at constant stress

in silicon-iron.

Luder's Band Propagation and Average Dislocation Velocity

It is well known (37, 38) thét. steady-state propagation of a
Luder":':s band occurs at constant siress. The band front or transition
regioﬁ between plastically deformed material and relatively virgin
material muét contain a wide range of strains in relative equilibrium
with a constant applied stress. Thel leading edge of a propagating |
Luder's band contains dislocations moving into unstrained material.

Behind the leading edge dislocation interactions with grain
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boundaries, other dislocatlions and impurities lead to reduced
velocity of the dislocations until at some macroscoplc value of
strain, the stress induced dislocation configuration reachés a static
equilibrium with the applied stress. This value of straln is called
the Luder's strain.

The propagating Luderfs band is cbmposed of grains in which
slip bands are forming. The stress dependence of the velocity of
propagation of the Luder's band must be related to the stress deperd-
ence of individual dislocation velocities. Consider the steady-state
strain configuration of a Luder®s band front as it propagates along
a uniaxlial tension specimen. Hart (40) haé showvm that the strain rate

at any point on the propagating front must be

€ = I (‘/'Z/j) (16)

where

il

Vo
€

,é7 = length slong the specimen measured on a coordinate
system moving with .

propagation velocity of the band front,

natural strain and

L]

Note that for sﬁall strains, the natural strain is approximately equal
to the engineering strain. The length ,éy is related to the specimen
by ,67 = X - Lﬁ; ZL where A is the distance along the speci-~
men. Assuming that the strain distribution within the’mcving Luder's
band frbnt remains constant and propagates along the specimen ét |

Lﬂé‘ » then the strain € s given by
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.. ¢ = (1) - (17)

The total change in length, € , of the speclmen at any time 1s

given by

e = LLeclx=- LL{(E)JX | (18)

and the rate of change of the length of the specimen, crosshead speed,

is

de f Ld¥
= Tz ; (19)
g_{ 0 d 7 d X \
From equations 16 and 17 it follows that
-4—7-': = V. ( iﬁ) : (20)
4t ~ 8 \dX |
and the rate of specimen extension deA’ t Ybecomes
L
de _ de
o L A (FT) d % (21)
If the propagation velocity ié cohstan‘c., then at any given time
de X =l » |
Fe-vee]  =va[fle-vt)-flyt]en
e o

The points X=0 and X=L are the ends of the specimen. As
long as the Luder's band front is between these extremes and only

one front is moving,

f(L"VB{)—-F(”VBf)"—: E. (23)
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where ¢, 1s the total strain produced by the moving front.
Thus the rate of extension, d Q/Jf , is rolated to the

propagétion velocity, Vé » and the Luder's strain, &_ , by
de _ |

Measurement of qle/‘/ ¢ and €, can therefore be used to determine
the propagation velocity. The propagation of a Luder®s band in
silicon~iron occurs at conétant stiress as showa in figure 18.
Therefore, the velocity of the crosshead is equal to the extension
rate of the specimen, V.. = 4@/‘% , end the Luder's band

cs
velocity is

Vg = V“"/e,_ . (25) -

for a single moving front.

The total elongation rate of a single specimen is the sum of
the contributions from each moving front in a specimen containing
multiple moving Luder's band fronts, i . The veloecity of each moving
front may not be constant and hence equation 21 may be difficult to
efraluate. For the special case of N = 2, in which both moving
fronts traverse equal lengths of the specimen in equal times, the
average veloqity of each must be the same. Treating Vg 1in equation

21 as the aVerage velocity for each moving front then leads to

: v v
Vg = c5/2. &, (26)
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which was used to derive the data shown in Table 2,
The strain rate of any material was givén by equation 3 as
Y= b fam_—r‘ , from which it follows that

& = pm U v | (27)

where l/( is a constant which depends on the Burgers vector of the
dislocations and the orientation of ‘tl'eoperative slip system with
respect to thé speclimen axis, Pm. is the density of moving disloca-
- tioms and v~ is the average velocity of moving dislocations.

Equating 16 and 27 results in
Vg = Kpm v/ de (28)
dX

The strain distribution é(ﬁ) , density of moving dislocations
/a m and average dislocation velocity V~ have been shown to be
' functions of the applied stress. However, the velocity v~ is much
more sensitive to stress than is € (,e) » For a first order
approximz;tion, d GA{ L may be assumed to be constant. Then

equation 28 becomes
: /
Va = M ﬁ m v ‘ (29)

which combined with equation 7 yields

Ve = K" pm o (30)

Taking logarithms of both sides of equation 30 and differentiating

with respect to log 6~
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Q/OjVB — Q/Qjﬁm'lf'
3 log o d leg o

L

_ 3k pm, py (n
m-g—é—g_—arn(a)

in which M is the usual mobility exponent.

The above development will now be compared‘ with the experimental
results by obtaining the stress dependence of the observed velocity
of the Luder's band front. Consider the slope of the curve shown
in figure 19. The logjp(10 x VB) goes from O to 2.5 when stress
changes from 62,100 to 67,000 1b/in.2, and

logiy (10%Vs) = 22 (a— 42,100) ()

Note that 2‘.15’ /‘37/0)5 = /oje X =X/, < [and the rignt
side of equation 32 may be written |

2 (42.10(c5 ) = 5 i)

and
Jog, (10xVg) = b5 log, (4,7,750“) (34)
or finally |

L5
i = &/ (éz, /00) (35)

where 1/5 is in in./min. and O  is in lb/in.z. The logarithmic

derivative of equation 35 with respect to log O is

é/aj(/g — L5

= (36)
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The value of " = 65 determined experimentally by Ludef's band

propagation is approximately twice as large as the value of

A = 32,6, determined by the direct observation of dislocation
motion in single crystal specimens. Guard (41) has experimentally
determined the value of /77 in equation 31 by measurements of the
strain rate sensitivity. He obtained values of /? between 62 and
70 in 3 per cent silicon-iron. Noble and Hull (42) have more
recently reported values of /7 between 75‘and 89 at low strain
in polyerystalline silicon-iron deduced from measurements of stress
relaxation at constant total strain.

The experimental results obtained here are in good agreement
with the results obtained by Guard and by Noble and Hull. Iuder's
band propagation velocity appears to be equally sensitive to the
stress dependence of mobile dislocation density and to the stress
dependence of dislocation Qelocity. The stress dependence of the
mobile dislocation density in a propagating Luder's band front can
be determined from equation 31 and the observed values of | and

From equation 31,

Q ﬁ?ﬁ a- :

from which it follows that

L4

/o,,, = a | (38)
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VII. SUMMARY AND CONCLUSIONS

There were two objectives of this experimental'investigation.
One was to obtain new data on the microdynamics of dislocations and
the dislocation configurations during the transition from the wupper
yield stress to the lower yieid stress. The second was to examine
the current theories in order to obtain a better understanding of
the macroscopic behavior of BCC materials containing interstitial
impurities. |
| An experimental program was conducted in which the etch pit
technique was used for the direct observation of dislocation con-
figurations. Single. erystal and polycrystalline tensile specimens
of 3 per cent silicon-iron were loaded by the use of an instron
tesfing machine and a Rapid Load Testing Machine.

The fbllowing‘sumary of results and conclusions applies
specifically to the broad category of BCC materials containing
. inte;'stitial impurities.

1. Grain boundaries are the primary source of dislocations for
slip band formation in materials containing strongly pimned disloca-
tions.

2. The critical resolved shear stress for grain boundary dis-
location source ac’t.iv'i‘cyvis greater than 'b;hat necessary to propagate
fresh dislocations. The difference between‘ the resolved sitress for
~ source ac'bivity and the resolved siress for propagation makes poss-
ible a true static upper yleld point in polycrystalline matei'ials
which is consistent with models of the upper yield point based on

dislocation bkinetics .
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3. The stress dependence of screw dislocaE%nn velocitlies in
single crystals can be fitted to V=( 2z ’2‘;) with /7 = 32.6
and 7; = 31,700 lb/in.z. The results obtained here are in good
agreement with those of Stein and Low (9)s The small differenees
between the results here and those of Stein and Low are attributed
to the intial dislocation density and crystal orientation with
respect to the observation surface.

L, Direct observations were made of dislocation mobility in
polycrystalline spedimené. The scatter in the plotted data of
dislocation vélocity vs. nominal resolved shear stress is due to
anisotropy. -All data were obtained from highly stressed grains.

The local stress concentration factor resulting froﬁ anisotropy was
- 125, basedrnpon thé nominal resolved shear stress.

5. A new model of the delay-time for yielding at constant
applied stress is presented. Three assumptions are &) no dislocation
motion occurs below a critical resolved shear stress, b) the yielding
rate is dependent upon the velocity of mobile dislocations and thé end
of the delay period occurs when ylelding of the grains has spread
continuously through the thickness of the specimen. This model
is consistent with the experimental dbservations and explains:

a) the true static upper yield point, b) the shape of the strain vs.
time curve at constaﬁt applied stress. The.model also ylelds reason-
able values for the stress concentration factor on grains in the

critical cross-section'that are ieast favorébly oriented for slip.



108

3.l The stress dependénce of screw dislocation velocities in
single crystals can be fitted to V = (”/ro)n with A = 32.6.
and ‘7; = 31,7000 Ib/in.z. The results obtained here are in good
kagreement with those of Stein and Low (9). The small differences
between the results heré and those of Stein and Low are attributed
to the initial dislocation density and crystal orientation with
respect to the cbservation surface.b

k. Direct observations were made of dislocation mobility in
polyerystalline specimens. The scatter in the plotted data of
dislocatlion velocity vs., nominal resolved shear stress is due to
anisotropy. All data were obtained from highly stressed grains.
The local stress concentration factor resulting from énisotropy was
1.25, based upon the nominal resolved shear stress. o

5. A now model of the delay~time for yielding at constant
applied stress is presented. Three assumptions are a) no disloeation
motion occurs below a critical resolved shear stress, b) the yielding
rate 1s dependent upon the velocity of mobile dislocations and
¢) the delay-time is terminated when yielding of the grains has
spread continuously through the thickness of the specimen. This
model is consistent with the experimental. observations and explainss
a) the true static upper yield point, b) the shape of the strain vs.
time curve at constant applied stress. The model also yields reason-
able values for the stress concentration factor on grains in the

critical cross-section that are least favorably oriented for slip.
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6) Luder's band propagation velocity appears to be equally

sensitive to the stress dependence of dislocation density and velocity.
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