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of the effect of grain size on the yielding bebavior of very low-carbon

The average grain diameter of these specirnens ranged from L1 x

4

2 s
1077 in.to 8.1 % 1077 in. Two types of tensile tests were performed,
one by the application of very low loading rates and the other by the

rapid application of a constant stress. Both types of tests were per-

@

o .
formed at temperatures of 72 F and -320°F, while 2 few rapid loading
O
tests were performed at a temperature of -1097F.
Both the static upper and lower yield points are observed to in-
N & 2 s 2 "‘g/z = . 2 il
crease linearly with ¢ s where d equals the average grain cla-
meter. Oelay time and pre-yield microstrain for epecimens that

2whibited a yield point were determined from the rapid leading tests

conducted at room temperature. Delay time decreases with increasing
grain diameter for a glven stress.

The experimental regulis are compared with several dislocation

models for yielding. These models are shown to be incapable of

describing the experimental results of this mv«:e@%; igation. A more de-

tailed model, based on Cotirellls yielding mechanism, is described.

S

Plastic deformation by twinning occurred in both static and rapid

loading tests performed at a temperature of -320°F. A critical stress

for twinning was observed., This stress is independent of stregs rate

. 7 " " cpe o n
in the range from 10 1b/in” sec to 500 1b/in® sec. The critical
twinning stress increases linearly with d . The existence of a cri~

tical stress for twinning is shown to be compatible with Cottrell and

Bilby'e theory for the formation of twin bands.
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I. INTRCDUCTION

4

Flastic deformation of metals has been observed and studied by
numerous investigators. Many of these investigations have been con-
cerned with understanding the initiation of plastic deformation in terms
of the movement of certain types of crystal imperfections, called

dislocations. Dislocations are able to move through a crystal lattice

under the influence of an applied stress leaving a slipped region in

A yield p@iriﬁ has been observed in several materials at the
initiation of gross plastic deformation. The yield point is defined as
the initiation of very rapid plastic deformation without any increase in
the applied stress. The upper and lower yield points have been defined
in order to further describe this phenomenon. The upper yield poiat
is the stress at which large plastic strains are initiated. The lower
yield point is the smallest stresgs required for the continuation of
plastic deformation.

Gteel exhibits a yield point at the onset @% groes plastic defor-
mation by slip. Because this alloy is utilized extensively in engineering
applications, an understanding of its yielding behavior is of great im-
portance.

The existence of a yield point in steel has been shown to be depen-~
dent on thev presence of carbon and nitrogen as an interstitial é@imte
aﬁcm in the @-iron crystal lattice (1), (2). Holden and Hollomon (3)
have reported that a yield point is not present when large single crystals

of iron containing carbon and nitrogen are subjected to stress levels
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which cause slip. Conssquently ¢
point in steel must be associated with: 1) the presence of a suificient
amount of carbon and/or nitrogen; and 2) the presence of grain
boundaries.

Wood and Clark {2), {4), (B) have shown that there is a definite
period of time before the initiation of yielding in annealed low carbon
steel, when a specimen is subjected to a rapidly applied constant
stresg. The time period from loading until yielding occurs, during
which the material is held at a2 constant stress, has been named the
delay time. The occurrence of a small amount of plastic deformation
before yielding has been reported by several investigators (&), (7).

This small pre-vyield plastic strain has been labeled microstrain.

Several theoretical models have been proposed to quantitatively
describe the delay time for ylelding in low carbon steel (8), (9), (10).
All of these models are descriptions of a basic mechanism which in-
volves the following three concepts: 1) the thermally activated release
of a dislocation from & carbon and/or nitrogen atmosphere, as sug-
gested by Cottrell and Bilby (11); 2) the generation of diglocations
by a Frank- Read source (12); 3) the restriction placed on dislocation
motion by grain b@meﬂaéie@, as suggested by Cottrell (13).

Interstitial impurity atoms diffuse to dislocations and form
atmospheres around the dislocations. The elastic strain energy of the
crystal is decreased by the diffusion of interstitial atoms to diglocations.
An atmosphere therefore acts as 2 barrier to dislocation motion because

the combined elastic strain energy of dislocation and impurities isg in-
g



creased as a dislocation and its atinosphere are separated. Thus the
applied stress required to liberate a dislocation from ite atmosphere
is considerably larger thun t}he stress required to move a free dis-
location in a lattice. Cottrell and Bilby (il) have suggested that a
dislocation escapes from an atmosphere if the local stress acting on

a segment of the dislocation is increased to a value greater than the
applied stress by a thermal fluctuation of the crystal lattice. A die-
location once liberated from its atmosphere is free to move, under the
action of the applied stress.

A maultiplication process for slow-moving dislocations has been
proposed by Frank and Read (12). This process essentially constitutes
a dislocation source, thereby suggesting the generation of a large
number of dislocations at some position in the crystal lattice.

The dislocations generated by a Frank-Read source move out-
ward under the action of an applied stress until encountering an obstacle,
such a8 a grain boundary, which blocks further motion. Hence, as
dislocations are generated, they tend to pile up at a grain boundary.
Cottrell {13) has proposed that yielding will occur when the resistance
offered by the grain boundary to the movement of dislocations is over-
come. According to Cottrell, when a sufficient number of dislocations
have piled up at a grain boundary, slip is produced in the next grain
and thereby catastropic slip is initiated in successive grains. This
catastropic slip across grains produces the rapid increase in strain
associated with the yield point. The delay time in rapid loading experi-
mente can be associated with the time for generation of the necessary

nurmnber of dislocations, which when piled up at the grain boundary, will
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produce slip in the adjacent grain., 'The cbserved microstrain is asso-
ciated with dislocation generation and movement within single grains
before yielding oécurs.

Fisher (8), Vreeland and Wood (9), and Cottrell {10} have calcu-
lated expressions for the delay time ae a function of stress and tempera-
ture which agree with the experimental data of Wood and Clark (4), (5).
Fach of these treatments involve the same general dislocation mechanism
ap previously outlined. However, slightly different conditions for dislo-
cation generation and for the initiation of slip at 2 grain boundary were
considered in each treatment.

« The delay time given by Fisher's and Cottrells expressions is
independent of éhe grain size of the material tested. Although Vrecland
and Wood's expression for delay time ig 2 function of grain size, the
term involving the grain diameter is only a second order correction
term. Consequently 2ll of these expressione give a delay time that is
essentially independent of grain size.

Fisher's and Cottrell's treatment predict that the static yield
point should also be independent of grain size. However, this ig in
sharp disagreement with experimental results of several investigations

(14), (15), (16). These investigations have shown that the lewef yield

Pt

point increases linearly with increasing values of ﬁ“vz, where d is
the average grain &iametm’:. Vreeland and Wood's treatment of the
yielding process predicts that the static yield point should be an increas-
ing linear function of rﬁ".g/z.

According to Vreeland and Wood's calculation of delay time, a

plot of the log of delay time, as a fuaction of stress for different grain



izes, should be of the form shown in figure 1,

!

Small Grain Size

Stress

Large Grain Size

Log Time

Fig. 1 Delay Time as a Function of Stress
and Grain Size ag Predicted by
Vreeland and Wood's Treatimment of
YVielding.

All of the calculations of delay time have been based on the fact
that only one dieglocation is generated per thermal fluctuation at & Frank-
Read gource. However, a closer examination of the generation process
results in the conclusion that a burst of many dislocations would most
likely resuit from one thermal fluctuation. An estimate of the number
of dislocations in a burst has been made by Fisher, Hart and Fry (17).

Another problem resulting from Fisher's and Vreeland and Wood's
treatments involves the ratio of the binding energy between a dislocation
and its atmosphere to the energy of a free dié%@c&&i@m This ratio,

obtained by fitting either expression for delay time to the experimental

data of Wood and Clark (4), (5), is approximately 30 times smaller than



values obtained from other comeiderations. Cottrell's treatment does
not directly involve this difference and therefore would seem to be an
improvement. However, hig treatment is a little more vague, in that
the details of the process are not as well defined.

In spite of the shortcominge of these analytical treatments of
yielding behavior, there is considerable evidence to support the general
yielding mechanism originally proposed by Cottrell. However, the
details of this mechanism are certainly not well defined by the existing
models for yielding.

The purpose of the present investigation is to study the effect of
grain size on the yielding behavior of a low-carbon steel in order to
establish 2 more detailed model for yielding. The experimental tech-
niques to be used in this investigation include both static and rapid
loading tests of a series of low- carbon steel specimens of various grain
sizes. The static tests will determine both the upper and lower yield
points as a function of grain size. The rapid loading tests will establish
the relationship of delay time and microstrain at yielding to the grain
size of the steel.

This investigation will include tests at various temperatures, since
the influence of temperature is certainly important in a thermally acti-
vated process.

The existing models for yislding will be examined to determine
which are compatible with the experimental results of this investigation.
If the existing models for yielding do not satisfactorily account for the
experimental results of this investigation, then possible modifications,

or the possibility of a different model will be explored.
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II. MATERIAL AND SPECIMEN PREPARATION

Material }

The specimens used in this investigation were fabricated from
1x 1/4 inch hot-rolled bars of a single billet from heat No. 47484 from
the Torrance works, Columbia-Geneva Steel Division, United States
Steel Corporation. Amnalysis of the heat made by the mill was given asg

the following:

Carbon 0. 097
Manganese 0.307
FPhosphorus 0. 0207
Sulfur ' 0.0379

All specimens were decarburized by treatment in wet hydrogen
and then were given a slight recarburization. The purpose of the de-
carburization was to remove all iron-carbide particles. The small
amount of carbon added after decarburization was sufficient to produce
the yielding behavior typical of carbon steels, but not sufficient to pro-

A

duce microscopically visible carbide particles in the structure., A

typical microstructure is shown in figure 2.

Grain Sizes

A variation in the grain size of the low-carbon steel used in this
investigation was produced by two techniques: 1) By annealing the ma-
terial at suitable austenitizing temperatures; 2) By the recrystallization
of previously cold worked material at temperatures below the transfor-
mation temperature. The size of ferrite grains, which result from
annealing, increase as the temperature in the austenitic range to which

the steel is heated is increased. Austenitic grain size increases with
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Fig., 2 Typical Microstructure, Annealed at 16607 F,

Decarburized and Recarburized. 150X,



temperature and upon cooling the ferritic grain size reflects this in-
crease,

Recrysiallized structures result from plastically deforming the
steel, then heating it to a temperature below the phase transformation
temperature and holding for & period of time. The size of the recrystal-
lized grain structure is a function of the amount of plastic deformation.
There is a critical value of plastic strain which must be exceeded in
order to produce recrystallization, for a given time at a given téz&z@ez’a»
ture. The recrystallized grain size is a maximurm when the metal has
been subjected to this critical value of strain. The resulting grain size
decreases with increasing amounts of plastic deformation.

For the purposes of this investigation, the grain size is regorted
in terms of the average grain diameter, which is equal to the square
root of the average grain area obssrved on a plane intersecting the
epecimen. This value of the average grain diameter does not neces-
sarily represent the true value of the grain size. Several factors exist
which tend to confuse the interpretation of the average diameter. Une
important factor is that a grain structure in reality consists of grains
of different sizes and therefore the distribution of the grain size should
be considered. A second factor involves the guestion of how the average
diameter of graing delineated on a plane section is related to the average
volumetric diarmeter of the grains. In addition, the diameter is only an
approximate dimension since grains are not regular polyhdra but are of
an irregular shape. After a study of these and other considerations,
which are outlined in Appendix A, the average grain diameter on a plane

was chosen to represent grain size.
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The grain size produced by recrystallization was determined for
the steel used in this investigation as a2 function of the amount of plastic
strain prior to heat treatment. This information is plotted in figure 3,
for a temperature of approximately 1250°F and for a time of approxi-
mately 2 hours at temperature. Values of 8, 9, 1l, and 18 per cent
strain were chosen to obtain four of the grain sizes used in this investi-
gation. Two additional grain sizes were produced for study by annealing
at 1660 and 2400°F.

The average grain area for a particular treatment was determined
by counting the number of grains in a given area of one or twe photo-
micrographs of a specimen. The average was then taken for as many
as ten specimens which had received the same treatinent. The total
number of grains counted was between 2000 and 4000 for each grain
size. The average diameter was taken as the square root of thie average
size. The resulting average grain sizes are given in table L.

Typicel distribution curves of grain diameters for specimens
that have been strained & and 9 per cent, plotted in figure A-2 of
Appendix A, indicate that the distributions are approximately the same
for these two structures. This observation would lead one to expect
that the specimens of these grain sizes would exhibit very similar
mechanical properties. This was observed to be the case in tests per-
formed during this investigation. Therefore the specimens with average
grain diameters equal to 8.7 and 7.3 = E@”B in. are considered ag
the same grain size, with an average grain area and average grain

-6

giameter of 65 x 10°° in. % and 8.1x 10" in. respectively,
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TABLE I

AVERAGLE GRAIN SI1ZES OF THE TEST SPZCIMENS

Average Average
Area Mameter®

Treatment 1070 in. 2 1077 in,
Strained 87 and recrystallized 76.5 8. 74
Strained 96* and recrystallized 53.8 7.35
Strained 117 and recrystallized 36.7 5,54
Annealed at 2400° ¥ 18.8 4.33
Strained 187 and recrystallized 6. 00 2.45
Annealed at 1650° F 1.25 1.12

f i~
Average Diameter = | Average Avea
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The comparison of experimental results with theoretical con-
siderations would be facilitated if %Ee grain sizes produced for this
investigation were uniform. A study of the different grain sizes pro-
duced by both annealing and recrystallization indicated that these grain
structures were not uniform. The resulis of this study are presented
in Appendix A. Several attempts were made to produce more uniform
grain sizes by various heat treatments, but without success. This
work is also reported in Appendix &, The diameter of the largest grains

observed in each of the five grain sizes wae approximately three times

the average value.

Specimen Preparation

Three types of specimens were used in the course of this investi-
gation. These are shown in figures 4, 5, and 6. The @,p@c‘im@mg shown
in figures 4 and 5 were used for testing the recrystallized material.
The specimen shown in figure 4 is the one used in the majority of the
tests. @zﬂgf a few specimens of the type shown in figure 5 were tested,
These larger specimens were uémﬁ to determine the influence of
egpecimen dimensions on the experimental resgults. The specimen
shown in figure 6 was employed in tests on the annealed material.

The specimens shown in figure 4 and 6 were fabricated by
different processes because of the differences in fabrication technigues
that are required in producing specimens of annealed and recrystallized
material. The specimens to be annealed could be formed by the custo-
mary machining or cold forming methods because the annealing treat-
ment wae the last operation and therefore any residual stresees were

completely removed.
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In the case of the recrystallized specimens, the steel must be
strained before any machining operations can be performed to reduce
the area of the gage section. Consequently, streesses introduced by
machinig operations would affect the resulting grain size. If the
material was recrystallized before machining, residual stresses
would be in‘ﬁ:roduceéﬁ. The design shown in figure 4 was such that no
machining operations on the gage section were performed after re-
crystallization, and therefore the possibility of damage to the rather
thin gage esction was decreased.

The procedure followed in producing the small specimens of
recrystallized steel, shown in figure 4, is summarized in the following
outline:

1) The hot rolled bar stock, 1/4 in. by 1 in., was cut into short

lengthe and {inish ground on two surfaces.

2) The ground bars were cold rolled into stzips 40 in. long,
1in. wide,and 0. 07 in. %?::;é.c’k.

3) Gage lengths 0. 35 in. wide by 27 in. long by 0. 07 in. thick,
were machined into the strips.

4) The strips were annealed at 1670° ¥ for 1 hr and 20 min in a
hydrogen atmosphere,

5) The strips were strained in a hydraulic Ulsen Universal
Testing Machine. The strain was measured between two
points in the gage lehgth 18 in. apart. The strain measure-
ments were made by means of a scale with a least reading
of 0.0l in. Several strips were plastically strained 8, 9, U

and 18 per cent.
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6) The strips were recrystallized at 1270 =% 20° F for 24 hrs
in a hydrogen atmosphere,

7} The gage length of the long strips were cut into short lengths,
2-7/8 in. long, to be used as gage sections for the gpecimens.

8) The gage sections were decarburized by heating to 1220 2 20° 7
for 72 hrs in a wet hydrogen atmosphere,

9) The gage sections were recarburized at 1220 % 20° ¥ for Ubhr
in a hydrogen atmosphere containing n-hegtane.

10) "I”h@ gage sections were given a homogenizing treatment at
1220 = 20° ¥ for 6 hys in a helium atmosphere. This treatment
was employed in order to decrease any existing carbon concen-
trate gradients.

11} The gage sections were assembled with the end parts and the
assembly was held together by a small machine screw. A
silver solder wire was inserted around the groove on three
sides of the end assembly.

12) The silver soldering was accomplished by heating the complete
assembly to approximately 1220° ¥ for 1/2 hr in a purified
hydrogen atmosphere, and then furnace cooling.

13) The 3/8 in. diameter holes at each end were machined with
the aid of an alignment jig. This process also cut away the:
machine screw originally used to hold the assembly together
during silver soldering.

The procedure followed in producing the large specimens of re-

crystallized steel, shown in figure %, is summarized in the following

outline:
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1) The hot rolled stock was cut into 24 in. lengths and finish
ground on two surfaces. The final dimensions were 0. 22 in.
by 1 in. by 24 in. long.

2} The bars were strained in a hydraulic Olgen Universal Testing
Machine. The strain was measured between two points 10 in.
apart. ‘The strain measurements were made by means of a
scale with a least reading of 0. 0l in. Several bars were
strained 8 per cent.

3) The bars were cut into sections and machined into specimens
of the type shown in figure 5.

4) The specimens were recrystallized and decarburized by
heating to 1240 = 30° ¥ for 292 hrs in a wet hydrogen atmos-
phere.

5) The specimens were recarburized at 1240 = 20° ¥ for 3.5 hrs
in a2 hydrogen atmosphere containing n-heptane,

6) The specimens were given a homogenizing treatment for
10 hes at 1240 = 20° F in a helium atmosphere.

The procedure followed in producing specimens of annealed steel,

shown in figure 6, is summarized in the following outline:

1) The hot rolled stock was cut into short lengths and finich
ground on four sides. The specimen blank dimensions were
0.150 in. by l in. by 3 in.

2) The thickness of the gage section was reduced from 0.150 in.
to 0.10 in. by coining in a die specially constructed for this
purpose.

3) The blank was finish machined to the shape shown in figure 6,
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burizing hydrogen atmosphere was the result of bubbling hydrogen
through n-heptane at room temperature, approximately 75° F » before

it entered the furnace.
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Static Loading Test Zquipment

The static tests at room temperature were performed in two
testing machines:

1) An Clsen Universal Testing Machine, using the 0-15, 000 ib

range with a least reading of 1 1b.

2) An Instron Universal Testing Machine, using successive
ranges of 0-100, 0-200, 0-500, and 0-1000 lbe with least
readings of 0.5, 1, 2.5, and 5 lbs respectively.

Both machines utilized a screw drive for cross-head motion. The
moving and stationary head of both testing machines were linked to the
specimen by means of short lengths of chain in order to reduce bending
gtresses in the specimen.

Strain in the gage section of the specimens was determined with
Baldwin A-7 or 4-18 8R-4 resistance sensitive wire strain gages. A
gage was bonded to each side of the specimen with duco cement, after
the surfaces had been roughened with 000 emery paper. The gages
were applied and dried in the manner suggested by the manufacturer.

The strain gages on the specimens tested in the Oleen Testing
Machine were electrically connected into 2 Wheatstone bridge circuit
coHnt:ining two temperature compensating gages and a decade resistance
box. The bridge was energized by a dry cell battery. Resistance
changes in the active legs were balanced by adjustment of the variable
resistance in one dummy leg. The bridge balance wasg indicated by a
galvanometer connected across the bridge. The strain sensitivity of

this measuring system is approximately 5 x w“é in. /in. Large strains
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were n%easure& after gage failure by means of the average readinge of
two dial gages which measured the relative motion of the specimen
grips.

The tests performed in the Instron Testing Machine were made
with the two active gages electrically connected into a bridge with two
temperature compensating gages. The bridge was directly connected to
a Bé&éwin SR-4 Strain Indicator, thereby allowing the strain values to be
read divectly. The strain sensitivity of this systern: was approximately
2% 10"6 in. /in. There was no perceptible difference in the resulis of
tests performed in the two testing machines.

The bending stresses in the first few tests were meagured during
the course of the static teste by switching the electrical connections
during the test so that the eignals of the two active gages are subtracted,
Wher the gages are connected in this manner the output signal of the
bridge ig proportional to the bending stress in the specimen. Bending
gtresses were measured in later tests by connecting the gages to
meagure bending aand then loading the specimen to stresses well within
the propeortional limit of the epecimen. I the bending stress was small
the gages were reconnected into the regular circuit and the static test
wag performed. A small preload was maintained on the specimen after
the bending measurements in order to prevent the occurrence of any
additional misalignments. In all cases, the measured bending siress

wae less than 5 per cent of the tensile stress in the specimen.

Rapid Load Testing Eguipment

The equipment employed in the rapid loading tests at room tewn-

perature and all teets at low temperatures, was specially constructed



for this investigation. This equipment consiste of three parts: 1) A
rapid load testing machine; 2} A control system; 3) A recording
system. The design and construction of this eguipment has been
completely described in a special report (18). The rapid load testing
machine is a pneumatic-hydraulically operated mechanism desgigned to
rapidly apply a constant tensile force to a specimen in order to permit
the determination of &;‘ue deformation in the specimen as a function of
timme. The contirol eystemn consists of the proper hydraulic and pneuma-
tic control equipment to supply and regulate the pressures reguired at
the rapid load testing machine. The recording systemw includes a re-
cording oscillograph, amplifiers and power supplies. The recording
systemn records the electrical signal from two resistance sensitive

1
wire strain gage bridges which are used to measure load acting on the
specimen and strain in the specimen. A general view of this equip-
ment is shown in figure 7. The recording system is at the left, the

rapid load testing machine is in the center, and the coatrol system is

at the right.

The rapid load testing machine, which is shown in figure §,

applies a predetermined load to a tensile specimen, causing the stresg
in the specimen to increase to within a few per cent of its final constan
value in a period of the order of 2 or 3 % 1@°3 sec. The maximurn load
that can be applied to a specimen is 2000 1b. The specimen is short
enough and the rate of the rise of stress low enough that the stress may
be considered to be substantially uniform throughout the gage section
of the specimen at any given inst.nt.

A schematic drawing of the rapid load testing machine is shown

in figure 9. The m:chine applies a given load to the specimen (A) by



ma1p JeISUSDy ) 81

v

iy
o3




3

S

Rapid Loa

%)
<



Ty

J

\gﬂ\

11

“\\\

0

NN
5

.ﬁ |
\

of Rapid Load Testing Machine,

Fig., 9 Schematic Drawing



e 28-
meaézs of a pressure difference across the loading piston {(G}. The
specimen (A) is connected to a stationary head (C) and through a
strain bar {3) to a moving head (£). Two hardened steel spherical
seats (D) are incorporated in the moving and stationary heads in order
to minimize bending stresses in the specimen. The moving head (E)
ig joined to a dynamometer (F) which is used to measure the force
applied to the specimen. The upper end of the dynamometer is in turn
connected to a loading piston {G). The dynamometer is basically a
thin walled circular cylinder machined from alloy steel and heat treated
to impart 2 high elastic limit. Four resistance sensitive wire strain
gages are bonded to the outer surface of the dynamometer in order o
produce a signal that is proportional to the longitudinal strain in the
cylinder, and hence is proportional to the stress in the specimen. The
piston rod linking the dynamometer and loading piston ig connected to
the piston through a hardened steel spherical seat integrated into the
piston body.

The pismn'maveg in & cylinder (H). The lower side of the piston
is continuously subjected to the fluid pxeggufé in the lower pregsure
chamber (I). The upper side of the piston is subjected to fluid pfegéu?a
which can have one of two values depending on the position of a rotary
valve {(J). When the valve is in the position shown in figure 9 it opens
two diametrically opposite high pressure chambers (E) to the piston
cylinder. “When the valve ig rotated one quarter revolution the cylinder
is open to two chambers which are held at atmospheric pressure (not
shown in figure 9).

The load is rapidly applied to the specimen by sudden rotation of
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“the valve, thereby subjecting the piston to only the wressure in the
lower chamber. The specimmen may be unloaded by again rotating the
valve to the high pressure chambers. 4 preload may be applied to the
specimen before rapid loading, when the valve is open to the high
pressure chambers. The desired preload is obtained by adjusting the
pressures in the upper and lower pressure chambers to impart the
desired upward force to the piston.

A éisplacement of the piston forces fluid to flow through a cluster
of small tubes (L) placed above the cylinder. The pressure drop across
these tubes is proportional to the fluid velocity. Hence, due to piston

wtion, a viscous damping force acts on the system during the loading
or unloading of the specimen.

& volume of gas is retained in each pressure chamber of the rapid
load testing mnachine. The gas volume in the machine chambers insures
an approximately coostant pressure when small amounts of fluid are
displaced by motion of the piston. High presgure fluid is bled in or out
of the machine chambers to compensate for pressure changes due to
leaks or large displacements of the piston.

The rotary v:lve must be rotated in steps of one quarter of a
revolution in order to load and unload the specimen. This motion is
achieved by rotation of a four slot geneva wheel (M) which is linked to
the valve by a series of shafts. A heavy rotor (N) above the geneva
wheel rotates continuously during a test. The rotor contains four pins
{C) which can be forced downward so that a pin will protrude from the
bottom of the rotor., When 2 pin is in its down position, it will engage

the geneva wheel and force it to roiate one guarter of a revolution.
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valve., After a pin has rotated the geneva wheel it is forced up into

the rotor by a ramp arrangement and latched in its up position. Frch

of the four pineg can be unlatched individually by a cam mechanism

which is energized by an electrical solencid system. Lach pin can be
unlatched after any given number of rotor revolutions. Therefore, a
continuous cycle of loading and unleading may be obtiined in which the
loaded or unloaded time is a multiple of the time for a yuarter revolution
of the rotor. In this investigation multiple loading cycles were not used,
The load was applied and remained constant until the completion of the
test and then the specimen was unloaded.

The stress ve. time relationship in the gpecimen during loading
varied somewhat from test to test. However, a majority of the rapid
loading tests were performed under loading conditione sinilar to those
indicated by the records shown iu figure 10, The stress attained ap.

o
proximately 98 per cent of its final value in 2 time of 10 x 1077 sec
after the initiation of loading in both cases showrn in figure 10 and con-
tinued to increase to the final value within 0.1 sec  after loading. Owver
time periods of several minutes there was a measurable variation in
the value of the load. However, this slow drift was usually less than
2 per cent éﬁ’ the average value,

The second part of the rapid load testing equipment, n.mely the
coutrol system, ls used to regulate, indicate, and supply the fluid and

gas pressures in the machine. The control unit is also used to initially

o

fill the machine with fluid. The components of this system include

pressure gages, valves, tubing, fluid filter, high pressure fluid pump,
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accumulator, fluid sump, high pressure nitrogen gas cylinder and
two automatic fluid pressure regulatore. }

Both fluid pressure regulators operate on the principle of the
dead-weight pressure balance. The pistons of these regulators are
made in the form of spindle valves. Any deviation of the output pres-
sure from the value which balances the weights causes piston motion
and thereby bleeds fluid in or out depending on whether the pressure has
decreased or increased. Une pressure regulator controls the pressure
in the lower chamber of the machine. The other maintains the pres-
gure in the upper high pressure chamber at a predetermined ratic with
respect to the pressure in the lower chamber of the machine.

The recording system, which comprises the third part of the
rapid load testing equipment, measures and records both stregs and
strain in the specimen,

The load acting on the specimen is determined by means of the
dynamometer in the piston rod train of the rapid load testing machine.
Four Baldwin, Type AB-4, SR-4 resistance sensitive wire strain gages
are bonded with bakelite cement to the dyn@mem@tex body. Two gages
are cemented with their filaments parallel to the axis of the dynamo-
meter and two with their filaments perpendicular to the axis of the
dynamometer. £ ch gagéh&.a a resigmnée of 500 £ 2.5 ohms and a

. gage factor of 2.5 =1 per cent. The gages are connected in a bridge
circuit of four active lege and the bridge is connected to the recording
pystem.

Two zalibrations of the dynamometer were made by measuring

change in voltage across the bridge as a function of the load on the
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dynamometer. Voltage changes were measured by means of the
recording system and indicated by a trace deflection on the oscillo-
graph. In one calibration the load was measured and applied by a

130, 000 1b Olsen Universal Testing Machine using the 0-15, 000 1b
range, with a least reading of L Ib. A second calibration was made by
hanging known dead-weights on the piston rod train and again measuring
the voltage changes across the dynamowmeter. The weights used in this
calibration provided loads ranging from 0 to 420 lbe. The weights were
known to within 0. 05 Wb, This calibration differed by less than 2 per
cent from the previous calibration.

The results of the dead weight calibration differed from the loads
that are expected from the pressure regulators by no more than 1 per
cent. This | per cent difference is within the accuracy of calculating
the load from the measured diameters of the machine and pressure
regulator pistons ard the measured weight of the pressure regulator
weights. The dead weight calibration was used for calculation of the
gtress i§ the gpecimen.

The strain in the specimen was measured by two Baldwin A-7,
or A-18, SR-4 resistance sensitive strain gages cemented to the gage
section of the specimen in the same manner as in the static tests at
room temperature.

The total strain in the specimen was not recorded directly. In-
stead only the plastic strain in the specimen was measured and recorded.
This type of measurerment is accomplished by means of the strain bar
which was incorporated into the piston rod train of the rapid load

testing machine. The strain bar is a hardened alloy steel specimen
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that is connected in series with the specimen and hence subjected to

the same force as the specimen. The proportional limit of the strain
bar is sufficiently high to insure that the strain in the bar follows
Hooke's Law accurately under maximum loading conditions. Two strain
gages of the same type as those employed on the specimen are bonded

to the strain bar. The four gages on the specimen and strain bar are
connected in a Wheatstone bridge circuit, This bridge is connected in
such a way th:t the output signal is proportional to the difference between
gstrains in the strain bar and in the specimen. The cross-section of the
strain bar is such that the elastic strains in specimen and strain bar will
almost cancel each other., The elastic strain signals will not exactly
cancel because of small differences in areas and moduli of elasticity
between the specimen and the strain bar, and small differences in the
gage factors of the strain gages used.

Bending measurements were made before all tests in the rapid
load testing machine by connecting the specimen gages to measure
bending strains and loading the specimen to a stress well within the
proportional limit of the specimen. After the bending strains were
determ:ined in this manner, the load on the specimen wasp decreased to
the pre-load and the gages reconnected to measure tensile strains.

¥
All measured bending stresses were less than 5 per cent of the tensile
stress in the specimen,

The output voltages from the strain bridge and the dynimometer
bridge are amplified and then recorded on photographic paper by a
recording oscillograph. This system: is made up of standard equip-

ment manufactured by the Tonsolidated Electrodynamics Corporation,
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Pasadena, California, and includes the following:

1} Type 1-1138 Bridge-Amplifiers, with incorporated antenuators
to attenuvate the signal after amplification, if necessary.

2) Type 2-105 OUscillator-Fower Supply. The oscillator section
supplies 3, 000 cycles/sec at 10 volts for sirain gage bridge
excitation. The power supply section supplies power for the
amplifiers and the oscillator.

3) Type 5-114-P2, 1€ channel recording oscillograph. Paper
speeds may be varied from 48 in. /sec to 1/8 in. /sec. Timing

lines are projected at intervals of either 0.1 o7 0.0l sec. The

frequency of 835 cycles/sec.

The maximum sensitivity of the strain measurements in terms of
strain in the specimen and trace deflection on the photographic paper
with no attenuation is approximately 50 x ’i@“é in. /in. per inch of
trace deflection. The maximum senseitivity of the load measurements
in terms of load applied to the specimen and trace deflection is approxi-
mately 25 1b per inch of trace deflection. The trace deflections on the
photographic record may be read to within < 0. 01 in. Therefore the
test records can be read in terms of strain and load to within £ 0.5 = E@‘é
in. /in. and + 0. 25 1b respectively. However, if the signal is atitenuated
in order that the trace deflection does not pass off the recording paper
these sensitivities must be multiplied by the attenuation employed
during the test.

A wire wound precision resistor of 100, 000 chins is used for

calibration of both bridge circuits before and after a test. The cali-



bhration resistor is shunted acrosé one leg of the bridge by a suitable
relay circuit which, in addition, starte the oscillograph. Therefore

the trace deflection due te a known change in the resigtance of one

bridge leg is recorded. The calibration deflection of the trace may

be converted to a known value of strain or load using the known resis-
tance of the calibration resistor and the strain gages, and the calibration

of the dynamometer or the gage factor of the strain gages.
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IV, TEST PROCEDUREL AND RESULTS

Tests were made at three temperatures; one group of specimens
PPN - . .
wasg tesied at room temperature, one at =320 F, and several specimens
o. - . : .
were tested at -109 F. Epecimens of all five grain sizes were tested at

) '+ TR s \ , . ,
room temperature and =320 F, while specimens of only two grain sizes
K &2

‘ - R . ) . .
were tested at -1097F. Plastic deformation of the specimens tested at

room terperature took place by slip. Plastic deformation by twinning
was observed in gpecimens tested at -326°F. A small group of speci-
mens was tested for -106°F for the purpose of determining the mode of
plastic deformation occurring at this temperature. Plastic deformation
occurred in these specimens in the same manner as the specimens
tested at room tempervature,

Two types of loading experiments were conducted at room
temperature, one in which a constant load was rapidly applied, and
one in which the specimen was loaded by small increments at five
minute intervals. The first type will be referred to as rapid loading
teste; the latter as static tests. Stress-sirain curves were determined
iromn the static tesis. Strain was measured as a function of time in

the rapid loading experiments, in order to measure the delay time for

Static Tests at Boom: Temperature

The stress was applied in increments of approximately
= . & . . . 5 Ry . .
2500 Ib/in”. until 2 stress of the order of one half the proportional

Hmit was attained. After reaching a stress eqgual to one half the
g g
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proportional limit, the stress increment was reduced o approximately
1 3, ] Z bk 3 3 . 5 ] s =

1000 1b/in”. The strain and load were recorded approximately 5
minutes after a load increment was applied. The load was increased

by the next increment immediately after recording these values,
'

.

The results of the static tests at room temperature for all grain
sizes are preseunted in table II. Typical static stress-strain curves
are plotted in figure 11,

A vsmall amount of plastic strain, designated pre-yield micro-
atrain, was observed at stresses just below the yield point in gll static
tests. The value of pre-yield microstrain at the upper yield point

ranged from 30 to 150 x 107% in. /in.

Rapid Loading Tests at Room Temperature

The rapid loading tesis were performed with the rapid load
testing machine. The specimen was subjected to a small preload in
all rapid loading tests. The preload varied between 1000 Ib/in. and
" . 2 . .

5000 Ib/in. from test to test,
Delay time and the amount of microstrain at yielding were

gt

measuréd from the strain records of the tests periormed on specimens
of the three smallesgt grain sizes (d = 1.1, 2.4, and 4.3 x l@3 in. }.

A typical record of stress and strain as a function of time for
a specimen which yielded is presented in figure 12. Plastic sirain as
a function of time for a specimen that did not yield is plotted in figure

13. Delay time and pre-yield microstrain are identified in figure 12,

The results of the rapid loading tests performed on specimens of the



RESULTS OF STATIC TESTE PERFORMED AT ROOM TEMPERATURE
Average Upper Lower
Grain Yield Yield
Teraperature Dlameter Point Point
Specimen °p 10” in. 10°1B/in® 10° 1b/in’
25 73 1.1 30. 4 26,5
30 76 1.1 32.2 23,2
31 75 1.1 34.5 24. 0
33 75 1.1 34.5 24.0
M-2 78 2.4 21.8 19,1
1.2 s 2.4 22.6 i8.8
M4 74 2.4 24.0 1g.2
M6 72 2.4 26,3 23.2
5 76 4,3 14.7 13.6
6 76 4.3 5.1 i4.2
4 75 4,3 15,4 i4,5
-6 72 5.5 i4. 4 13.4
E-6 70 5.5 15.1 14,2
H=T 78 5.5 15,1 14,4
A-3 72 5.5 15.6 4.7
E-7 76 5.5 16.3 14,7
J-4 71 8.1 - 9, B
D-5 73 8.1 - 11, 0%
B-6 72 8.1 - 11, 1%
B-5 76 8,1 - 11, 1%
J-8 72 8.1 - i1, 3%
F=2 74 8.1 - 12, 7%

#* .
These values represent the stress at which the plastic sirain

equaled 200 x 10-Pin. /in. An arbitrdry value was chosen
because of the absence of a yield point,
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three smallest grain sizes at room temperature are given in table III,

Specimens of the two largest grain sizes behaved somewhat

@

£

differently in response to rapid leoading. The specimens with average

kY » & ‘3 i ”3 = Y T Y
srain diameters of 8.1 % 10 7 and 5.5 % 10 7 in. plastically deformed

by slip in such a way that plastic sirain continued to increase with anp
increasing rate reaching large strain values {of the order of 500 to
-0, . .

1000 2 10 Tin./in.) before the strain rate began to decrease. The
initial strain rate was zero or very small and the strain increased to
P " . 4 -6. 4 e 3.3 - o
values as large as 10,000 x 10 "in./in. with no sudden increase in
rate. Consequently no delay time or pre-yield microstrain can be

. s N s . .
identified. Typical curves of plastic strain vs time for specimens
which behave in this manner are presented in {iguve 14, Results of

the rapid loading tests on specimens of the two largest grai:

bl

[
©
e
&3
[
)
o
]
@

given in table IV. The time reported in table IV is arbitrarily chosen
to be the time after loading at which the plastic strain increased to
150 % 10™° in. /in.

An additional series of tests was performed for the purpose
of establishing that specimen size was not responsible for the changes
in deformation behavior observed with the larger grain sizes. Several
speéimens with a larger gage section were manufactured {for these
tests. Ounly one grain size was produced by recrystallization of these
large specimens, The resulting average grain size in the large
specimens was approximately equal to the largest grain size previously

produced {d = 8.1 %= 10’3 in.).



TABLE IIT
RESULTS OF RAPID LOADING TR
Average Constant Microstrain
Tempera- Grain Applied Delay at
ture Diameter Stress Time Yielding
ipecimen O E{2°3 in. M}Bl’m‘img See. 13‘2&1. Jin.

78 78 i1 30.2 24 50
56 74 1.1 32.3 1600% 26%
44 72 1.1 33.8 1000% 23%
22 73 1.1 34,2 1. 1xio™? 130
77 75 1.1 35,2 12,3 80
79 77 1.1 36.2 8. 2x10~% 116
36 74 11 38. 4 1. 9x1n™% 60
75 78 1.1 39, 1 2.8x10"% 60
23 66 1.1 41,4 2. 01107 -
24 72 1.1 42.5 921077 -
W=7 67 2.4 22.8 160% 25
03 69 2.4 24.6 50 65
07 68 2.4 25.9 3.0x107 96
0-2 70 2.4 29.1 1, ax10” ! 70
O-4 68 2.4 29.5 8. 9x10"2 80
05 71 2.4 31.8 3. 8x10"° 50
Mo3 71 2.4 34,6 Ix1072 50
J=6 70 2.4 32.1 5xl0 3 -
12 66 4.3 15,3 1000% 30#
60 78 4.3 16.6 133 80
59 80 4,3 16,7 150 80
55 82 4,3 16.8 4.1 150
21 65 4.3 17. 1 2.7 65
81 80 4.3 17.1 16 150
20 70 4.3 18,9 1.8 100



PO

TABLE III {Continued)

Average Constant Microstrain
Tempera- Grain Applied Delay at
ture Diameter  Stress Time Yielding
Specimen °r -3 iﬁglb/in.z Sec. 107%n, /in.
19 70 4.3 20.2 3.9x10”} 60
82 75 4.3 24.8 8.0x107% 40
18 71 4.3 27. 4 2.8x10”% 100
83 76 4.3 30.6 910" 200
58 67 4.3 32.2 1x1074 ;

These timmes refer to the time the stress was held constant

without yielding.

measured at this time.

The microstrain value is the strain
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TADLE IV

ey g

RESULTSE OF RAPILID LOADING TESTS AT ROOM TEMPLRATURE

Time, t,
Average for Strain
Tempera- Grain to Reach Strain at
ture Diameter Siress Given Value Time ¢

Specimen °r 102 4n,  10° Lb/m‘?’ Sec. m‘“ém. fin.
-6 68 8.1 9.5 60 28%
G-4 70 8.1 10.1 180 120%
B-7 68 8.1 10.6 800 L20%
B-4 70 8.1 11,3 500 60%
C-4 66 8.1 11.3 6.5 150
G-3 70 8.1 11.8 26 150
D-2 67 8.1 15.7 2,521 150

14 76 8. 1 17.2 2.9x1g”! 150
c-2 76 8.1 17.2 2.6x10" " 150
C-3 69 8.1 19. 4 1. 1x10”} 150
G2 68 8.1 19,3 8. 0x10™% 150
B3 68 5.5 13.9 284 444
Be5 64 5.5 19.1 1.1 150
B.2 69 5.5 20.2 1.2x10"" 150

Special Specimens with Larger Gage Sections

V-4 72 8.1 10.1 1200 35%
IX-4 68 8.1 11.6 220 150
X5 70 8.1 13.1 17 150
-2 72 8.1 13.5 7.5 150
Vi-4 73 8.1 14.7 2.3 150
iii-2 70 8.1 14.9 2.0 150
1-3 70 8. 1 19. 1 1.8x10" ! 150
&

These strain values represent the maxirmum strain recorded in
the test.



Testing of the large specimens was performed in another rapid
load testing machine which is capable of producing the greater loads
which were necessary due to the larger cross-sectional area of the
specimens. This machine was constructed for use in earlier work in
the Dynamic Properties Laboratory of the California Institute of
Technology (19).

The results of the tests, using the larger specimema are algo
given in table IV. A comparison of these results with the results of
tests performed on smaller specimens indicates that the behavior of
the specimens of larger grain sizes is truly delated to the effect of
grain size and is not affected by thé specimen gize.

. o B
Tests at =320 F

All tests at -320°F were performed in the rapid load testing
machine. The temperature was held at -320°F by submerging the
lower end of the testing machine, including the specimen and strain
bar, in a vessel of boiling liquid nitrogen. The gages used for sirain
measurement at this temperature were Baldwin SR-4, FA-4, and
FA-2 foil resistance strain gages. The regular wire gages {A-7 and
A-18) used at room temperature were not serviceable at -320%%
because of gage failure at very small stresses, Foil gages proved
satisfactory up to an elastic stress in steel of the order of 80, 0G0
Zh;’i;ﬁiz . The foil gages were bonded to the specimens with an epoxy
reain.

Strain gages at -320°F are extremely sensitive to temperature

changes., The signal resulting from a temperature change of
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approximately 0. 003°F at one gage is equivalent to the signal resulting
from a strainof 1 x i@"é in. fin., As a result of this temperature
sensitivity the formation and departure of gas bubbles at the gage
surface and small convection currents in the liguid nitrogen bath

e

N ‘ s P =, . I s
resulted in a noise cutput of the order of 50 » 10 7 in. /in. This diffi-

'3 98

culy was eliminated by isolating the strain gage surfaces {rom direct
contact with the liguid nitrogen bath. Isolation was accomplished by
first covering the gages with a frame of cardboard and then wrapping
the gage section with two or three layers of saran wrap. The garan

was held in place by thread and the edges sealed with a small quantity

of silicone vacuum grease. This procedure eliminated the rapid

fluctuations of the strain gage bridge signal. Slower drifting fluctuations

%)

-

were reduced io the ovder of 5 to 10 x 16 7 in. fin.

; s \ o
Three types of tests were emploved in testing specimens =320 7
g SE

s

1) Rapid loading tests; 2) Static tests; 3) Interrupted loading tests.
The rapid loading teste were conducted in the same way as tests per-
formed at room temperature, The static tests at this temperature
were not conducted in %;hé same manner as the tesis at room tempera-
ture, The static tests at -320°F were performed in the rapid load

testing machine. The load was slowly increased at a constant rate by

bleeding high pressure gas into the lower pressure chamber of the

&

21

)

£

ed from test to test but

&
et

machine, Stress rates in the static tests va
_ = o & .
were in the range from 500 to 1300 1b/in.,” sec. The interrupted

loading tests were also performed in the rapid load testing machine,

&

These tests involved loading specimens to a given siress, as in the



static tests, then holding at this stress for 1/2 hr before slowly increas-
ing the stress again at a constant rate.

Initiation of plastic deformation at -320° F in specimens of the four
largest grain sizes occurred in the same general manner. Strain records
from rapid loading tests show that there was no plastic deformation
{(within the accuracy of measurement) if the strese was less than a criti-
cal value. If the stress in the specimen exceeded this critical value, a
large amount of plastic deformation (500 to 2000 x E@“é in. /in. ) occurred
in a period of approximately 0. 001 sec after the load was applied.

Large plastic strains also occurred very rapidly when the stress
reached a critical value in the estatic and interrupted tests. Plastic
strain was not observed at stresses less than the critical value. An
audible cracking sound was cbserved with the rapid deformation in
the static and imgarmpm@% tesis. The critical stresses for the initiation
of plastic deformation measured in all three types of tests were approxi.
mately equal for a particular grain size. Metallographic examination
of specimens of the four largest grain sizes which had been plastically
deformed, revealed numerous twins in the structure, uniformly dis-
tributed over the gage length. Figure 15 shows a typical microstructure
after plastic deformation at -320° F,

Bpecimene of the smallest grain size (average diarneter = 1.1 x &@“3
in. )} behaved somewhat differently than specimens of the larger grain
sizes. Rapid loading tests on these specimens produced twinning only
in regions of severe slip or fracture. Strain measurements were not

made in these tests. However, metallographic examination revealed



Fig. 15 Microstructure after Plastic Deformation at

}5-
-320°F. 150X,
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section or in close proximity to a fracture surface,
The resulie of the tests performed at -320° ¥ are given in table

V and VI.

Rapid Loading Tests at -109° ¥

ey

Six rapid loading tests were performed at a temperature of -109° 5
on specimens having average grain diameters of 2.4 x 1@"3 and 8,1 x 7@"3
in. The temperature was held constant by submerging the lower end
of the testing machine in a bath of liquid Freon 12 and solid carbon di-
oxide. The results of these six tests are given in table VII. Only plastic
deformation by slip was observed. Strain vs. time records indicated
a behavior similar to the tests at room temperature. Tests on specimens
of the smaller grain sizes exhibited a definite ﬁela?} time preceded by a
decreasing microstrain rate. The specimenes of the larger grain sizes
exhibited no delay time. No twinning was observed during or after these

tests.
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TABLE V

RESULTS OF RAPID LOADING TESTS PERFORMED AT -320°F

Average Constant

Grain Applied

Diameter Stress

Specimen 10" a. 1031b/10° Regult®

1 S8 81 30,2 Ho Twinning
1-5 8 1 44,0 No Twinning
Heds® 8 i ‘ 31.6 No Twinning
Hed g1 53. 4 Ho Twinning
Hed 8. 1 71. & Twinning
Fab®® 8. 1 88, 2 No Twinalng
F-6 8 1 68, 3 Twinning
JeB 8 1 56, 5 No Twinning
Fed 8. 1 59. 4 Twinning
Fe5 8 i 59, 7 Twinning
Fe3 8 1 63,6 Twinning
Jeb 8 1 65, 1 Twinning
Je7 8 1 65.6 Twinning
K3 8. 5 59. 4 Ne Twinning
K«4 5, 5 $0.9 No Twinning
Kel 5. 5 63. 6 Twinning
Ke2 5. 5 77. 3 Twinning
Ne7 2. 5 56, 4 Wo Twinning
N3 2. 5 68. 0 Neo Twinning
N4 2.5 9. 2 No Twinning
Ne§ 2.5 79. 0 Twinning
N2 2. % &6 Twinning
73 L 87.3 No Twinning
74 3.1 162. 5 Twinning in necked

down region



TABLE ¥ {Cont'd)

7% .1 164.0 Twinaing at ends of
gage section
72 lo d 116. 0 Twinning at ends of

page gsection

6 o 1.1 9%. 7 No Twinning
B S i, 1 104, 5 Mo Twinning
b3 L1 118. 5 Twinping in necked

down region
GRww% 1.1 118.5 Twinning at fracture

# Twinving was observed to occur uniformly throughout the gage;
gection, unless otherwise noted.

% Epecimens were loaded two or mores times in segusnce and wers
held at -320°F between tests.

#4%  These specimens were not decarburized, carbon content equaled
appr oximately 0. 09 %.
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TABLE V1

RESULTS OF STATIC AND INTERRUPTED TESTS PERFORMED

AT -320°F
Time that
Censtant Etrose was Stress
Average BStress in Held Constant at which
Type of Crain Interrupted in Interrupted Twinning
Specimen Test Diameter Tests Toats Ceecurrad
10°%2%  10%w/m®  sec 10310/ 1n
=4 Interrupted 8 1 52, 9 1820 62. 6
Geb Interrupted & 1 54. 3 §950 63. 2
He3 Interrupted 81 56. 9 2070 63,6
Heb Static 8,1 - - 65, 3
H=5 Static 55 - - Ti. 4
A«8  SBtatic 8. 5 - - 9. 3
14 Static 4, 3 - - 6l. 3
il Static 4, 3 - - 6d, &
i3 Static 4, 3 - - é%. b

Meab Statie 2o B - - 80. 4
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TABLE VI

RESULTS OF RAPID LOADING TESTS AT -109%%

Average Congtant Microstrain
Grain Applied at
Specimen Diameter Etross Delay Time Tielding
16”2 in, 10%10/1a° Sec x 10"%a/tn
L7 2 5 47, & 1 160
Ll 2.5 49. 8 3.8x 107} 160
Time, t, fow
Avayage Constant Strain to
Gradn Applied Reach given Strain at
Bpecimen Dlameter Btruse Value Time t
Specimen - 6.
10" 40, 10%m/an? Sec x 10%in/in
K8 5. % 25,0 120 150
=9 8. 5 25,0 150 150
‘é}%’“’g %ﬂ % %ﬁ'a ? gl i%@
Ao d 5. 8 3i. 1 be O 150
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£ variation of the static upper and lower yield points witt Y

sizme was observed in this investigation and is reported in table II. This
data is presented in figure 16 with the upper and lower ym i points

. PR ¥ 4 . .
plotted as a function of 4 / , where d is the average grain diameter.

G

soth the upper and lower yield points can be interpreted to be a linear

z/z

("1

‘unction of d

1

hows that the two lines representing the values of the

. . . o o . .
yield noints intersect at d = 8 x 10 Tin. The intersection

5

of these two lines indicates that the initiation M plastic deformation in
specimens of a grain size larger than d = 8 % 10 Tin. will be differeat

from that observed in specimens of a smaller grain size. This con-
clusion is borne cut by the fact thatl the specimens of d = 3,1 =10
exhibit no jﬁ@ﬁifl point. Holden and Hollomon (3} have shown that the

yield point (s also absent in tensile tests on single crystals. Therefore

it may be concluded that for 8 given steel there is no yield point in

specimens of an average grain diameter larger than some particular value.
_— U VS PUE ). I ot . e
Uhis value is d ¥ 8 x 10 7 in. for the steel used in this investigation.

The behavior of the lower yield point as a function of grain size

is in qualitative agreement with the rezults reported by Petch (14},

18 iy

These investigators do not report any relation-
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ot
™
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n

yield point, assuming that the lower yield point is
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proposed by Cottrell (13). The general aspects of Cottrell's mechanism
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can be summarized in the following way:

A Frank-Read dislocation source in a body certered cubic lattice
will be surrounded by an atmosphere of interstitial impurity atoms,
such as carbon or nitrogen in ae-ivon. Under the influence of a suitably
applied stress, a segment of a source can expand in its slip plane once
the interaction stresses between the segment and the atmosphere h.s
been overcome., Once the loop is able to move {reely it will form a
cormplete ring around the source and move radially outward under the
action of the applied stress. The applied stress required for the genera-
tion of dislocation rings is smaller than predicted fromn considerations
of the interaction forces between a dislocation and its atmosphere, The
lower applied stress is the result of the effect of thermal vibrations
within the crystal lattice. A suitable thermal vibration will provide
additional energy for the generation process. Hence, the value of the
applied stress required for ge&@ratgng a dislocation ring will be much
smaller than the value reguired in the absence of thermal vibrations.
The generated dislocation ring will expand radially in its slip plane
under the action of an applied stress until an obstacle is encountered.
When an obstacle blocks the motion of a diglocation ring, additional

<
stress must be applied if the ring i to expand further. Grain bounda-
ries, foreign particles, other dislocations, would all offer resistance
to dislocation motion.

Cottrell suggests that generated dislocation rings will move out-
ward in their slip plane until stopped by collision with a2 grain boundary.
£ e additional rings are gererated and move outward from the source, a

pile-up of dislocations will cccur at the grain boundary. This pile-up
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increases until one of two things occurs: 1) The stress at the source
decreases %c} a value where further generation is imp@sai‘é}ie;‘ 2} The
local gtress at the grain boundary due to the pile-up of dislocations be-
comes so great that the grain boundary barrier can be overcome. As
the pile-up of dislocations at t%wgrain boundary increases the stress at
the source will decrease due to the “back"_stress of the previously gene-
rated dislocations., If the stress at the source decreases to the point
that further dislocation generation is impossible, ﬁfw process will stop
and yielding will not occur. When the number of dislocations at the
grain boundary is sufficient to increase the local stresa at the boundary
to the point that slip is initiated in the next graine, yielding will occur.
Therefore yielding will take place if the applied stress is large enough
to aliow generation of a critical number of dislocations before the
source becomes inactive.

The observed influence of grain size on the static yield point
can be easily explained in terms of the mechanism suggested by Cottrell,
Petch {l4) has suggested a treatment of Cottrell's mechanism that gives
an expression for the lower yield point as a function of grain size, but
in his treatment the upper yield point is neglected. A more detailed f
treatment of Cottrell's mechanism than suggesied by Petch will not
only account for the lower yield point but will suggest a model for both
the upper and lower yield points.

According to Cottrell's yvielding mechanism, at the etatic yield point
the dislocations piled up at an obstacle will be in equilibrium, The éecmrt@
which generated @:h.ese:‘ dislocations will be inactive. The length of a pile-

up of dislocations under an applied stress has been calculated by Eshelby,



-60.

Frank, and Nabarro (20) and is given by

L=-5bn )
where G = me shear modulus
b = the atomic slip distance or Burgers vector
n = the number of dislocations in the pile-up
T = the resolved shear stress acting on the dislocations

in the pile-up.
if one assumes that there is a drag or friction force on each dislocation,

then equation 1 may be rewritten

_Gbn . ,
L= ™ (¢ -"C3) 4

where Ui = the stress due to friction or drag forces on each dis-
location. t

The drag stress is the result of minor obstacles which retard disloca-

tion motion in the slip plane.

A pile-up of dislocations produces a stress concentration in the
vicinity of the obstacle causing the pile-up. An expression for the
maximum stress at the front of a pile-up h:s also been given by Eshelby,
Frank, and Nabarro (20). Taking this expression and again assuming

that there is a drag force on the dislocations results in

Ty =n (- (3)

where Ty, = the local stress at the front of 2 pile-up of dislocations.
Vhen the assumption is made that a critical resolved shear stress,

[ 2
'Cb » must be achieved to initiate yielding, then the required number of



bl

dislocations in the array is given by

4
- Te “
=, 4)
("Ca- hc")
where T‘l = the resolved applied shear stress at ylelding.
Combining equations 2 and 4 gives
x (53
Y Gby |

!
(T i)
L“ . I s : .
in equation % represents the minimum length of slip plane that is
: LI .
necessary for a pile-up of N dislocations to occcur under the aciion of

{
an applied stress equal to T‘ . Rewriting eguation 5 gives

I , (6)
i

| is related to the distance from a source to an obstacle producing

a dislocation pile-up. If this distance is proportional to the grain size,
L* s . . : .

then = fd, where { is a proportionality constant and 4 is the average

%
grain diameter. Substituting this expression for L into equation 6

gives
_L |
’t‘\: 't-'n. + \( d z (7)
Gbre
where l(: =3 2.
83

In the expression for 'til given in equation 7 "(‘1 iz a lineay
. -1/2 C s . .
function of d / . This is in agreement with the experimental results

of this investigation, which are plotted in figure 16. The expression
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for the stress at yielding ( 't'ﬁ given by equation 7 degcri%;es the varia-
tion of both the upper and lower yield points with grain size. Therefore
it may be postulated that both the upper and lower yield points are
gcuei‘nad by the piling up of dislocations at obstacles. If the expression
in equation 7 is to represent both the upper and lower vield point, a more
detailed model than Cottrell's model must be postulated for the initiation
of yielding.

The upper yield point is the result of dislocations piling up at a
grain boundary. When the local stress at the boundary increases to a
critical value, slip in the next grain will be initiated and catastrophic
slip across successive grains will result. The applied stress that
will cause dislocations to break through a grain boundary and initinte
slip in successive graine ie the upper yield point.

As slip in several grains becomes more general, after grain
boundary break through, many dislocations move on several sets of
slip planes. Two dislocations will interact as they move in intersecting
planes and approach the intersection of the slip planes. If the disloca-
tions are of the type shown in figure 17a their motion is stopped by the
interaction force and the dislocations come to rest in an equilibrium
position. Additional stresses in these slip planes are necessary to
@vefcomé the interaction of the two dislocations and allow them to
move together, and finally pass. Two dislocation pile-ups, such as
shown in figure 17b, will result as additional dislocations arrive at
the intersection of the slip planes. The dislocations at the front of
each pile-up will move closer together, finally forming one sessile

dislocation, as the number of dislocations in each pile-up increases.
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{b) Final Condition,

Fig. 17. Schematic Representation of the Formation of Dislocation
Pile~Ups at an Intersection of Two Slip Planes.
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The dislocations will -g:ontinue moving in their slip plane only when
the local stress is large enough to allow the sessile dislocation to
dissociate into two rnobile dislocations. 'This collision mechanism
therefore constitutes a second set of obstacles which retards dislo-
cation motion. The obstacle resulting from the formation of a sessile
dislocation can only be overcome if a dislocation pile-up is formed
which will produce a stress concentration of sufficient magnitude,
The applied stress required to produce pile-ups of 2 sufficient mag-
nitude to allow slip on intersecting planes can be interpreted as the
lower yield point, Therefore the lower yield point is the minimum
stress necessary to continue plastic deformation after it has been
initiated at the upper yield point.

The disappearance of the yield point in specimens of larger
grain sizes can also be explained in terms of this model. As the
grain size is increased, the probability of dislocations colliding
within a single grain before encountering a grain boundary is also
increased, Thus in large grains many dislocation pile-ups will
occur initially at slip plane intersections instead of grain boundaries,
The slip mechanism will therefore be reversed from that visualized
for small grained specimens in that the primary obstacles to slip
will be sessile dislocations and not grain boundaries., When the
stress is sufficient to allow the sessile dislocation to dissociate into
mobile dislocations, the number of dislocations free to move will
be so large that the grain boundary cannot offer appreciable resis-
tance to their motion, Consequently this model can account for the

disappearance of the yield point in specimens of large grain size.



When no vield point exists, the stress values which will cause slip are
given by equation 5,
The extrapolation of the line representing the upper yield point
RV 7 A ) . .
ve., o in figure 16 passes through the origin, hence T, )
the friction stress or drag stress, is approximately zere. This can

the result of

g
i

(“[“
X’

be interpreted to mearn that if the upper vield point is
grain boundary pile-ups, then the drag on free dislocations moving
from a source to the grain boundary is very small

Fitting the slope of equation 7 to the experimental data for the

. . . \ . B g 2
upper yield point, gives a value of k = 5,55 x 10 Z?@/zzzB/ . The fac-
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=
B
pedo
&=
fad
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tor fd, representing the average distaunce from randomly &

vrain boundaries in a given set of parallel

Lol

lislocation sources to

slip planes, may be calculated., The result of this calculation, pre-

sented in Appendix I, gives { = 0.12. Substitubing G= 12 x 10 zva/nr“.g

)
el * 3 4 3
in,, £= 0,12 and the experimentally determined value

for k into the expression for k gives (tb

»

This value of T, represents the stress
slip srocess in the next grain an
value is of the same order ag the sir
{21) and observed {22 ) to produce plastic deformation in
single crystal. Therefore the value
the theoretical expre fsﬁz“;mz for the stal

perimental data is of a reasonable

&

The exnerimental data for th

vl = 2,500 1b/in®, This value is

{[l

o

stress reported by Holden and Hollox



crystal of iron, with or without carbon as an impurity.

The values of stress which caused plastic slip in the specimens
not exhibiting a yield point, (d = 8.1 x l@'gia.) are observed to fall
close to the extension of the lower yield point curve in figure 16, Equa-
tion 7 therefore represents not only the lower yield point but also the
stress which causes slip in grain sizes not exhibiting a vield point.
This is in accord with the yielding model previcusly discussed.

Fitting the slope of eguation 7 to the data for the lower yield
point gives k = 3. 38 x 10%1b/in, /2, Taking this experimentally de-
termined value of k and using the same values as before for G and
b gives hC: =3.0=x }Gé (£) lb/ina for the lower yield point. Accorde
ing to the proposed model this value of '\C: represents the stress
required to overcome the resistance to digﬁocaﬁziaﬁ metion resulting
from dislocation collisions on intersecting slip planes. The physical
interpretation of { is more difficult in this case than it was for the-
upper yield point. The factor { has not been calculated., Howevear,
taking it to be approximately 0.1 gives ’C: = 0.3 % mélb/inz} , for
the lower yield point.

The interaction {orce between two dislocation arrays on inter-
secting slip planes can be roughly estimated in order to check the
value of 'Z: for the lower yield point obtained from the experimental
data. This estimate is mmade by considering the simpler problem of
the interaction of two dislocations on intersecting planes.

In the type of rnaterial under study, namely the body centered
cubic crystal structure, there are many slip systems which offer
the possibility of intersecting slip planes., There is an elastic inter-

action force between many of the dislocations which can move in



these intergecting slip planes. The stress required to force two dis-
locations on different intersecting planes together to the point that
their cores are just touching can be casgily calculated if the inter-
action of the cores is neglected,

The interaction stress between dislocations in the %é E.@} planes
which meet at the intersection of these plancs has been calculated,
The intersections of {M@} planes will f2ll on lines in the {1007 di-
rection or the 111 direction. Therefore dislocations lines parallel
to these directions are considered. The Burgers vectors of the dis-
locations to be considered are of the type % {111 in all cases,
The calculation of the interaction stress between two dislocations
which come together along a line in the {1007 direction will be out=
lined in the following p&ra@;z’a@he The interaction forces between
dislocations meeting in the (1007 directions can be calculated in
a similar manner,

Consider two dislocations which lie in intersecting {M@} planes
and are parallel to the {1007 direction, These dislocations will have
both screw and edge components in the {1007 direction. The screw
components of the two dislocations may be of the same sign or of
opposite sign, However, whether the screw components attract or
repel the maximum force required to force the dislocations together
or to separate them is the same, The edge and both possible screw

[+

components are shown in figure 18a. The sum of the interaction
forces between components will be equal to the total interaction force
between @i%i@@:aﬁ:i@né, Assuming the coordinate system shown in
figure 18b, the force in the y direction on dislocation 2 due to the

{ the edge componsnt of dislocation 1 is

S

stresyg field o

(=
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(OT1) plane

(Oll) plane

(a) Crystallographic Coordinate System.

Y|

(om

N
N

(oh)

S o]
X
(b) Cartesian Coordinate System,

Fig. 18 Schematic Representation of Two Dislocations at
Equilibrium near the Intersection of Two Slip Planes.
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_ Gbe  x(x=u)
Fy = zr(i-v) (x*+9)t e

be =¥

3

where = the edge component of the Burgers

ol

vector of the slip dislocation

V = Poisson's ratio.

If x = y then E‘V = 0, Therefore, the edge component of dislocation
1 will not interact with dislocation 2.
The force on dislocation 2 resulting from the screw component

of dislocation 1 is given by

F = Gbs x
A O (x"'_\.nl"-)

where ‘D,_= —\}-3.3— = the screw component of the Burgers
vector of the slip dislocation,
This is the only interaction force between these dislocations when

x = yo. Therefore, the stress necessary to force the dislocations to

a position where their centers are 4b apart is

G ~ & X
T= Al - ogxte lo/in (10)

Similar calculations for three other cases involving dislocations which
are parallel to the {1117 direction give interaction stresses of approzi-
mately 0,2 x wélb/inz. for two cases and 0.5 x }Eﬁ)éib/ina. for the

othe e
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These calculated values and the experimentally det ined value
@ * o °
of Te for the lower yield point, are approximately equal. There-

fore it appsars that the more detailed model of Cottrell's yielding
mechanism presented here can explain the values of the lower yield
poing @ﬁs@@rved in this investigation.

The experimental observations of E;?:ai:s investigation of the static
upper a“m lower yield points mav be explained by the proposed exten-
sion of Cottrell's model. The upper yield point is the siress required
to produce a dislocation pile-up at 2 grain boundary of sufficient mag-
nitude to initiate slip in successive grains., The lower yield point is
tﬁ@s stress required to produce disglocation pile-ups of éuiﬁcient magni-
tude to drive c.aﬁidmg dislocations past each other. Therefore, largé'
plastic deformations are initinted at the upper yield point and the lower
yield point is the stress necessary to continue this initial plastic
deformation.

The results of the rapid loading teste obtained in this investi-
gation provide more information {or the study of the yielding mecha-

nism, The existence of a delay time for vielding after rapid loading

E

P

a specimen to above the static upper yield point supports Cotirell's
general yielding mechanism. According to Cottrell's mechanism
the delay time is the time reguired to pile up a sufficient number of

dislocations at a grain boundary to initiate slip in successive grains,

Mo

The generation of a glven number of dislocations requires i,hat suf-

ficient time elapse in order that the necessary number of Lﬁzeezrmal
vibrations can occur at the dislocation source.

The delay times observed in this investigation are plotted as

&

l"i’i

tion of applied tensile stress in figure 19. Only the resulls

£
o
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obtained from the specimens of the three smallest grain sizes are
plotted, since the specimens of d 25,5 x 1073 in. ’did not exhibit a
very strong static yield point or a distinct delay time, The general
trend of all the data and the values of delay time for the specimens
of the smallest grain size are in good agreement with similar mea-
surements reported by Wood and Clark (2), (4).

The delay time decreases with increasing stress above a min-
imum value., This minimum stress, represented by the horizontal
lines in figure 19, can be interpreted to be the stress below which
vielding will never occur, even after a very long time., The effact
of grain size on delay time is clear from figure 19. The delay time
decreases at & given stress level, as the grain gize is increased,

The minirmurn stresses measured in the rapid loading te s?:s
which will produce vielding in the three grain sizes, shown as hori-
zontal lines in figure 19, are approximately equal to the static upper
yield points for specimens of these grain sizes, The results of the
rapid loading tests strongly indicate that no yielding will occur
a specimen is subjected to a stress below the static upper yield
point and above the static lower yield point.

The static tests on the two specimens of the largest grain
gizes resulted in no yield point for d = & 1 % 10" 3in, and only a weak
yield point for d = 5,5 x 107 in. The rapid loading tests on the
specimens of these two grain sizes resulted in strain-time history
which did not exhibit a delay time.,

This comparison of the results of the static and rapid loading
tests indicates good agreement between the yielding behavior ob-

servad under static and rapid loading condifions. In addition these
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results support the theory that the upper and lower yield points are
separate and distinct phenormena,

Fisher {8) has derived an expression for delay time as a func-
tion of stress and temperature by a gquantitative treatment of Cot-
trell's mechanism for yielding, To make this calculation Fisher has
greatly simplified the expression of Cottrell and Bilby (11) for the
energy necessary to release a dislocation from an atmosphere., Iisher,
in his treatment, assumed that yielding occurred when a given number
of dislocations had been generated,

Fisher's treatment of Cottrell's mechanism assumes that a
source can only generate a dislocation with the aid of a thermal fluc-
tuation in the lattice. Therefore the delay tirme ig related to the
frequency and magnitude of thermal {luctuations which are able to free
a dislocation segment from an "atmosphere' of carbon atoms., Fisher
calculated the energy necessary to free 2 dislocation from the influ-
ence of its carbon atmosphere, by assuming that the activated dislo-
cation segment consists of a circular arc. By using this energy as
the energy to be supplied by a thermal excitation of the lattice, the
delay time can be expressed as

wf
n T
t*-:_‘f_\i-ﬂ—?e (11)

where n_ = the critical number of dislocation rings

which will cause vielding

the number of possikle sites for active sources

8
I

= a frequency factor for the appropriate thermal

<
I

fluctuations

W = the thermal energy necessary to release a



dislocation from a source

o
e

Boltzman's constant

T = absolute temperature,

The energy, W, to be supplied thermally is given by

]
= Yo g_(!_) (12)
bt "\ Y, «
i H\e
- A
where -F(;"‘) = Cog (%‘) - v I-—%:
Y = the energy per atomic distance of a dislocation

without an "atmosphere!

o<
i

the energy per atomic distance of a dislocation
with an "atmosphere’
b = the atomic slip distance or Burgers vector

T = the resolved shear stress in the slip plane,

Fisher has {itted ﬁ:hiav expression to the experimental results
of Clark and Wood (2), (5), in which de‘my tire as a function of both
stress and texnperature are reported, After {itting the expression
for delay time, Fisher has obtained a numerical value for the ratio
of the binding energy between a dislocation and its atmosphere to
the energy of a free dislocation, ([ ——!‘-‘J o The value of Q— %)
obtained in this way equals approximately 1/3 of one per cent. This
value is in contrast to approximately 10 per cent estimated by Cot-
trell (23),

Fisher's expression for delay time is not a {unction of grain
gize, Therefore this treatment of Cottrell's mmechanism gives a delay
time that is independent of the grain size of the material tested. This

result is in sharp disagreement with the experimental results of this
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investigation.

Vreeland and Wood (9) have proposed several modifications to
Fisher's treatment. Fundamentally the same calculations have been
made by Vreeland and Wood, but two refinements have been added.

First, the criterion for propagation of elip in successive grains is as-
sumed to be a critical stress occurring at a grain boundary. Fisher's
original criterion for yielding was that a critical number of disloca-
tions had to be generated. The results of the siatic tests of this
investigation give greater support to the yield criteria assumed by
Vreeland and Wood in their treatment. Second, the net stress acting
on 2 Frank-Read source ig not taken to be constant and egual {o the
applied shear gtress. Instead Vreeland and Wood took the stress at
the source to be a decreasing function of the number of dislocation
rings generated. With these refinements to Fisher's freatment,

Vreeland and Wood caleculated a more complex expression for delay

%
time, ' ne T
T
| ’Y"L ‘(‘}
ti=% | ot E e | e
ThRT (1= )*
N o
where ), = the critical stress at the head of a pile-up
which will cause glip in successive grains
5 = e
T
La = gne half the shortest distance in a slip plane

from source to grain boundary,
Vreeland and Wood have shown that this expression can also be fitted
to the delay time dats of Wood and Clark, However, these refinements

make no change in the value of (i - {7\) originally cbtained by Fisher.
L3
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Vreeland and Wood's expression for delay time given in equation
13 does exhibit a dependence on grain size. 1. is a function of grain
size, such that Z21. is proporticnal to d. However, this expression
for delay time is not adeguate to explain the observed influence of grain
size, Upon further examination of Vreeland and Wood's expression
for delay time it can be shown that the factor containing I, in equation
13 is only a second ovder correction term, Consequently changes in
1. due to changes in grain size do not markedi'y influence the delay
time, Hence, Vreeland and Wood's refinements to Fisher's treatment
are not sufficient to account {or the observed influence of grain size,

Cottrell {(12) has recently proposed a new approach for the quan-
titative treatment of his general mech&nism‘ for the initiation of yiecld-
ing. In this treatment a segment of a dislocation source only a few
atomic spacings long is assumed to initially free itself from the influ-
ence of the carbon atmosphere, This dislocation segment is assu.ed
¢ take the form of a small square., Only the interaction between the
carbon atmosphere and the segment of the dislocation making up the
side of the square parallel to the source is considered. In his treat-
ment the energy is calculated from an assumed relationship for the
interaction stress bestween a dislocation and an atmosphere as a func-
tion of the distance between them, After calculating this energy, Cot-

trell expresses the delay time as

NCAYLS
t,=t,e (14)

where U(m/?‘.) = 9%k (\_- t%)s



T T =

", = the shear stress required to free a dislocation
from an "atmosphere® at absolute zero
to= a factor proportional to the frequency éf ther-
mal fluctuations.
Cotirell has shown that equation 14 can be fitted to the experimental
data of Wood and Clark in which delay time is reported as a function
of stress and temperature. The value of 7T, obtained by this pro-
cedure is shown by Cottrell fo be in good agreement with other
theoretical and experimental results.

The expression for delay time resulting from Cottrell’s treat-
ment is independent of grain size. Additional refinements such as
Vreeland and Wood suggested for Fisher's analyeis could be applied.
But, again, these refinements would not appear to solve the problem
of calculating an expression for delay time which will explain the in-
fluence of grain size observed in this investigation.

An expression for delay time that is a function of grain size
can be derived by making several modifications of Cottrell's mecha-
nigm for yielding. The new model for yielding that is to be presented
here is basically very similar to Cottrell’'s, the major differences
resulting only from the addition of certain refinements.

The criterion for vielding in this model is taken to be that some
fraction of the total number of grains in the specimen must contain
at least one piie;up of enough dislocations to produce a critical stress
equal to “C: at a grain boundary. Thus the c@#&iti@ﬁ@ for yielding
t6 occur not only require a critical stress at a point in a grain bound-
ary but also require that this stress occur in a critical number of

graing. Further, it will be assumed that when a pile-up in a grain
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has been generated, auy other sourvces present in that

gr
geanerate a large number of additional dislocations. The activation of
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one source will tend to relax the

the probability of the activation of any other sources in that grain.
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Fisher, Hart and Pry {17) have proposed that 2 Frank-Rea
source will generate dislocation rings in bursts instead of individually.
The number of dislocations in each burst will be determined by how
rapidly the back stress due to the generated dislocations is built up at
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stop ;,u:«,mmwg ﬁnm?@r burst will only be generated when the {irst

burst has moved away and when a second thermal fluctuation of

#ith the addition of these refinements to Cottrell's mechanism
.

and using his expression for the thermal activation energy required to
&

source, an expression for delay time

0

The rate at which dislocation pile-ups capable of exerting a

stress equal to T, ata a grain boundary will be formed, if only one

- _
™= (N, N) /oa\"z) /< (1

pile~up per grain can vecur, is given by

5%
R

3

U=orb (1-2)

-]

N = the numnber of grains per unit volume containing a
%*

pile~up of N dislocation:

o

&

Z%EO the total number of grains per unit volume
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= the number of dislocations generated in one burst

1
4 . . . s : .
n = the nurmber of diglecations in a pile-up required to
*
producs a stress egual to T,
p = the density of sources that can be thermally activated

d = the average grain diameter.

*
From the integration of equation 15 the time to produce pile-ups of N
. : . N . ;
dislocations in N, grains is

A (—— U/kT
) e

. N . . ' . . y
where W = g fraction of the total number of grains which
(-]
contain critical pile-ups.
From Eshelby, Frank, and Nabarro's expression for the stressg
o *
at the front of a dislocation pile-up b/h(_ can be substituted foz N ,
Vhen the fraction of the grains containing a critical pilesup, m ,
. L S .
reaches a critical number denoted by W yielding will occur. If

m¥ is small compared to one, then equation 16 may be rewritten

2 U/KT -
t,\-- d;,t e 5 )
% 4 s 3
whers % = ';;vmv\‘ and U=9%b (l— %) .

This expression for delay time may be fitted to the experimental
data of this investigation by choosing appropriats values for the two
constants T and Y, . The delay times calculated from equation 17,
16

with 2 = 1,10 % 107" gec lb in. and ¥, = 1.5 = 10°16/in?, are shown

in figure 19 as solid lines,
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that at yielding only about a tenth of the grains will contain dislocation
pile-ups of V\* dislocations,

The order of magnitude of P can also be estimated, In the
specimens of the smallest grain size the value of equilibrium micro-
strain after rapid loading to a stress just below the static yield point
is approximately equal to the value of microstrain observed at yield-
ing. Therefore, /o must have a value which gives approximately the
same number of potential dislocation sources per grain as the number
implied by the value of W\* ., If P gives a total number of sources
larger than the number given by W\* then the amount of equilibrium
microstrain just below the yield point would be much larger than the
amount of microstrain occurring at yielding, Thus in the émau@ss;
grain size if /o gives@ne source for every 10 grains then Y will
equal approximately 7 x 197 in':%,, Substituting thgse estimated values

® #
for V, Ty ,M, @, and the value of Z , determined by fitting the
expression for delay time to the experimental data into the expression
for Z , gives the number of dislocations per burst, N, Z 4. This
value for the number of dislocations in a burst is only a very rough
estiﬁ;ate. but it is certainly of a reasonable order of magnitude., This
determination of W, gives a value that is considerably smaller than
the estimate of several hundred made by Fisher, Hart, and Pry (17).
However, Fisher, Hart, and Pry's treatment also resulted in only a
very rough estimate of this number.,

Taking /0 = 7Tx 10? in~ 3, as a constant independent of grain
size will give one source per grain and 5 scurces per grain in the speci-

3 3 %

mens of d = 2.4 x 1077 in, and 4.5 x 107" in. respectively. If M



remains 1/10 for these grain sizes, then one would expect the amount
of equilibrium microstrain in rapid loading tests at stresses just
below the static yield peint to be very much greater than the micr@straim
at yielding, This behavior was not observed in the tests made during
this investigation. Actually the value of £ 1nay be less in larger
grained steel because the density of sourcek is not a constant indepen-
dent of stress. The sources within a material are of varying lengths,
The sources that can be activated are those whose length is greater
than G‘-L/ft . If the applied stress is decresased, the nurnber of
active sources will decreasge because the sources of shorter length
will no longer be able to generate dislocations. Thus the value of
/o estimated for the specimens of small grain size may be decreased
when the behavior of the spacimens of ﬁargér grain sizes are being
considered, because the applied stress at the yield point is smaller,

The previous treatments by Fisher, Vreeland and Wood, and
Cottrell have implied that the yielding process is the result of a criti-
cal pile-up in one grain., In contrast to this fact, the present treat-
ment involves the occurrence of critical pile-ups in some {raction
of the total number of grains,

This treatment of Cottrell's yielding mechanism is also com-
patible with the results of the static tests. In a static test there may

* of the grains which contain

be, after a long timme, more than M
pile-ups., However, the second criteria for yielding must also be
satisfied, namely, 't’: must be produced at the grain boundary.
Therefore, the static yield point is governed by a critical stress at
the front of a dislocation pile-up in accord with the previous analysis

of the static test data.

D



The assumptions and estimates rmade in the present treatment
are numerous and very approximate, However, this treatment does
offer several suggestions for improvements on the previous attempts
to analyze Cottrell's yielding mechanism. Basically only three modi-
fications to Cottrell's model have been rnade, namely: 1) There
must be a critical number of dislocation pile~ups, cach producing a
critical stress at a grain boundary, in order to initiate yﬁel&ing;

2) Frank-Read sources generate dislocations in bursts; 3) A pile-up
of W dislocations relaxes the stress in the grain to the point that
other sources are inactive, With these modifications, Cottrell's
mechanism for yielding in a low-carbon steel explains the experimen-
tal observations of yielding behavior made in this investigation.

Plastic deformation by twinning was observed in the tensile

Faa)
A

tests performed at a temperature of -320%%. iie results of these

tests were summarized in Table V. The stress at which twinning is
initiated was determined by rapid loading tests, static tests, and
interrupted loading tests on specimens of all five grain sizes,

The results of the tests conducted at -320°T are plotted in
figure 20, where the stress at which twinning occurs is plotted as

. -1/2 . . . . .
a function of d / o The twinning stress is an increasing linear

function of d‘”Ze

The specimens of the four larger grain sizes either twinned
or did not plastically deform an observable amount when tested

under rapid loading conditions, The initial plastic strain measured
' g

in these tests increased to values of 300 to 1000 10°° in, /in, within

s . 5 ‘3 %
a time period of the order of 10 ~ gsec, There was no measurable
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plastic deformation in tests performed at stresses less than the criti-

[

cal value at which twinning occurred. The strain sensitivity is the

520 : cns . .
order of 10 % 19 7 in. /in, under the conditions ircposed bv low tem-

perature tests,

5

Twinning stresses could be deterrmined quite accurately from

the results of the static and interrupted tests. The occurrence of

twinning was indicated by an immediate increase in strain up to val-

. 0 =6 . . caps .
ues as high as 1000 x 107 in, /in., within a time of the ovrder of 10

sec. There was no measurable plastic deformation before the cocur-
rence of twinning, The twinning stresses resulting from static load-
ing tests were very close to those deduced from the rapid loading
tests, Hence one may conclude that there is a critical stress for
twinning that is independent of loading rate over the range EQ? Ebiinze
sec to 500 1b/in®, sec at -320°F,

The interrupted tests were performed in order to determine if
the twinning stress could be increased by "aging” the @p@%mm@n

o, .
¥ at a stress just less than the normal twinning stress. There

=320
was no observable increase in the critical stress for twinning.
The existence of & critical stress for {winning is in agreement

with results of tensile tests on single crystals reported by Cox,

Horne, and Mehl (24), The value of the tensile stress to produce
e -1/2 _

twinning in single crystals {(d = 0) extrapolated from the plot

e . Y

in figure 20 is 3.4 = 10 10/in®. This value agrees with the results

of Cox et al,, who reported a shear stress of 1.4 x u‘i? mim op TO
sroduce twinning in single crystals of iron.

E,.lu

Cottrell and Bilby (25) have suggested a dislocation rechanism



for the growth of a twin band by the motion of a single dislocation in
a body-centered cubic structure. An analysis of this mechanism can
explain the presence of a threshold stress for twinning in single crys-
tals, thereby explaining the observations of Cox, Horne, and Mehl
and of this investigation, However, Cottrell and Bilby's model alone
is not sufficient to explain the dependence @féh@ twinning stress on
grain size,

Cottrell and Bilby visualized the formation of twinning deforma-
tion in the <1117 direction of the {MZ} planes by the dissociation
of a slip dislocation., Under the action of a suitable shear stress
a slip dislocation with a Burgers vector a/f2 [MB] lying in a (Mﬁ)
plane will dissociate into two dislocations. This is represented by

the relation

2] — S loz] + &1 (19)

The dislocation, a/6 {}i EE] » i8 mobile in twinning planes of the {MZ}
type and produces a twinning displacement in these planes. Under the
action of a suitable applied stress, this twinning dislocation is free to
move in the set of {E EZ} planes that are deformed into a helix by the
remaining sessile partial dislocation, a/3 [Li 32] . Consequently

the twinning dislocation rotating about one end in the helical surface

of a {MZ} set of planes can climb through the lattice thereby produc-
ing a band of twinned material,

ile partial dislocations

@

Figure 21 shows the twinning and ses

after they have separated a short distance. The plane of the figure

is (MG) . The atmosphere of carbon and/or nitrogen atoms associated



[I; 2] [t

[nz]

(112)

Fig, 21 Schematic Representation of Twin and Sessile Dislocations
after Dissociation of a Slip Dislocation,
b_= 3}2 {112] = Durgers Vector of Sessile Partial Dislccation
=3

By

x = Position of the ""Atmosphere’,

-4

z [ill] = Zurgers Yector of Twinning Dislocation.
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with the original slip dislocation, a/2 [111] is indicated by = in the
figure,

The release of the twinning dislocation from the atmosphere under
the combined action of an applied shear stress and thermal ﬂucmati@ns
may be analyzed in the following manner: Before a segment of the
twinning dislocation can expand in the twinning plane, the stress must
be of sufficient magnitude to supply the stacking fault energy resulting
from the motion of the twinning dislocation. If a segment of a twin-

ning dislocation is to expand, then

b > ¥ (20)

where Y = the applied resolved shear stress
bta Burgers vector for the twinning dislocation
t = the stacking fault energy per unit area.
Therefore the minimum stress, ’tt » at which twinning can occur is

gi?en by
| _f
T (21)

If the liberation of a twinning dislocation from a carbon atrnos-
phere requires less thermal energy than the release of a slip disloca-
tion at a stress equal to "C, , then twinning dislocations will be
gencrated at a faster rate than slip dislocations. Therefore 'ft will
be the critical stress for twinning,

The relative rates of generation of twin dislocations a.nﬁ of slip
dislocations can be calculated for a stress equal to the twinning stress.
The thermal energy, derived by Cottrell, to release a slip dislocation

from a source is given by equation 15, The thermal energy to release



Y-

a twinning dislocation is given by
3
3 {d oy o
: - (22
Ut=3fc,\%<\ r.) i22)

The ratio of the generation rates of twinning dislocations to slip dislo-

cations is

}'qt e(U“ Ut)/KT

o
Tod
L5

s

[

where N rate of generation of twinning dislocations

N = rate of generation of slip dislocations,
Substituting b, = % T, = 1.5x 10° Wfin®,, Ty =1.7x10°

Eb!iﬂze s and b= 0,985 » 1678 into eguation 23 gives

N =39
Jk = &
Ns
Therefore when the applied stress increases to the stress at which

twinning can occur, the release of twinning dislocations is8 very muck
more probable than the release of slip dislocations. Heunce, there
will be a critical stress given by [, = % at which twinning will

, t

QCCUr,

Taking the twinning stress for a single crystal {d“wz = 0) to

be 1,7 x 10% Eb/?‘;ﬁa, and solving for the stacking fault energy gives

f =z 9,8 @Eg@icmze Although the stacking fault energy for body-
centered cubic iron has not been measured, this value certainly com-
pares favorably with the orvder of magnitude of the twin boundary
energies reported for other metals,

This treatment of Cottrall’s mechanism does not account for

the increase of twinning stress with decreasing grain size, This
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behavior must be investigated further. Perhaps a mechanism which
included some hindrance to dislocation motion, such as that postulated
in the yielding mechanism, would solve this difficulty.

The twinning stress observed in this investigation is larger than
‘the stress required to produce slip at room temperature. If the twin-
ning stress is fairly insensitive to temperature, the material cannot
reach t‘he twinning stress at room temperature without large amounts
of slip occurring first., Severe slip will reduce the likelihood of twin
formation, even when the stress increasgses to the critical value for
twin formation., This effect can be explained in terms of the treat-
ment presented here by the fact that after considerable slipping has
occurred, the active dislocation sources are exhausted. In addition,
the dislocation density in the material will be greatly increased,
thereby making it mnuch harder for a twin dislocation to move through
the lattice. ©Only with very high stress rates or at low temperatures
can the twinning stress be attained without excessive slip taking place
at a lower stress., Thus twinning will occur only at low temperatures
or high stress rates, This conclusion is in good agreement with ex-
perimental observations. The occurrence of ¢winning in iron or
steel is usually limited to taests performed at low temperatures, of
the order of 77°K or below, except when the loading rates are ex-
tremely high, such as in impact tests, in the region of a fast moving
crack, or under expleéive loading conditions.

The exact mechanism for the initiation of twinning is certainly
not clear., However, from the results reported here, some of the

factors which influence this phenomenon can be better understood,
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leaving the way clear for further experimental and theoretical inves-
tigations. In particular, some addition must be made to Cottrell's
mechanism if the dependence of the twinning stress upon grain size

is to be understood,



VI SUMMARY AND CONCLUSION

The results of the static tests on specimens of different grain sizes

congistent with the theory that both the upper and lower vield soints

B
P
@

. o . . -1/2 . . \
are an increasing Unear function of & / where d is the average orxain
2 L5 Wl

W

diameter ‘here is no yield point for specimens of a grain size larger

than a criticul diameter. This behavior of the yield peint as a function

(7?"

rain size has been shown to be the result of dislocations piling up a
an obstacle, The upper yield point results from a dislocation pile-up
breaking through a grain boundary. The lower yield point is the stress
reguired to form dislocation pile-ups of sufficient strength w‘ overcome
the resistance to motion resulting from collision.with other dislocation
ATTAYS,

The measurement of plastic strain during rapid loading of speci-
mens of different grain sizes indicates that a delay time can only be
observed in low-carbon steels of a grain size small enough to exhibit

a pronounced static yield point. The results of rapid loading tests on

&

2

specimens which exhibited a yield point show that the delay time de-
creases with increasing grain size for a given stress. The author
has presented a dislocation model similar to Cottrell's mechani sm for
yielding, but with several refinements, This model is consistent with
the experimental measurements of this investigation. The refinements
are: 1) A eritical sumber of dislocation pile-ups of sufficient strength
to cause a critical stress at a grain boundary is taken (o be the critericon
for yielding: 2) Frank-Read sources generate bursts of dislocation

when activated by a single thermal fluctuation: 3) After one Frank-Read

X

source has been activated in a given grain, all other sources in that

g

grain are inactive because of the back stress produced by the dislocation
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array generated from the férst source,

Plastic deformation by twinning is observed to be initiated by a
critical stress. The value of the twinning stress increases with de-
creasing grain size, The theory of Cottrell is shown to explain the
existence of a critical stress for twinning in a single crystal. Cot-
trell's theory does not account for the increase in twinning stress
with decreasing grain size.

It is suggested that the yielding of low-carbon steels be further
studied with the use of etching techniques to attempt the direct ob-
servation of dislocations at various stages of the yielding process.
Better information concerning the position of dislocations during the
yielding process is needed before a detailed model for yielding can

be definitely confirmed.



APPENDIX A

DISCUSBSION OF GRAIN SI1ZE DISTRIBUTION

The measurement of the grain size of a metal presents a com-
plicated problem. The grain size may be reported in terms of several
parameters, Some of these parameters are:

1) The average linear distance between grain Saunﬁaries along

a straight line drawn at random through the structure,

2) The average grain area enclosed b¥ grain boundaries on a

random plane through the structure,

3) Grain diameter given by the square root of the average

grain area on a random plane,

4) The average volume of the gz'a,inﬁ,'

5) The average grain diameter obtained by volumetric consid-

erations,
In addition to the average value of these parameters, one may also be
interested in their distribution azbout the average.

The choice . of a parameter to describe gain size will, of course,
depend on the purpose for which the measurement is made. However,
to investigate the uniformity of grain size in a particular structure, a
parameter based on volumetric considerations would seem to be logi-
cal because of the three dimensional character of grains, From prac-
tical considerations volume measurements are vary difficult. Volu-
metric grain size relationships, while difficult to measure directly,
may be estimated from other parameters. Since the grain area on a
random plane is ecasily measured, the rclationship between this area,
or its diiamétef, and grain volume will be of help in estirmating the

uniformity of grain size,
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The distribution of the diameters of grain areas observed on
a plane intersecting a random array of egual volume spheres is given
by the plot in figure A-1. This relationship is only & rough approxi-
mation to actual granular arrays since grains are certainly not spherical
in shape., However, from this plot it is clear that equal volume grains
would very likely result in a broad distribution of the diameters of grain
areas observed on a random plane,

Hull and Houk (26) have shown experimentally that the distribu-
tion of "grain' diameters resulting from a plane intersecting an array
of equal volume cubes, orthic tetrakaideckhedrons and pentagonal
dodecahedrons are all similar and in addition do not vary a great deal
from the distribution curve observed for spheres, The distribution
curve for these s}mpgs has a slightly higher value than the curve for
spheres at small diameters. This distribution curve increases to a
sharp maximum at a point between 85 and 95 per cent of the maximum
grain' diameter and then decreases to zero af 100 per cent, Hven
though metallic grains are not spheres or regular polyhedra, one
should expect a similar distribution of grain diameters for an array
of equal volume grains, Therefore, if the grain structure is truly
uniform, the distribution curve of the diameters of grain areas mea-
sured on a plane should exhibit a maximum frequency at a fairly
large grain diameter, with a larger percentage of the diameters fall-

2

ing in a range close to the most frequent diameter,

A technique for treating the problem of relating the diameter

£

of grain areas obsarved on a plane to the true grain diarneter of a

G0

three dimensional shape has been presented by Schiel {27). This



-96-

3

2
c
.0
pes
c
E]
[T
cl
2
5
2
@
0

o)

0] 0.5
D/Dmax

Fig., A-1 Distribution of the Diameter of ""Grain' Areas
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treatment involves a statistical method for finding the distribution of
- the true grain diameters from the distribution of the diameters of grain
areas measured on a2 random plane,

Dietribution curves for the diameter of the grain arecas on a
random plane were determined for each grain size, in order {o inves-
tigate the uniformity of the grain structures. The areas of the grains
on an intersecting plane were determined from photomicrographs, by
overlaying a plastic sheet containing & series of circular holes of
various diameters, The area of a2 hole and a grain were then matched
by eye. The diameter of the hole making the closest fit was recorded
as the grain diameter., Typical distribution curves for four recrys-
tallized grain structures are shown in figure A-2, The diameter of
the average areas reported in figure A-2 were computed by counting
the grains appearing in a given area of the microstructure,

Distributions of true grain diameter were computed by Schiel's
technigue, from the distribution of the diameters of grain areas mea-
gsured on a random plane, A typical result of these calculations are
shown in figure A=3,

The observed distributions of grain diameter presented in
figure A-2 is not the distribution one would expect for uniform grains,
This fact, coupled with the results of the calculations of true grain
diameter presented in figure A-3 strongly indicates that the grain
strhictures produced for this investigation were not uniform,

Several techrniques were investigated in the hope of producing
grains of more nearly uniform volume. These techniques included:

1} Recrystallization at different temperatures for various

times,
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2) Quenching from above the transformation temperature into
water, followed by various tempering treatments,
3) Cuenching from above the transformation temperature to
various temperatures above room temperature,
A summary of these treatments is given in Table A-l. None of the
treatments listed in Table A-1 produced 2 more uniform grain struce-
ture., The distribution curves obtained from these grain structures
were all very similar to those shown in figure A~2, This study of
the uniformity of grain size indicates that it may be very difficult to
obtain a truly uniform grain size in a metal.

E‘he distribution curvee shown in figure A-3 indicate that the
distribution of grain diameters based on grain volume are very simi-
lar to the distribution of the diameters of grain areas in a random
plane., This fact coupled with Hull and Houk's observations indicate
that the grain diameter derived {rom the area of grains on a plane,
which is measured divectly, is a fair indication of the grain diame-
ter that would be obtained from volumetric considerations, The
choice of average grain diameter to measure grain size can also be
supported by the fact that in this investigation, the distance from a
point in a slip plane to a grain boundary will be of interest. Since
slip planes may be considered random planes, the distance {rom a
point in this plane to the grain boundary is described best by some

function of the diameter of a grain area measured on a random plane,
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TABLE Al

TREATMENTS INVESTIGATED TO OBTAIN A&

UNIFORM GRAIN SIZE

Recrystallization
Strain Temperatures
30% 1100, 1200, 1300°F
20% 1100, 1200, 1300°F
14% 1100, 1200, 1300%F
10% 1100, 1200, 1300°%F
8% 1100, 1200, 1300%

Water Quench and Temper

Time at temperature

I, 5, 20, 50 hours
1, 5, 20, 50 hours
1, 5, 20, 50 hours
i, 5, 20, 50 hours

1, 5, 20, 50 hours

Temperature '

Ouenched from Tempering Temperature Tempering Time
1700%F 800°F 2, 19, 71 hours
1700%% 1000°y 1, 4, 17, 40, 160 hours
1700°r 1300%F 1, 3, 18, 44, 114 hours

Quenching to Various Temperatures
1700°%F | 360°F 1 hour
1700°F - 860°%F 1 hour
1700°F 1350%¥% 8 hours
1650°F 1350%F 6 1/2, 8, 18 hours

1700°%F 1300°%F

sec, 5 min, 1, 6 hours

(%51

-



-102-

APPENDIX B
CALCULATION OF DISTANCE FROM DISLOCATION

SOURCE TO GRAIN BOUNDARY

The average distance from randomly distributed dislocation
sources to a grain boundary in a slip plane may be calculated if the
grain is assumed to be spherical in shape and the density of sources
is uniform throughout the grain,

The plane, shown in figure B~1, has a diameter equal to the
average diameter, dm, of all parallel slip planes in & lgrain of diames-
ter d. The diameter dl is chosen 8o that the enclosed area con-
tains one half of all sources in this average plane. The number of
gources in a regién of a plane will be proportional to the area of that
region provided the sources are uniformly distributed. Therefore
the area enclosed in the circle of diameter dl is equai to one half
the area of the average plane, Under these conditions C represeats

the average distance from source to boundary in a slip plane of aver-

age diameter, This average distance, C, is given by

C =% (du-4) (8-1)

where 've
— 4 dz _ T
[
[=]
and
(8-3)
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TR S

‘Fig, B-1 Schematic Representation of a Slip Plane in a Grain.
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Cormbining equations B-1, B-2, and B-3 gives

c=5(-%)d

¢ - £d

or

where

T« (
= ‘g(\*-ﬁ) 0.2,
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