ABSTRACT

A STUDY OF THE RELATIONSHIP BET.EEN
THE YIELD POINT, DELAY TIME, AND THE
BRITTLE TO DUCTILE TRANSITION IN A LOW
CARBON ALLOY

by
John Hrinevich, Jr.

In this investigation ingot iron samples were thermally
treated in three different ways to vary the precipitate
morphology. 3amples were annealed by heating to 1350° F
for one and one half hours followed by furnace cooling.
Samples were solution treated by heating to 1350° F for one
and one half hours followed by quenching in iced brine.
Samples were solution treated-aged by heating to 1350° F
for one and one half hours, quenched in iced brine, and
then heated for six hours at 158° F., Modified Izod impact
samples, 0.505 inch diameter cylindrical compression
samples, and delay time specimens were made from the ingot
iron in the three conditions and tested at temperatures
between 14 and 305° F to determine the relationship between
the behavior of the yield point, delay time, and the

transition temperature.



The annealed samples showed a brittle to ductile
transition at approximately 160° F. All annealed samples
tested in compression below 160° F showed a yield point.
Samples tested above 160° F showed no yield point. The
annealed samples also showed a delay time when tested below
160° F. Above 160° F, these samples showed no delay time.
The yield point and delay time disappeared above the brittle
to ductile transition. The solution treated and solution
treated aged samples showed no brittle to ductile transition.
The solution treated and solution treated aged samples
showed no brittle to ductile transition, yield point, or
delay time in these tests.

Careful examination of all three types of samples
under the optical and electron microscopes revealed that
there were definite differences between the samples. The
annealed samples showed wide grain boundaries with definite
precipitates present. The as-quenched samples showed very
little grain boundary precipitates and narrow well define
grain boundaries. The solution treated aged samples like
the as-quenched samples did not show much grain boundary
precipitate. However, the low aging temperature of 158° F
did cause a fine general precipitate which was reflected
in the higher yield and tensile strengths of the solution
treated-aged samples. Carbides, nitrides, and oxides made
up the precipitates observed.

The yield point arises when dislocations from the



interior of the grain move outward until they meet the grain
boundary. At the grain boundary, the dislocations pile=-up
causing a stress concentration until dislocations in the
neighboring grain break away, fresh dislocations are
generated in the neighboring grain, the dislocations
Penetrate the grain boundary and move through the neighboring
grain, or fresh dislocations are generated from grain
boundary sources. The important point is that the grain
boundary can be a major obstacle. The delay time likewise
arises because the dislocations are not able to move as
soon as the stress is applied.

The annealed samples were the only samples to show a
brittle to ductile transition, yield point, delay time,
and grain boundary precipitates. Below the brittle to
ductile transition, the dislocations can move relatively
easily in the interior of the grains. When the dislocations
reach the grain boundary, a pile-up occurs at the
precipitates which causes a stress concentration. At low
temperatures with oxides, nitrides, and carbides in the
grain boundaries, the dislocations cannot propagate the
slip into the next grain before the grain boundary actually
fractures. Above the transition temperature, the dislocations
have enough mobility to move around the precipitates and
thus reduce the stress concentration.

In ingot iron the brittle to ductile behavior is
related to the precipitates in the grain boundary and thus

to the yleld point and delay time.
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CHAPTER 1
INTRODUCTION

Low-carbon steels at room temperature are normally
considered impact resistant and ductile. Impact strengths
as high as forty-five foot-pounds in a standard 1zod test
with considerable plastic deformation are commonly recorded.
At very low temperatures, however, low-carbon steels often
behave quite differently. Their impact strength in the
standard 1zod test may drop as low as two foot-pounds and
the fracture shows practically no plastic deformation. This
change from ductile behavior to brittle behavior occurs
abruptly over a small temperature region. The average
temperature of the transition zone is referred to as the
Transition Temperature.

Some structures made of low carbon steel are used at
temperatures below the transition temperature of the
material and may fail in a brittle manner. The failures,
while not an everyday event, have happened frequently
enough to be both a very costly and aggravating problem
for nearly the last eighty years.

One of the most famous and catastrophic brittle
failures of a low carbon structure was the Boston molasses
tank.l One January day in 1919, when the tank contained
2,300,000 gallons of molasses, it burst open. Twelve

persons were drowned in molasses or died of injuries, forty



others were injured, and horses were drowned. Houses were
damaged and a portion of the Boston Elevated Railway structure
was knocked over.,

Bridges also have suffered from brittle fai.lure.2
Just prior to World War II, about 50 bridges of a type
known as a Vierendeel truss were built across the Albert
Canal in Belgium. Some of these bridges were built of
welded or rolled l-beam and plate, others entirely of
plate. 1n March, 1938, when the weather was quite cold,
the bridge at Hasselt, with a span of 245 feet, collapsed
into the canal., Eyewitnesses heard a sound like a shot
and saw a crack open in the lower chord., Six minutes later
the bridge broke into three pieces, and fell into the canal.
All the fractures were brittle, some through welds, others
in solid plate away from the welds. The bridge was lightly
loaded at the time. Within two yvears, two similar bfidges
failed in the same way.

Brittle failure has claimed a number of ships.3
Between 1942 and 1952 about 250 welded ships suffered one
or more brittle fractures of such severity that the vessels
were lost or were in a dangerous condition. Nineteen of
these 250 ships broke completely in two or were abandoned
after their backs were broken. In the same ten-year period,
1200 welded ships suffered brittle cracks, generally less
than 10 feet in length, which did not disable the ships but

were potentially dangerous.



For brittle fracture to occur, three coaditions
seem to be necessary.

1) Low temperature, such as exists
in the winter months.

2) The presence of a notch, introducing
triaxial stress.

3) High strain rate, or impact loading.
This factor is not wholly necessary
for the initiation of brittle failure,

The temperature at which the fracture changes from
brittle to ductile, the transition temperature, is affected
by wvarious metallurgical factors.s It has been found that
a fully=-killed steel will have a lower transition temperature
than a semikilled or rimmed steel. Small ferritic grain
size, the use of a lower finishing temperature in hot
rolling, increasing manganese content, nickel in amounts
up to 1.80% and silicon in amounts up to 0.25% lower the
transition temperature. Cold working and increasing contents
of carbon, phosphorous, molybdenum, and boron increase the
transition temperature. The first small amounts of aluminum
lowers the transition temperature, but increasing amounts
cause no change, Chromium appears to have little effect.

In this work, the beginnings of a more fundamental
understanding of the brittle to ductile transition in low

carbon alloys will be sought.



CHAPTER II
HISTORY AND BACKGROUND

2.1 Crystallographic and Metallographic Features of
Brittle and Ductile Fractures

Brittle fracture may occur in ferritic steel and some
other body-centered cubic materials and certain hexagonal
close-packed metals, Face centered cubic metals like pure
aluminum, copper, silver, and gold, even at temperatures near
absolute zero and with sharp notches, do not fail in a brittle
fashion or cleave.

During ductile fracture, slip in iron occurs in a

6 on planes containing the <]ll> family of

pencil fashion
directions. The {110}, {112}, '@2_3} » or combinations of
these families are the active slip planes. The resulting
fracture surface is wavy and irregular. A brittle or
cleavage failure occurs by separation without macro-
plastic deformation on the {100} or cube faces.’ The
resulting fracture surface is relatively smooth and well
defined.

The high-speed cracks occurring in a cleavage
failure are not smooth but run in a discontinuous fashion.8
Since each crystal cleaves on a (100) face, the crack must
change direction as it goes from one crystal to another.
Cleavage probably starts independently in neighboring
grains. The resulting crack segments are then connected

by plastic deformation at the grain boundaries.9 One



should be able to observe the crack segments adjacent to

or ahéad of the main fracture in steel that has failed in
a brittle manner. Jaffe10 has observed such unconnected

crack segments,

The surface of a brittle fracture shows little plastic
deformation.6 X=-ray diffraction studies indicate that some
plastic deformation does occur. The depth of the cold
worked layer as revealed by etching the surface away and

re-examining with x-ray techniques was approximately 0,05 mm,

Z+2 Brittle to Ductile Iransition Theory

One of the earliest attempts to explain the transition
from brittle to ductile behavior was carried out by Mesnager,l2
who noted that to produce a brittle fracture, high
speed loading was not necessary. Slow bending or slow
tension can introduce brittle fracture if the specimen
contains a sharp deep notch. His theory of triaxial tension
in notch brittleness described how brittle fracture could
occur under very low speed loading when a notch or crack
was present.

When a uniform stress below the elastic limit is
imposed on a plate in a direction perpendicular to a crack,
a comparatively high stress in the same direction will
exist just behind the root of the crack. The stress at
the crack root is biaxial. If plastic flow is to occur

at the crack root, there must be lateral contraction of



the material at that place in order to preserve constant
volume of material. This lateral contraction is opposed by
the large amount of material, stressed to a lower value
behind the root of the crack. This will induce a state of
triaxial stress, the third stress being perpendicular to
the plane of the plate and tending to contract the material
laterally at the root of the notch, As a result the axial
stress at the root of the crack will build up beyond the
uniaxial yield stress, Y, of the material to some value,
Yn, before flow can occur., The ratio of Y, to Y is known
as the "plastic constraint factor." Ludwikl3 in 1923
developed a similar theory.

Until 1945, it had been believed that if the notch
was of correct depth and sharp-ended, the stress at the
root and the plastic constraint factor would rise to
infinity. Orowan, Nye, and Cairns14 in 1945 showed that
the maximum constraint factor is approximately three.

As a result if a sharp crack is present in a stressed
plate, the stress at the crack root must rise to about
three times the normal uniaxial yleld stress of the
material before plastic flow will occur.

Davidinkov and Wittman further explained the
phenomenon of transition in 1937, They drew a logical
qualitative picture using the concept of "brittle strength."
The resulting picture is shown in Figure 1.15 The brittle

strength B, yield strength, Y, and three times the yleld
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strength, 3Y, are sketched as a function of temperature,
Experimentally, it is known that the yield strength rises
with decreasing temperature., It was assumed that the
brittle strength rose with decreasing temperature but not
at so steep a gradient, Above temperature T, where the
curves of brittle strength and of 3Y intersect, the
material will be fully ductile, with or without the
presence of a notch., Below temperature Ty, where the
brittle strength intersects the yield strength, the
material will always fracture in a brittle manner. The
region between these two temperatures is the "notch
brittle zone,” wherein the material will behave in a
ductile fashion in the presence of uni-axial stress, but
if a notch is present, it will fail in a brittle fashion
before the stress of 3Y with attendent plastic flow can
be reached. 1In practice the transition from full ductile
to full brittleness occurs in a narrow temperature zone
rather than at a particular temperature.,

In 1951, Eldin and Collins!®

determined the fracture
and yleld stress of A.,I1.S.I. 1020 steel at temperatures
from 12°K to 185°K. Prom 12 to 61.5°K, all specimens
exhibited typically brittle fracture, with no reduction in
area, and the strength dropped steadily and linearly as the
temperature was increased. At 61,5°K a sharp transition
occurred. Above 61.5°K the reduction of area increased

rapidly as the testing temperature was increased, and a

yleld stress, as well as a fracture stress could be measured,



A reproduction of some of their data is shown in Figure 2.
High strain rates favor brittle fallure., This effect

may very well be related to the strain -rate dependcecnce of the

yield strength. The ylield strength of most metals is not

particularly sensitive to strain rate.17

In typical
nonferrous metals, for instance, increasing the strain
rate by several orders of magnitude will increase the yield
strength by less than 20 percent. In low-carbon steels,
however, a corresponding increase in strain rate will

" increase the yield stress by one hundred to two hundred
percent, The brittle strength, on the other hand, shows
a relatively small dependence on strain rate. The net
result at higher strain rates is to displace the yield
stress curve upward while the brittle strength curve
remains nearly fixed., Brittle failure is thus more
likely to occur.

R.obertsonls’19

furthered our understanding of the
transition temperature with studies carried out on flat
plates. In effect, a saw cut was placed at the edge of
the plate and a brittle crack was initiated by a wedging
impact force. The specimen had a temperature gradient
across it, the notch end being cold, and the opposite

end being warm, All the while the specimen was in tension
in a direction perpendicular to the notch. The crack

traveled across the plate, and was arrested at some

particular point. Beyond this point and above the
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particular temperature at this point, only ductile failure
could take place., These experiments with different values
of the tensile stress in the plate, but with a similar
temperature gradient were repeated. The stress versus
arresting temperature was then plotted. Typical results
are shown in Figure 3, 1t will be noted that there appears
to be a sharply defined temperature limit above which a
brittle crack cannot propagate, This temperature agrees
roughly with measurements of the transition temperature.

Wessel20

has examined the relationship between
brittle fracture and early stages of plastic deformation.
Prior to an abrupt yield or brittle fracture, many
dislocations move through the lattice but are subsequently
piled up at barriers. An appreciable amount of plastic
strain is associated with the piling up of these
dislocation groups. The magnitude of the plastic strain
increases with decreasing temperature, reaching a maximum
at the transition temperature, below which the plastic
strain decreases with decreasing test temperature. At
temperatures above the transition temperature, abrupt
ylelding occurs when the stress concentrations that are
present in the vicinity of piled-up dislocation groups
become sufficiently high to overcome the resistance to
deformation and activate other sources in the adjoining

material, triggering a general catastrophic yielding.

At temperatures below the transition temperature, the

11
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resistance to plastic deformation is so great that the
stress concentration in some of the regions of piled-up
dislocation groups becomes sufficiently hi:zh to iriviate
microcracks in these areas. The achievement of these
high localized stresses and the resulting formation of
some microcracks together with some plastic deformation
triggers a combined general catastropic yielding and crack
formation, terminating in complete brittle fracture.
Recently, attempts have been made to explain the
brittle to ductile transition from a more fundamental
view point. Zener,21 Mott,22 Koehler,23 and others have
suggested that the stress concentration at the tip of a
slip band by piled up dislocations causes a small crack
to form. Cottrell24 by considering the surface energy of
the crack, the stress field of the dislocations, the elastic
energy of the crack, and the work done in opening up the
crack has described the conditions for the crack to
blant out or to propazate and cause a brittle failurc in
an unnotched specimen., The final form of the equation is
0y Ky A =pyy (1)
where
Oy = shear yield stress
Ky = 07¢4 %
J0a = unpinning stress for the
temperature and time considered.
L = the distance from the pilad-

up avalanche to the nearest sources

13



14
d = grain radius
2E1
4 = rigidity modulus or shear modulus
¥ = surface energy per unit area
When the Left hand side is smaller than the right hand
side, a crack may form but is unable to grow beyond a
certain length, 1In such cases the crack will blunt out.

Low?3 and Owen, Averbach, and CohenZ®

have observed
microcracks of the type expected. When the left hand side
exceeds the right hand side, the yield stress is more than
sufficient to make the crack grow into a full fracture.

A transition is thus predicted,

Petch27

considers that within the transition temperature
range for a notch test the fracture is first ductile near
the notch but changes to cleavage as it advances. The
essential condition for this to happen is that the crack
as it gathers speed moves into a region of greater
triaxiality of stress., The fracture stress in front of
the crack eventually becomes sufficient for Griffith
propagation of the dislocation crack.28

The ductile fracture will change to cleavage failure
when

o4 4 v/ k*L* (2)

where

on fracture stress

4 = rigidity modulus
’
Y = the effective surface energy

assoclated with the growth of crack.
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*

k constant

length of the slip planes

Large grain size fawvors clesvege, and an increase in YI
favors ductile fracture.,

The transition temperature arises from the temperature
dependence of X'and 0227 An increase in temperature
weakens the dislocation locking which increases the
number of active dislocation sources and thus raises Y'
favoring ductile fracture. O 1is given by the expression

=0, * kK L% (3)

where 0O . = friction on an unlocked Adislocation

o
With increasing temperature, 0 o decreases, This favors
ductile fracture. The temperature-dependent changes in
0 o appear to be more important than the changes in X,.
The lower yield point, Olyp, depends on the grain
size29 in the following way:
O"yp=0';+kL-% (4)
where O0; = friction on an unlocked dislocation
L = grain diameter
k = constant
The constant k appears to be a measure of the stress
required to unlock a dislocation to permit a slip band
held up by a grain boundary to transmit yielding to the
next grain as a Luders band. k is thus dependent on the

temperature variation of the locking strength. Plots of

Olyp versus grain size -% at a given temperature are



PRy IR T B S % e N ey e ~ Y es - IR o e .~ 1
STralsiis Lines LM constaat sSiluibc. 312 suzsects that the

o

temperature cependence of the transition temperature of
notched specimens arises mainly from (.
Oy is made up of a temperature independent friction

*
05 is caused by the

* +
0o and a temperature dependent Oy .

resistance of random solute atoms, fine precipitates and
lattice defects that resist dislocation motion. It amounts

to approximately 4,000 pounds per square inch at the lower

+

yield pointBO for an annealed mild steel. Oj 1is a

Peierls-Nabarro stress. Its magnitude varies from 4,000

pounds per square inch at room temperature to 48,000 pounds

per square inch at -196 C.31

'

Considering th-t CB“ is not too large, that &g
relationship In Oy = ln B-fT where B and B are constants,
¢’ +
¥ is a constant, and that 0; varies linearly with

temperature over small temperature ranges, the transition

temperature, T_., may be expressed as

C

! * X
€T, =0,  +C- (4948 . ) L7° (5)

where €, C, k>

q

Thus the transition temperature is dependent on the

constants

the triaxiality = 1/3

grain size, friction of unlocked dislocations, the
strength of dislocation locking, and the degree of

triaxiality of the applied stress.
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2.3 The Sharp Yield Point

Cottrell’s>2

theory for the sharp yield point in
body-centered cubic materials is based on the strong
affinity of dislocations for carbon, nitrogen, and other
atoms, In the unyielded or strain-aged condition, the
dislocations are anchored by their atmospheres. In the
yielded state, the dislocations are free of any atmosphere.
Considerably higher stress is required to move a
dislocation pinned by an atmosphere than to move one that
is free of any atmosphere. To cause yielding, a stress
high enough to move the dislocations with their atmospheres
is required. However, as soon as the movement has begun,
the dislocations are freed from their atmospheres and can
move with a reduced stress. Since the change from the

pinned to the unpinned state happens relatively fast at

the beginning of plastic deformation, the material suddenly

becomes softer and ylelds markedly., One of the best examples

of sharp yleld behavior is soft steel with 1073 to 10-1

weight percent of carbon. Sharp yield points have been
observed in a number of other materials.33 Cadmium, zinc,
brass, and molybdenum are a few examples.

Cottrell and Bilby34 have described the atmosphere
in greater detail. An important feature of the theory is
that the atmosphere condenses into a line of solute atoms
lying parallel and close to the dislocation at the position

of strongest bonding. Under stress small segments of the

dislocation are bowed out, Thermal fluctuations help the

17
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loops grow to a stable size and then pull the rest of the
dislocation away from its atmosphere. The authors
calculated the ratio of the theoretical break-away stress
at temperature T to the break-away stress at zero degrees
Kelvin., The variation of the ratio with temperature agreed
well with the variation of the yield strength with
temperature,

Face centered cubic materials do not in general show
a strong yield point.35 Small atoms like carbon and
nitrogen dissolved in a body-centered cubic metal distorts
the lattice locally into a body-centered tetragonal
structure., Because this distortion is not spherically
symmetrical, these atoms interact wlth shear stresses, as
well as with hydrostatic stresses, and so interact with'
both the screw and edge components of dislocations. A
solute atom with a spherically-symmetrical elastic.field,
on the other hand, can interact only with an edge dislocation,
since to a first approximation, a screw has no hydrostatic
component in its field.

In the face-centered cubic lattice the arrangements
of lattice positions around a substitutional site or the
mainly used interstitial site at the center of the cube
is too symmetrical to allow a solute atom in either site
to produce a non=-spherical distortion. Although there
should be no direct elastic interaction between a pure

screw dislocation and such solute atoms, it may still be

possible to anchor the screws indirectly. In the face-



centered=-cubic lattice ordinary unit dislocations in
closepacked planes dissociate into pairs of half-
dislocations, the lines of which run parallel to each
other and are spaced a few atoms apart, The two
dislocations in such a pair are joined to each other by
a stacking fault and must glide together as a unit in the
slip plane. Their Burgers vectors intersect at 60o so
that there is no oricntation of the line of the pair for
which its members can both be pure screws; always, at
least one of them must have a substantial edge component
and therefore be able to be locked by solute atoms. If
just one dislocation is locked, the other one cannot
move either since they are coupled together by the
stacking fault., While this locking is no doubt weaker,
in general, than that in the body centered cubic lattice,
nevertheless the possibility of producing yield points
in face centered cubic crystals cannot be ruled out.
Adair, Hook, and McGaughey36 have shown that the
initial yield characteristics of iron with 20 parts per
million carbon, 50 parts per million nitrogen, and 80
parts per million oxygen are strongly influenced by the
extent of the segregation of interstitials to grain
boundaries. Specimens cooled from 1292° F showed grain
boundary precipitates in thin film specimens at 12,000
X. Samples quenched from 1292° F showed no precipitates
in the grain boundaries. Slowly cooled samples showed a

marked yield point and the quenched samples showed no



yield point. It is inferred that strong locking occurs
when the grain boundaries have considerable segregation.
This causes the marked yield drop.

Stein, Low, and 3eybolt37 developed a technique to
lower the carbon content to as low as 5 x 10'3 parts per
million in single crystals of iron using a hydrogen
atmosphere continuously purified with ziroconium hydride.
Samples with carbon contents from 5 x 10-3 parts per
million to 0.02 percent were pulled in tension. The
yvield strength of samples with more than one part per
milklion of carbon showed a strong dependence on
temperature. The yield strength of samples with less
than one part per million of carbon showed a marked
reduction in temperature dependence. A reasonable
explanation for these observations is that the temperature
dependence of the yield strength in alpha iron of usual
purity is due primarily to the interaction of mobile
dislocations with interstitial impurities in solid
solution.

Cottrell's theory of dislocation locking in the
case of iron and related body=-centered-cubic metals is
well excepted. The dependence of the yield drop on
interstitial impurities, the kinetics of strain aging,
and direct observation by transmission electron microscopy
of particles formed on dislocations provide a body of
strong supporting evidence. However, the theory that

unlocking dominates the yield drop is not entirely
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satisfactory because the temperature, strain-rate, and
graln-size dependence of the upper yleld stress, lowér
yleld stress, and of subsequent flow stress values are
very similar. Yet the flow stress cannot be governed
by an unlocking mechanism at low temperatures where the
pinning points are essentially stationary.

Gilman and Johnst:on38

accounted for the yield drop
in lithium fluoride crystals quantitatively in terms of
the rapid multiplication of dislocations and the stress-
dependence of dislocation velocity. In lithium fluoride
no evidence of unlocking has been found and grown-in
dislocations remain locked. Dislocations responsible
for the slip are heterogeneously nucleated and multiply
rapidly.

Hahn39 carried out the same type of analysis for
alpha iron. According to him the abrupt yield is due
to the presence of a small number of mobile dislocations
initially present, a rapid dislocation multiplication and
the stress dependence of the dislocation velocity.
Considering the plastic strain rate, multiplication rate,
and the dislocation velocity, the plastic strain is expressed

as follows:

- n
€p = 0.5 bf (P, + CEZ) (2T)7"(6-9€,)  (6)

where €p = plastic strain rate
b = Burgers vector

£ 210"}
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experimental parameter related to the
multiplication of dislocations.
a = experimental parameter related to the
multiplication of dislocations.
T = the resolved shear stress corresponding
to the unit wvelocity.
n = experimental parameter related to the
dislocation velocity.
g = proportionality factor relating the

change in stress to the plastic strain.

The stress-strain curve calculated from this equation at
constant strain-rate shows a pronounced yield drop as
experienced with real metals. This suggests that
unpinning may not be the only cause of the sharp yield

point.

2.4 Delay-Time Phenomenia

Liu, Kramer, and Steinberg4o observed that close=
packed hexagonal zinc and body=-centered cubic beta-brass
showed a definite increase in critical resolved shear
stress at temperatures below room temperature when the
strain durationwas decreased to about ‘10"3 seconds.
However, in face=-centered cubic copper crystals no delay
time was apparent, Clark and wOod4l found that rapid=-load
tests on type 302 stainless steel, SAE 4130 normalized

steel, SAE 4130 quenched and tempered steel, 24S-T
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aluninum alloy, and 753-T aluminum alloy showecd that no
¢elay occurs for the initiation of plastic deformation ard
.2uz 0of these materials exhibit a definite yield point in
their static stress strain curve. Anncaled lotw

carbon steel showed a delay time and its s<tatic c+ress

strain curve cdoes have a definite yield point,

2 /
Kramer and Maddin;A‘ and Lui, Kramer and Steinberg“o

imply that the tyve of crystal structure determines
wvhether the delay time phenomenon will occur whereas Clark
and WOod41 feel that the apnearance of a yield point on
the static stress strain curve is the important criterion.
This is al-ost <the sawne critcricn “ecause usually
body =centered cubic materials show a strong yield point.
Clark and Wood43 compared the delay times for the
initiation of yielding in a steel treatecd in four different
ways: a) annealed; b) annealed and wet-hydrogen=-treated
to eliminate the static upper yield point; <¢) annealed,
wet-hydrogen-treated and recarburized; d) annealed,
wet=hydrogen-treated and renitrided. All four of the
samples behaved in a qualiteti-rely sirilar manner when
subjected to rapidly applied constant stress, that is,
a delay time for the initiation of plastic deformation
exists for all four materials; the relations between
this delay time and the stress are all quite similar in
form; and the effect of temperature upon these relations
is cssentially the same in all cases. Furthermore, the

behavior of these materials is similar to the behavior



of annealed low=carbon steels., However, definite
quantitative differences in behavior are exhibited between
the four materials. The test results showed that the
principal effect of changing the carbon and nitrogen
content of an annealed low carbon steel subjected to
rapidly applied constant stress was to change the stress
corresponding to a given value of the delay time. The
magnitude of the stress for a given delay time was
decreased by a reduction of the carbon and/or nitrogen
concentration. This supports the theory that the celay
time phkenomenon is a result of the dislocations being
unable to move as soon as the stress is applied. As the
carbon and nitrogen content is decreased, there are

interstitial atoms available for pinning, the lslccatl s

24

can move mors €asily, and the delay tiae increasss as a z.sult.

44
Vreeland, Wood, and Clark carried out some interest-

ing repeated stress-pulse experiments which also supported
the idea that the delay time is a result of the inability
of the dislocations present to move as soon as an external
stress is applied., The tests employed showed the effect
of stress-pulses and aging on the delay time. Stress-
pulses of essentially constant magnitude and duration on
the specimen were used. The pulse was as follows:

a) Stress of 45,006 T 200 psi applied in

approximately 0,007 seconds.
b) Stress held essentially constant for 0,029 4

0,001 seconds.
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c) 3tress removed in approximately 0,003 seconds.

The delay time for the material when subjected to a
stress of 45,000 pounds per square inch is approximately
0.050 seconds, which is greater than the duration of
stress=pulse and less than the duration of two stress
pulses, Thus, the material might be expecfed to yield
during the second stress=pulse if there were no recovery
between pulses.

The specimens were aged for various intervals of
time between stress-pulses at temperatures of 70, 150,
and 200° F. The procedure for aging the specimens after
a stress=-pulse was as follows:

1) Specimen removed from rapid-load machine and
placed in a bath at the desired temperature
within five minutes after the stress pulse,

2) Specimen removed from the bath after the
desired aging period and immediately cooled
in powdered dry ice.

3) Specimen brought to approximately 70o F in
an alcohol bath five minutes prior to the
next stress-pulse.,

4) Stress-pulse applied when the specimen reached
70° F.

The results of the repeated stress=pulse tests showed that
a definite recovery from the effects of the previous

stress=pulse takes place when the time and temperature



between stress-pulses is sufficient.

It was found that approximately fifty percent of the
microstrain is recovered after removinz the load. This
indicates that some of the dislocations which were
displaced by the applied stress return toward their
original positions when the stress is removed, as might
be expected.

The microstrain rate, prior to the initiation of
yielding, decreases with time. This might be accounted
for by a depletion of the reservoir of dislocations which
may be moved by the applied stress. This may also account
for the decreasing amount of microstrain induced by
successive stress=-pulses when recovery does not take place.
When the aging treatment between stress=pulses induces
recovery, a greater decrease in the microstrain in
successive stress=pulses if found. The recovery mechanismn
may be explained by the diffusion of carbon and nitrogen
to the dislocations which have been displaced. The
resulting array of dislocations, anchored by atmospheres
of carbon and nitrogen, may be expected to be more stable
than the original array under the particular stress
condition., Successive stress~-pulses and aging cycles
then produce less microstrain, and yielding does not
take place. The more stable configuration of dislocations
for the particular stress condition is also indicatec by

the results of the ranid load tensile tests on the



naterial which had previously been subjected to stress-

pulses and aging cycles in which recovery took place. The

delay times for the initiation of yieldingz are increased

by a factor of approximately four over the delay times

for the original material for corresponding

Fisher45

derived an expression for the
Taking into account the energy necessary to

dislocation, the energy necessary to extend

stresses.,
cdelay time.
unpin the

the dislocation

line, the rate of thermal nucleation of loops, and the

idea that the delay time is associated with
of a large number of dislocation loops; the
the delay time is as follows:

Log (D.T.) = A + BG/TT

where

(D.T.) delay time

G = the rigidity modulus

the generation

expression for

(7)

T = resolved shear stress on the

slip plane.

T = absolute temperature

The agreement with experimental data was good except

at low temperatures. Thus the delay time

for yielding

under constant stress depends upon the single parameter

GZ/TLT and not upon stress or temperature independently.
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CHAPTER II1
EXPERIMENTAL METHODS

3.1 Material

Armco magnetic ingot iron was used for all specimens.,
The ingot iron was purchased in cold-drawn three quarter
inch diameter bars twelve feet long. The chemical composi-
tion was determined from a 0,400 inch by 0.400 inch by 2.0
inch sample machined from the middle of a twelve foot bar,
Care was taken to remove equal amounts from all four sides
to eliminate surface effects. The analysis was carried out
by the United States Steel Research Laboratories. Table 1
shows the average chemical composition.

The iron in the as-received condition was essentially
all ferrite with some oxides and manganese sulfide present.
Figure 4 shows a typical cross-section microstructure of the
as=-received ingot iron, As expected, the as-received ingot
iron showed considerable cold working. Figure 5, a

longitudinal section, illustrates this point.

3.2 Atmosphere for Heat -Trcating

High purity dried argon gas (99.995) was used as a
protective atmosphere for all high temperature treatments.
The argon was purchased from the National Cylinder Gas
Company in cylinders containing 330 cubic feet of the
compressed gas. Only one cylinder of gas was required

for the entire test series.
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TABLE 1

Average Chemical Composition of the Ingot Iron.

Element Percent by Weight
Carbon ¢ o o o o ¢ o o ¢ o o o o o o o 0.015
MANgAaNesSe « o« « o o o o o o o o o o o o 0.063
Silicon o o o o ¢ o o ¢ o ¢ ¢ o o o o o 0.004
PhosphOTrous .« o« « o« o o ¢ o o o o o o o 0.004
SULfUL ¢ ¢ ¢ o ¢ ¢ o ¢ o o o o o ¢ o o o 0.021
Nitrogen « « o« o ¢ ¢« o ¢ o o o o o o o @ 0.004

OXYS8eN ¢ o o o o o o o o o o s o o o o o 0.092
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Etch: & percent Nitric Acid in Amyl Alcohol
500 x Mount # 65-129

FIGURE &
Cross=-section of As-received Ingot Iron.
The matrix is ferrite with some manganese

sulfide and oxides present.
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Etch: 4 percent Nitric Acid in Amyl Alcohol
100 x Mount # 65-131
FIGURE 5
Longitudinal Section of As-received Ingot
Iron.
The elongated grains show that the

material has been cold worked.



In use the gas was passed through a Linde Inert-=Gas
Double=Stage Regulator to reduce the tank pressure to a
constant value of five pounds per square inch and then
through a needle valve to regulate the flow before being
passed into the drying train. From the drying train, it
was piped into the heat-treating furnace in a 1.25 inch
soft copper tube.

The drying train was assembled especially for these
experiments. A one-inch-diameter 36 inch-long heavy-wall
black iron steam pipe was threaded on both ends for
standard pipe fittings. The tube was then pickled in an
aqueous 30=-percent nitric-acid solution to remove the oxides
left from manufacturing. After rinsing in water and drying,
a two-inch plug of fine clean copper turnings was pushed
just past the center of the pipe. Next a tight-fitting 30
mesh austenitic stainless steel screen was placed over the
copper turnings, and three inches of minus ten plus thirty
mesh titanium powder were added. Over the titanium powder
another tightly fitting 80-mesh austenitic stainless steel
screen was placed followed by another two-inch pluz of fine
clean copper turnings. Figure 6 shows a cross section of
the drying train.

The assembled drying train was placed in a Burrell-
High Temperature Furnace, Type CTAl=9, and standard pipe=
reducers were screwed onto both ends, using teflon tape as
a sealant., Brass half unions were used to connect the in-

coming and outgoing copper tubes. A platinum platinum-
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rodium thermocouple was positioned near the drying train
tube through the top of the furnace. The output of the
thermocouple was connected to a Leeds and Northrup Micromax
Recorder which controlled a set of mercury relays used to
turn the furnace on and off., A variable transformer was
placed in the incoming power line and adjusted to keep the
over drift of the heating cycle to a minimum, The
temperature of the drying train was kept at 1000° F.

Figure 7 shows the assembled drying set- up.

3.3 Heoat-T-cating Eacinrent

A furnace to homogenize samples at 1350° F was built
from a Hoskins type FD204C furnace. The furnace has a
silicon carbide muffle around which nichrome heating
elements are wound., To rebuild the furnace, the door and
back wall were replaced with insulating bricks. The bricks
were cemented in place to prevent gross air currents and
to provide good mechanical strength. A 1.25 inch diarcie:r
ole was cut thwoush the frront and back bricks and a
1.25 inch diamcter by thirtye-inchelons fusced silica
tube was positioned in the middle of the furnace. The tube was
located at equal distances from the sides, top, and bottom
of the muffle. A chromel-alumel thermocouple was placed
on the outside of the tube opposite where the samples were
heated. The output from the thermocouple was connected to

a Foxboro Model 5041-40 controller which controlled a relay.
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A large variable resistor was placed in the incoming power
supply to prevent over=-running during the heatup cycle.

23 inch diacter eodpor cubine eoolinz coils ware wound
around both ends of the silica tube to protect the rubber
stoppers used to seal the incoming and outzeinz tubces

used to carry the protective atmosphere. A cross section
of the furnace is shown in Figure 8, The completed furnace

is shown in Figure 9.

3.4 Hecat=Trratine Frozecdure

The drying train and furnace were purged for thirty
minutes with argon before turning on the drying train to
1000° F and the furnace to 1350° F. An hour and one half
was allowed for them to come to temperature and stabilize.
The sample to “e heat-trcated was washed in 1,1,1 trichlor-
ethane and rinsed in ethyl alcohol before a fourteen inch
eighteen gauge annealed wire was attached to serve as a
handle, The sample was then placed inside the front rubber
stopper with the wire running out the stopper through the
atmosphere bleed off tube., After purging the system for
thirty more minutes, the sample was pushed into the high
heat zone with the aid of the attached wire. During the
transfer from the cold zone to the hot zone, the furnace
atmosphere was not disturbed and the position of the
sample was determined by index marks on the wire. After
one and one half hours in the high heat zone, the front

stopper was removed and the sample was quickly withdrawn

36
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and quenched. A 10 percent solution by weight of sodium
hydroxide in water was used as the quench, Before each
run, the quenching bath was placed in the freezer of a
standard home refrigerator and cooled to 14° F. Hereafter,
ttis heat=treatment will simply be ref2rred to as solution=-
treating.

The controller on the furnace and the recorder on the
drying train were balanced beforc cach run., Abouf once a
week, a twenty=-eight gauge thermocouple was fastened to a
sample and the sample was run through its hcat-treatment,
During the run, the temperature was checked using a Leeds
and Northrup #3692 Temperature Potentiometer. Since there
was a temperature drop from the outside to the inside of
the silica tube, it was necessary to set the furnace
slightly higher than 1350° F to insure that the sample
reached 1350o F. The temperature of the drying train was
periodically checked using the same Leeds and Northrup
potentiometer and chromel-alumel thermocouple. In Figure

10, an overall view of the heatreat €facility is s cwn.

3.5 Aging Experiments

Samples three eighths-inch thick by three-fourths=-inch
wide by three inches long were milled from the as-received
ingot iron. The tool marks from the top and bottom surface
were removed by polishing on 1, 2/0, 3/0, and 4/0 emery
paper. Special care was taken to insure that both surfaces

were flat,



FIGURE 10
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Samples were then solution treated as described in
section 3.4 and then aged by heating to various temperatures
from 32° F up to 300° F for up to four days.

The extent of aging was determined by checking the
hardness at various time intervals up to four days. One
Wilson Rockwell Hardness Tester (MT=-755) was used for
measuring the hardness. The Rockwell "K" scale (one eighth
inch diameter ball with a one hundred and fifty kilogram
major load) was found to give the best results. At each
time interval, the sample was removed from the oven, and
nine readings were taken on the upper surface and then
averaged, Care was taken to insure that the readings were
taken over the entire surface rather than in one localized
area, Hardness readings were taken only on one side to
insure the best accuracy.

Temperatures above room temperature,needed for aging
the solution treated samples, were generated in a Thelco
#31479 oven., The oven is heated by nichrome heating
elements located on the bottom of the hearth and is
equipped with a fan to circulate the air inside to insure
uniform temperature. A bimetal strip turns the oven on
and off maintaining the desired temperature., A mercury
thermometer was used to check the temperature during all
runs., Temperatures below room temperature were obtained
from a standard household refrigerator. No special

atmosphere was used during aging.
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3.6 Impact Tests

To insure reproducibility and to decrease the danger
of distortion during heatreatment, a special impact sample
was designed. Essentially, the sample was an Izod sample
with a key=hole notch. This notch can be accurately
reproduced more casily than a vee-notch and also makes
heatreatment of the samples easier because it does not
concentrate stress as much as other notches. The drawing
used to produce the samples is shown in Figure 11,

| The impact samples were produced by milling rough
blanks from the three fourths inch diameter Armco ingot
iron bars. The rough blanks were ground to size on a
surface grinder. The ends of the samples were finished
on a belt sander using a special jig which insured that
the ends were perpendicular to the sides. To produce the
root of the notch, a precision vise was positioned on a
drill-press table so that when the sample was flush with
one side of the vise, the #47 drill would form the root of
the notch in the right place. The vise was then securely
fastened to the table and all samples were drilled using
this set-up. The slot from the outer surface to the hole
was formed by milling with a one thirty-second inch milling
saw., In Figure 12, a completed sample is shown.

The samples were tested on a Tinius Olson Impact
tester, The sample was positioned in the vise using a jig
to insure that the notch was located in the same position

each time. 1In Figure 13, an overall view of the testing
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facility is shown, A close-up of a sample ready for testing
is shown in Figure 14,

Four different sets of samples were tested. They
were as-received, annealed, solution treated, and solution
treated and then aged for six hours at 158° F. The
annealing was accomplished by heating the bar stock up to
1350° F, holding for one and one half hours and then
shutting off the furnace. About three hours were required
for the samples to cool to 500° F, No special atmosphere
was used during annealing since almost two tenths of an
inch had to be machined away while making the samples.,

The solution treated and the solution treated-aged samples
were solution treated in the finished condition as outlined
in section 3.4, From each set of samples, three impact
bars were tested at 14, 70, 158, and 300° F. These
temperatures were obtained using the oven and refrigerator
discussed in section 3.5. At all temperatures, the jaws
of the impact tester were held at the test temperature for
one hour béfore the sample was brought to the test
temperature in the same oven or refrigerator and held
fifteen minutes. The jaws and samples were transferred
from the oven or refrigerator as a unit. Using this
procedure, temperature loses in the sample were kept to a

minimum,

3.7 Static Compression Tests
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Compression tests were performed on cylindrical
specimen 0,505 inches diameter by 1,000 inches long. An
Instron model TTCMIM1-6 testing machine was used to apply
the load. 7Tle displacencent rate was 0.05 centimetors per
minute, Since this instrument gives a constant displacement
rate regardless of the load, it was possible to record the
strain by running the recorder chart at a constant speed.
The time axis on the chart may thus be converted to strain.

Sheet teflon disks 0,003 inches thick by three fourths
inch diameter were placed on both ends of the specimen to
lubricate the ends and eliminate any barreling effects.
With the teflon sheets on the ends, samples were deformed
plastically 25 percent and showed no barreling.

Samples in the annealed, solution-treated, and
solution-treated-aged six hours at 158° F condition were
tested at 14, 70, 158, and 300° F. The annealing, solution
treating, and solution treating-aging were carried out in
the same manner as described for the impact samples in
section 3.6,

To ensure that the temperature did not change
appreciably during the test, two large steel heat sinks
were made. The sinks were three and one half inches in
diameter and two inches thick. Before each test the sinks
were brought to the test temperature and held one hour
before running the test. The specimen to be tested was

brought to the test temperature and held fifteen minutes



before being transferred with the heat sinks to the Instron
for testing. Each test required about one to one and one
half minutes to complete. In Figure 15, an overall view
of the test facility is shown. A close-up of the heat

sinks with a specimen in place is shown in Figure 16,

3.8 Pressure-Bar System for Delay Time Measurements

A split pressure bar was used to produce flat top
loading pulses approximately two milliseconds long. The
magnitude of the stress generated is determined by the
velocity at which the striker bar strikes the pressure

bar. The relationship is given by:
v2

vhere €9 is the strain in the pressure
bar.
Vp is the velocity of the pressure
bar after being struck.
(equals % Vv, if the striker bar and
pressure bar are the same diameter and
length,
C2 is the speed of propagation in the
pressure bar,
The speed of propagation is in turn given by the expression:
c=(e/p)*
where E is the modulus of elasticit:y, P is
the density of the medium in which the pulse

is traveling.



FIGURE 15
OVERALL VIEW OF STATIC STRESS-STRAIN TESTING
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The cduration of the pulse is determined by the time
required for the pulse to go down the bar, reflect off the
end, and travel back., Thus, the longer the bar, the
longer the stress will be held.

In this experiment, the striker bar was one bar six-
tecn feet niue inches lonz and the pressure har was made up
of two separate bars; one sixteen inches (spreader bar)
and one fiftcen-feet~five inches lonz., In use the samrle was
placed between the spreader bar and the fifteen foot-fiwvr-
inch bar and struck with the striker bar, It was necessary
to place the spreader bar in front of the sample to
eliminate end effects. The bars are shown in Figure 17.

All the bars were made from prehardened (27-30 Rc)

SAE 4140 steel. The steel was purchased in five-eiphtiis inch
diarcter by twenty foot-loag bars and then centerless zroiad
to nine sixteenths inch diameter to ensure straightness and
a good surface, After cutting to the desired lengths, one
end of the striker and spreader bar and both ends of the
fifteen=foot=-nine inch bar were carefully turned on a

lathe to produce a good flat surface perpendicular to the
sides of the bar. The other end of the striker bar was
shaped into a hemisphere and the other end of the spreader
bar was slightly counter-bored to help keep the bars
together during impact.

To contain the bars and hold them in line during
impact, a large bed was made. The base of the bed consisted

of two eight-inch heavy-web-l-beams forty-seven feet long



53

dved TUNSSIYUd ANV UINTULS

LT SANOTA

m<mmmo<mxam «&mmx.mhm
I IdNYS /

b S| > Tv.! « b9

"o



each. The beams were welded together with six-inch pieces
of the same eight inch heavy-web I-beam at about every
twenty=-four inches. L~brackets made of two=-inch angle=-iron
were bolted to the eight=inch-Il-beams every twenty=-four
inches. Two=-inch light-weight angle-iron was bolted to

the L-brackets and specially designed pillow blocks

were bolted to the anglé-iron every twenty-four inches

to carry the striker and pressure bars in rubber "O" rings
inserted in grooves machined in the pillow blocks to prevent
radial constraint and lubricated with molybdenum disulfide.
Special care was taken to align the whole system so that

the bars were in 200d alignment. The whole bed was securely
fastened to the floor. The massiveness of the system was
necessary to keep the system aligned during testing and to
dissipate the energy generated. In Figure 18, the bed is
shown with the bais in place. The pillow blocks used to
carry the bars are shown in Figure 19.

To generate stresses high enough to cause the samples
to yield requiréd that the striker bar strike the pressure
bar at velocities sometimes above fifty feet per second.

To dissipate the energy generated, two-inch lead cubes
were bolted to a large cast iron L-bracket fastened to the
rear of the bed. The bars were caught in the lead blocks
and their energy dissipated in the deforming of the lead.
The lead blocks had to be replaced after each run.

Another problem arising from the large forces generated
was the tendency for the striker bar to slip off the end

of the spreader bar thus bending both bars. This problem
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was solved by designing an aluminum funnel which constrained
the lateral movement of the bars after striking. The

small end of the funnel was a slip fit on the spreader bar
and was two-inches long. The large opening was seven-eighths
inch diameter and it gradually tapered to the small diameter
in one-and one~half inches. In Figure 20, a cross section

of the funnel is shown.,

3.2 Loading Device For Delay Iime Measurements

A Hyge Shock Tester, type HY=3422, was used to
accelerate the striker bar. The tester was used as received
from the Consolidated Electrodynamics Corporation except
that it was mounted horizontally on the bed holding the bar
assembly rather than in a vertical position on a three-foot
cube of concrete as suggested by the maker. In Figure 21,
the mounted tester is shown. A schematic sketch of the
tester is shown in Figure 22.

The acceleration of the piston is achieved by applying
a set pressure to chamber B with dry compressed nitrogen.
This pressure acts over the full area of the piston and
seals it against a ring seal at C., A pressure is then
applied to chamber A, which is restricted to only about one-
fourth the area of the piston by the seal at C. When the
pressure in chamber A is approximately four times greater than
that in B, the piston moves away from the seal at C and the
pressure in chamber A is suddenly applied over the entire

piston, causing a forward acceleration. The acceleration
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pin determines the wave form of the acceleration pulse by
regulating how fast the gas pressure acts on the piston.
The deceleration is accomplished by hydraulic fluid which
occupies about one half the volume of chamber B. The fluid
at the end of the stroke is forced through the orifice D,
which is gradually being closed by the deceleration pin.

A series of valves mounted on a control panel is used to
control the gas pressures.

An aluminum sleeve was designed for the connection
between the piston and the striker bar., A brass plug was
screwed into the sleeve and the sleeve screwed to the piston.
Two rubber "O" rings were used to align the striker bar in
the sleeve. Molybdenum disulfide was used as a lubricant
on the "0O" rings.

The stroke of the piston was sixteen and one half
inches. The striker bar was separated from the spreader
bar by eighteen inches before firing. As a result, when
the striker bar struck the spreader bar; the striker bar

was free from the sleeve and essentially in free flight.

3.10 Instrumentation for Delay Time Measurements

Two type MA=-06=125AD-120 foil strain gages cemented seven
inches from the sample end of the sprecader bar were used to
measure the magnitude of the pulse. BAP=-1 cement purchased
from William T. Bean was used as the adhesive, After the
gazes were in place Gage Kote #4 was applied to the zaze

area to provide abrasion resistance to the installation.
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Gage Kote #1 was then applied over the same areas to
provide moisture resistance.

The gages were connected in opposite arms of a Wheat-
stone bridge. Since the gages were on opposite sides of
the bar, any bending stresses introduced were cancelled.

The temperature error is doubled using this hook=-up, but

since the tests were dynamic and the gages self temperature
compensated, no appreciable error was introduced; the zero
point was determined before each run and at the location of
these gages no actual temperature change could be detected.

A new twelve=-volt heavy duty wet=cell provided the
driving power for the bridge. The battery was charged each
evening to keep it at full power. To provide a calibration
independent of the driving voltage, two precision calibration
resistors were hooked in parallel with the two strain gages
through two switches. A schematic diagram of the bridge
is shown in Figure 23,

The output from the bridge was fed into a Tektronix
Type D Plug=In Unit, set for a DC signal with vertical
sensitivity of five millivolts per centimeter. This output
was fed into the upper beam of a Tektronix Type 555 Dual Beam
Oscilloscope, which swept only once for each pulse, triggered
internally.

To calibrate the system, two strain gages of the same
type and from the same lot were cemented to a three-=inch sec-

tion cut from the diffuser bar. The sample was placed in
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the Instron machine, and the switches to the precision
resistor were closed., The vertical displacement of the
trace was carefully noted., The switches were opened and
stress was applied until the trace came to the same
position, 27,960 pounds per square inch was required. To
further check the system, a stress of 20 thousand pounds
per square was applied and the vertical position of the
trace carefully noted. After removing the load, the

scope was allowed to sweep once with the resistors in the
circuit and the vertical position of the trace was noted,
Using the vertical displacement caused by the load and the
resistors, the stress was calculated to be 20,120 psi. The
same procedure was carried out at 30, 40, and 50 thousand
pounds per square inch.

The length of time the specimen supported the load
(delay time) was measured with a separate circuit. A type
MA-06-125AD-=120 self-temperature-compensated foil strain
gage was cemented with Eastman 910 adhesive to each
specimen, The gage was connected in a Wheatstone bridge
using a quick disconnect plug. A twelve volt heavy duty
wet cell was used to power the bridge. The output from this
bridge was put through a Tektronix Type D Plug in Unit and
then into the lower beam of a Tektronix Type 555 Dual Beam
Oscilloscope. Since this circuit was used to measure the
delay time only, no calibration of the vertical displacement
was necessary. Triggering was accomplished internally.

The sweep speed for both the upper and lower beam was two



tenths milli-seconds per centimeter. An overall view of

the instrumentation is shown in Figure 24.

3.11 samples and Procedure for Delay Time Measurements

Cylindrical specimens 0.505 inches diameter by one
inch long were turned from the three quarter inch ingot
iron 1sinz a collet la<tha,

3ix to einht sampl 5 cach of t-z three conditions
(anncaled, solution-treated, and solution-treated agzed
for six hours at 158%F) were tested. The annealed specimens
were turned from ingot iron that was annealed as described
in section 3.6. The solution-treated and solution-treated-
aged specimens were first turned from the cold drawn ingot
iron then solution treated, or wolution-trcated and a:~d, as
described in section 3.4.

Afteor heat-treatinz tlr - samples, a type »A=(7=12%-..-120
foil gage was cemented in place with Eastman 910 adhesive
after properly cleaning the sample. Lead wires with a
quick discornnect plug were installed and a coat of Gage
Kote #1 applied. After measuring the specimen with
micrometers, the specimen ends were coated with molybdenum
disulfide and inserted into a special holder before being
placed in the oven or refrigerator previously described, to
be brought to the test temperature. In Figure 25 a cross-
section of the sample holder is shown. The sample ready
for testing is shown in Figure 26. Fifteen minutes were

allowed for the heating to ensure uniform temperature.



FIGURE 24

OVERALL VIEW OF INSTRUMENTATION
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While the sample was being brought to the test temperature,
the Hyge was preloaded, the oscilloscope was brought to
zero, the zero point photographed, the single-sweep set,
and approximately three fourths of the firing pressure was
introduced in the rear cyclinder of the Hyge. When fifteen
minutes had elapsed, the sample was quickly transferred to
the pressure bar and the rest of the firing pressure
introduced. After firing, the calibration trace and the
grid were photographed using a Tektronix Series 125 camers,
with Type 47 Tolaroid £film. The size of the sample

after testing was measured and recorded.

3.1 Optical and Electron Microscope Investigation

All samples were mounted in bakelite. After wet
grinding on a coarse and medium wet-grinding wheel, the
samples were ground on a 180 and 140 grit wet belt sander.
Hand sanding was accomplished on 240, 320, 400, and 6090
grit silicon carbide paper flushed continuously with water.
The sample was then polished on a wax lap charged with
levigated aluminia mixed with tincture of green soap before
polishing on a lap charged with 1.0 and 0.3 micron aluminia.
AB Metpolish #3 was used for the final polishing. Etching
was done with 4 percent nitric acid in amyl alcohol for
approximately ten seconds. All optical examination was
performed on a Bausch and Lomb Research Metallograph. A
Hitachi HU-11A electron microscope was used for higher

magnification examinations.
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CHAPTER 1V
EXPERIMENTAL RESULTS

4.1 Aging Experiments

All samples showed an increase in hardness with time,
The first two hours accounted for the greatest hardness
change. At times in excess of eight hours, softening was
noted in most cases.

Samples aged at 158° F gave very consistent aging
curves. The increase in hardness was easily followed
and no appreciable over-aging occurred. Samples aged
below 158° F did not give as smooth aging curves and
tended to be sporadic. The hardness changes in samples
aged above 158° F occurred so fast, that the changes
were difficult to follow., The samples also showed
appreciable over-aging. In Table 2, the six hardnesses
taken at each time interval are shown for a typical sample,
A plot of the average hardness versus aging time is shown
in Figure 27 for a typical sample aged at 158° F.

Because the aging reaction was most dependable at
158° F, all aged samples used for impact testing, compression
testing, and delay time specimens were aged at 158° F for
six hours after solution treating. An aging time of six
hours was used because the maximum effect was observed at
six hours. Also, in this region, the curve was flat and

small errors in time made little difference.
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TABLE 2
HARDKESS (Ry) DATA FOR A
TYPICAL SPECIMEN AGED AT 153° F

(gr:?) HARDNESS READINGS, Rk ﬂggﬁggs
0,0 80.0, 78.8., 77.8, ¢20.7, 81.2, 80.0 79.75
1.0 79.9, 80,2, 79.0, 82.0, 83.5, 81,0 39,93
2,0 83,8, 34.0, 82.5, 85 , 87.1, B84.4 84,46
3.0 85,1, 84.3, 83,0, 86.4, 88.0, 26.1 85.57
4,0 35.9, 85,8, 87.6, ¢&3.1, B84.6, 87.0 86.50
4,5 35,9, 85.1, 85,1, 87.2, 83.2, 86.2 86,23
6,0 87,1, 86.1, 85.2, 28.2, 88.7, 87.3 87.10
7.0 85,3, 86.1, 85,1, 89.0, 89.0, 83.6 87.27
8.0 85,7, 86.1, 87,1, 88.1, 89.1, 86.1 87.03
9.0 87.2, 87.8, °5.1, 85.9, 82.8, 84.9 86.62
9.5 83.9, 85.8, 86.7, &5.1, 90.0, 89.7 86.37
11.0 32.5, 86.0, 87.1, 87.2, 91.0, 90,3 87.35
12.0 32.1, 86.3, 85,7, 95.0, 90.4, 90.5 86.67
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4.2 Impact Tests

The impact strength of the as received, annealed,
solution treated, and solution treated, and solution treated-—
aged samples varied zr-:tly. The as-received samples showed
a transition at about 153° F. The impact strength versus
temperature is shown in Figure 23. The impact strength
values plotted are averages of three samples tested at
each temperature. The precision of the test was good except
at 153° F. This was probably due to the fact that the
testing was carried out near the transition temperature
where the impact strength changes very rapidly with a small
change in temperature., The impact data are given in Table 3.

The annealed samvules showed a transition also at
about 153° F. A plot of the average impact strength versus
temperature is shown in Figure 29. The impact data are
shown in Table 4. The precision of the tests was good
except at the transition temperature.

The solution treated samples did not show a transition
in the temperature range of the tested. A slight decrease
in the impact strength was observed at higher temperatures.
The decrease was most likely due to aging. The higher
testing temperatures caused the greatest drop. In Figure 30,
the average impact strength versus the test temperature is

shown. The data for these samples are shown in Tatle 5.
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IMNPACT DATA FOR AS=-RECEIVED SANPLES

TABLE 3

Test Temperature Sample Impact
(°F) Number Strength
14 169 2.0
14 170 1.0
14 171 1.0
Average Impact Strength 1,3
72 166 3.0
72 157 2.0
72 16 3.0
Averase Impact Strengzth 2.67
153 163 4.0
152 164 5.0
152 165 22.0
Averagce Imnact Strenzth 12.3
300 160 26.0
300 1¢1 25.0
300 17 27.9
Average Impact Strennth 26.0
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TABLE &4

IMPACT DATA FOR ATNEZALLED SAMPLES

Test Temperature Sample Impact
(°F) Number Strength
14 245 2.0
14 246 2.0
14 247 2.0
Average Impact Strength 2.0

70 242 4.0

70 243 3.0

70 244 5.0
Average Impact Strength 4.0
153 239 20.5

152 240 16,0

158 241 17.0
Average Impact Strength | | 17.8
300 236 30.5

300 237 30.0

300 233 30.5

Average Impact Strensgth 30.3
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TABLE 5
IMPACT DATA FOR SOLUTION TREATZD SAMFLES

Test Temperature Sample Impact
(°F) Number Strensgth

14 193 44,0

14 194 42,0

14 201 44,0

Average Impact Strength 43,3

70 202 40,0

70 203 42,0

70 204 40,0

Averaze Impact Strenzgth 40,7

153 210 40,0,

153 211 42,0

158 214 42.0

Average Impact Strength 41,3

300 198 36.0

300 199 36.0

300 200 36.0

Average Impact Strength 36,0




The solution-treated samples aged six hours at 158° F
did not show a transition in the temperatures used in the
test. The impact strength remained essentially constant
for these samples at all test temperatures. At 300° F,
the impact strength of the solution-treated and the solution-
treated and aged samples was nearly the same. At all |
temperatures except 300° F, the impact strength of the
solution-treated and aged samples was less than that of the
solution-treated samples. The average impact strength
versus test temperature for the solution-treated and aged
samples is shown in Figure 31. The impact data are shown

in Table 6 .

4.3 Static Compression Tests

The stress-strain curves for tests at 14, 70, 158, and
300° F are shown in Figures 32, 33, 34, and 35 for the
annealed samples, in Figures 36, 37, 38, and 39 for solution-
treated samples, and in Figure 40, 41, 42, and 43 for the
samples solution-treated and aged six hours at 158° F.

Each curve was averaged from at least three specimens.

The annealed samples showed a yield point below the
transition temperature. Above the transition temperature,
the yield point disappeared. Neither the solution-treated
nor the solution-treated and aged samples showed a yield

point. The proportional limit was highest for the solution-
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TABLE 6

IMPACT DATA FOR SOLUTION TREATED-AGED SAMPLES

Test Temperature Sample Impact
(°F§ Mumber Strength (Ft.i#)
14 190 36.0
14 191 37.0
14 192 36,0
Average Impact Strength 36.3
70 205 36.0
70 215 34,0
70 216 35.0
Averace Impact Strength 35.0
158 207 37.0
153 217 37.0
158 213 36.0
Average Impact Strength 36.7
300 195 34,0
300 196 35.0
300 197 3¢.0
Average Impact Strength 35.0

~



(PS.L) A 10

STRESS

8 engineering stress and
strain used throughout
WV | | | |1
4 8 2 14 20 2¢

STRAIN (IN/IN) %1674

FIGURZ 32
STRESS STRAIN CURVE FOR
ANNEALED SAMPLES TESTED AT 14° F

33



sTrRess (PSL) x o 3

é | | ] 1 | |
6 10 4 8 2 26
STRAIN (IN/IN) x /01

FIGURE 33
STRESS STRAIN CURVZ FOR

NNEALED SAMPLES TESTED AT 70° F

84



3

STRESS (RS.T.) X /0

6 | I | | I

6 10 4 18 g X1
STRAIN (IN/IN) % )0

FIGURE 34
STRESS STRAIN CURVE FOR
ANNEALED SAMPLES TESTED AT 153° F

85



STRESS (PS.T.) X /0

40—

38—

36—

] | | I I

6 10 14 8 22
STRAIN (IN/IN) »\M"
FIGURE 35
STRESS STRAIN CURVE FOR
ANNEALED SAMPLES TESTED AT 300° F

86



sTRess (P.S.T.) x /o 3

40—

36—

N X & & &6 8N R R B o8 gl
I

S

I | 1

8 2 16 20
STRAIN (IN/IN) x15°

FIGURE 36
STRESS STRAIN CURVE FOR SOLUTION

TREATED SAMPLES TESTED AT 14° F

24

37



3
sTRess (P.S.L) » 10

9q 8 12 le 20 o4
STRAIN (IN/IN) x 159

FIGURE 37

STRESS STRAIN CURVE FOR SOLUTION

TREATED SAMPLES TESTED AT 70° F



STRESs (P.s.L.)x /0 3

o (L | | | I

4 8 2 16 20
STRAIN (IN/IN) x 161
FIGURE 28
STRESS STRAIN CURVE FOR SOLUTION
TREATED SAMPLES TESTED AT 158° F

24

39



STRESS (PS.I) x/0 3

| 1 1 |

8 12 14 20
STRAIN (IN/IN) x 104

FIGURE 39
STRESS STRAIN CURVE FOR SOLUTION
TREATED SAMPLES TESTED AT 300° F

X

90



STRESS (P.S.I.) x/0 3

I | l | I I

9 8 P TA 20 24
STRAIN (IN/IN) x 107
FIGURE 40
STRESS STRAIN CURVE FOR SOLUTION

o
TREATED AGZID SAMPLES TZSTED AT 14 F

91



STRESS (P.S.I) % /0 3

| I 1 I

|
4 8 12 16 20
STRAIN (IN/IN) x 167
FIGURE 41
STRESS STRAIN CURVE FOR SOLUTION
TREATED AGED SAMPLES TESTED AT 70° F

e

92



STRESS (PS.I.) x 10 3

| l I | |

4 8 12 A EL
STRAIN (IN/IN) % {0

STRE3S STRALN CURVE FOR SOLUTION
TREATED AGED SAMPLES TESTED AT 15%3° F

24

93



3
sTRess (P.SIL) alo

] | | | | |

o' 4 8 12 1é -4 20 r-X
STRAIN (IN/IN) x |0

FIGURZ 43
STRE3S STRAIN CURVE FOR SOLUTION

TREATED AGED SAMPLES TESTED AT 300° F



95

treated and aged samples and lowest for the annealed samples.
In Table 7, the proportional limit and the yield point drops
are listed for the annealed samples. In Table 8, the
proportional limit and yield point drop are listed for the
solution treated samples. In Table 9, the proportional
limit and yield point drops are listed for the solution-—
treated-aged samples. In Figure 44, the proportional limit
versus test temperature for all three types of specimens is
plotted. The sharp drops observed in the stress-strain curves
for the annealed samples at 300° F, Figure 35, and for the
solution-treated-aged samples at.300° F, Figure 43, are not
fully understood. They may be associated with Luder band
formation. More work is planned on this subject at a later

date.

4.4 Delay Iime Measurements

The sample number, history, static elastic limit, applied
dynamic stress, the difference between the applied dynamic
stress and the static elastic limit, and the delay time are
given in Table 10. An attempt was made during these tests to
keep the dynamic stress applied with the Hyge at approximately
8,000 psi. above the static elastic limit., In these experiments
delay time appears on the lower oscilloscope trace as a
horizontal plateau (except for high-frequency components) after
the intiial elastic rise and before the steadily-increasing
plastic strain.

The annealed samples tested below and at 158o F showed



TABLE 7

FOR ANNZALED SAMPLES
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PROPORTIONAL LIMIT AND YIELD DROP

Test Temperature Sample Proportional Yield Point
(°F) Number  Limit (PSI) Drop (PSI)
14 1006 24,214 1100
14 1007 24,765 1375
14 1008 24,214 550
Averagze 24,397 1,008
70 1003 22,013 637
70 1004 22,013 825
70 1005 22,563 550
Average 22,196 687
153 1012 16,510 small arrest
158 1013 18,710 small arrest
153 1014 13,711 small arrest
Average 17,977 small arrest
300 1009 19,261 very small arrest
300 1010 18,711 no arrest
300 1011 13,160 no arrest
Average 18,710




TABLE 8
PROPORTIONAL LIMIT AND YITLD DRCP

FOR SOLUTICN TREATED 3SAMPLLS

Test Temperature Sample Proportional Yield Point
(°r) Nunber Limit (PSI) prop (P3I)
14 1027 28,066 none
14 1028 27,516 none
14 1029 24,214 none
Averagze 26,599
70 1030 24,701 none
70 1031 23,070 none
70 1032 26,336 none
Average : 26,386
158 1033 29,117 none
158 1034 25,315 none
158 1035 27,516 none
Average 27,316
300 1036 33,634 none
300 1037 29,713 none
302 1038 33,019 none

Average 32,140




TABLE 9
PROPORTIONAL LIMIT AND VIELD DROP
FOR SOLUTION TREATED=-AGED SAMPLES

Test Temperature Sample Proportional Yield Point
(°F) Number Limit (PSI) Drop (PSI)
14 1015 30,268 none
14 1016 33,020 none
14 1017 31,368 none
Average 31,548
70 1018 33,020 none
70 1019 33,020 none
70 1020 33,020 none
Average 33,020
158 1021 30,877 none
158 1022 32,000 none
158 1023 29,244 none
Average 30,707
300 1024 33,020 none
300 1025 32,459 none
300 1026 33,020 none

Average 32,333
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appreciable delay times. In Figures 45, 46, 47, and 48
representative traces for annealed samples tested at 14,
70, and 158o F are shown. The annealed samples tested at
300o F did not show any delay time as shown in Figure 438.

The solution-treated samples showed no delay time
at any test temperature. In Figures 49, 50, and 51
representative traces for solution treated samples tested
at 14, 70, and 158° F are shown. Because no quick-setting
adhesive was available that would withstand temperatures
of 300° F, no solution-treated or solution-treated and
aged samples were tested at 300° F.

.The solution-treated and aged samples also showed no
delay time at any test temperature. In Figures 52, 53, and
54 representative traces for solution-treated and aged
samples tested at 14, 70, and 158° F are shown., The aging
was carried out by heating the sample to 158° F and then
holding for six hours.
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FIGURE 47
OSCILLOSCOPE TRACE FOR ANNEALED SAMPLES
TESTED AT 158° F

FIGURE 48

OSCILLOSCOPE TRACE FOR ANNEALED SAMPLES

TESTED AT 300° F
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FIGURE 49
OSCILLOSCOPE TRACE FOR SOLUTION TREATED

SAMPLES TESTED AT 14° F

FIGURE 50

OSCILLOSCOPE TRACE FOR SOLUTION TREATED

SAMPLES TESTED AT 70° F



FIGURE 51

OCILLOSCOPE TRACE FOR SOLUTION TREATED

SAMPLES TESTED AT 158° F



FIGURE 52
OSCILLOSCOPE TRACE FOR SOLUTION TREATED-
AGED SAMPLES TESTED AT 14° F

FIGURE 53

OSCILLOSCOPE TRACE FOR SOLUTION TREATED=-

AGED SAMPLES TESTED AT 70° F



FIGURE 54

OSCILLOSGOPE TRACE FOR SOLUTION TREATED-
AGED SAMPLES TESTED AT 158° F



CHAPTER V
DISCUSSION

5.1 oObserved Differences in the Brittle to Ductile
Transition, Yield Point, and Delay Tlme in the
Annealed, Solution Treated, and Solution T Treated-

Q__.Ld 6g§d Sé D lQS .
The annealed samples showed a brittle to ductile

transition at approximately 160° F. All annealed

samples tested in compression below 160° F showea a

sharp yield point., Samples tested above 160° F showed

no yield point., The annealed samples also showed a

delay time when tested below 160° F. Above 160° F,

these samples showed no delay time. The yield point

and delay time disappeared above the brittle to ductile
transition. The solution-treated and the solutisu=-trcated
and aced samples stowed no brittle to ductile traunsition,
yield point, or delay time in the temperature range used

for these experiments.

2.2 Observed Chemical and Structural Differences Between
the Different Types of Samples

A complete chemical analysis was carried out at the
United States Steel Corporation. The chemical composition
of the as-received material is given in Table 11. To
determine the quality of the atmosphere, a second group
of samples was prepared. As-received ingot iron was
rolled to a thickness of twenty thousandths of an inch

and then etched in thirty percent nitric acid solution
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TABLE 11

11v

Chemical Composition of the Ingot Iron Before Lkeat-T-r-a:—-:-t.
All percentages are based on weight,

Carbon .

Manganese . .

Phosphorous .

Sulphur .
Silicon .

[

Nil?rogen..................

Oxygen .

]

0.015 %
0.063 %
0.004 %
0.021 %
0.004 %
0.004 %
0.0962%
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until one thousandth of an inch was removed from each
side. The etching was designed to remove any impurities
introduced during rolling. The samples were then placed
in the solution treating furnace and held at 1480° F for
twenty-four hours before being furnace cooled. The
samples were etched again in the 30 percent nitric acid
to remove any surface irregularities and were then
analyzed., The resulting composition of the samples is
shown in Table 12, As can be seen from these two tables
some carbon was lost and some oxygen was gained in the
twenty-four hours. However, all the samples used for
testing were heated to 1350° F for only one and one half
hours., In this short period of time no gross compositional
changes could occur. Any changes occurring would be
limited to the immediate surface and certainly would be
no greater than those experienced in the twenty thousandths
thick strips. In addition, the samples which failed in
a brittle fashion showed intracrystalline fallure across
the entire sample and not just at the surface. In Figure
55, the fracture of a sample that failed in a brittle
fashion is shown. It appears, therefore, that a change
in the average chemical composition from heatreating
cannot be responsible for the differences observed
between the solution-treated, or solution=treated and aged
samples and the annealed samples.

Careful examination of all three types of samples

under the optical and electron microscopes revealed that



TABLE 12

Chemical Composition of the Ingot Iron After Heating
for Twenty-four Hours at 1480° F. Twenty thousandths
of an inch thick strips were used to insure that
equilbrium was attained. All percentages are based
on weight,
Carbon [ ] L] ] L] L[] L] [ ] L] L[] L L] L L] [ ] L[] [ ] ] L 00007 %
Mansanese e o © o o o o o o o o o o © o o 00058 %
Pm spmrous [ ] L [ ] [ ] [ ] L] [ ] [ ) [ ] [} L] L L] L] L ] 0 .004 %
Sulphur [ ] L] L] * [ ) [ ] [ ] [ ) [ ] [ ] L L ] [ ] L] [ ] L] L] 00019 %
siliCOn [ ] L ] L] [ ] [ ) * L] [ ] [ ] * [ ] L] [ ] o [ ] L] L] 0.005 %
Nitrosen ° [ ] L[] [ ] L] L[] L] [ ] [ ] L] L] L[] L] L[] L] [ ] 00006 %

oxysen (] [ ] [ ] [ ) L] . [ ] L] [ ] [ ] (] [ ] L] L] o [ L] 0. 10 26%



FIGURE 55
Fracture Surface of a Sample That Failed in a
Brittle Fashion, Notice that the failure is

intracrystalline across the entire sample.
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there were definite differences between the samples. The
annealed samples showed wide grain boundaries with definite
precipitates present, In figure 56, a typical microstructure
is shown. Notice the precipitates present., In figures 57
and 58 enlargements of the precipitates are shown. The
as-quenched samples showed very little grain boundary
precipitates and narrow well defined grain boundaries. 1In
figure 59, a typical microstructure is shown. The solution
treated-aged samples like the as-quenched samples did not
show much grain boundary precipitate. 1In figure 60, a
typical microstructure is shown. Notice the lack of
precipitates.

Examination of replicas of the samples under the
electron microscope confirmed the observations made with
the optical microscope. In general, however, the detail
was better under the optical microscope. The magnification
of the electron microscope appeared to be too high.
Transmission examination of thin films and replicas made
with improved techniques might, however, yleld some
interesting results.,

The grain size of all the annealed, solution treated,
and solution treated-aged samples was the same. See
figures 56, 59, and 60, Since all three types of samples
were made from the same starting material and heated to
the same homogenizing temperature, 1350° F, and held for
the same length of time, the grain size should be the

same.



Etch: 4% Nitric Acid in Amyl Alcohol

500 x Mount #65-132

FIGURE 56
Microstructure of the Annealed Ingot Iron.
Notice the grain boundary precipitates

present.
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Etch: 4% Nitric Acid in Amyl Alcohol
1000 x Mount j#65-132

FIGURE 57
Enlargement of a Typical Precipitate Found
in the‘Annealed Ingot 1Iron., These precipitates
were not found in the as-quenched or solution

treated aged samples,



Etch: 4% Nitric Acid in Amyl Alcohol

1000 x Mount #65=132

FIGURE 58
Enlargement of a Typical Precipitate Found

in the Annealed Ingot Ilron.
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Etch: 4% Nitric Acid in Amyl Alcohol

500 x Mount #65-135

FIGURE 59
Typical Microstructure of the As-quenched
Samples. Notice the absence of grain

boundary precipitates.



Etch: 4% Nitric Acid in Amyl Alcohol

500 x Mount #65-134

FIGURE 60
Typical Microstructure of the Solution -~
Treated Aged Samples., Notice the absence

of grain boundary precipitates.
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2.3 Origin of the Precipitates Observed in the Annealed
Samples.

Seybolt47 has determined the solubility of oxygen in

iron., 1In Figure 61, a partial phase diagram from his work
is reproduced.* The material used for this investigation
contained about 0.10 percent oxygen. As can be seen from
looking at Figure 61, this alloy would be expected to
precipitate some iron oxide particles.

Sevbolt&’8 has also studied the precipitation of oxvgen
from alpha ferrite. Oxygen dissolves in a general manner
and precipitates nearly in a general manner. Metallographic
examination reveals no gross movements to the grain
boundaries but, as expected, the boundaries are favorable
sites for nucleation., The presence of actual iron oxide
films in the grain boundaries has never been proved by
experiment.,

Iron oxide precipitates would be expected to form
in the case of the annealed samples. This, no doubt,
contributed to the precipitates observed in the grain
boundaries. The as-quenched and the solution treatedand aged
samples would not be expected to have iron oxide
precipitates present in the grain boundaries because

quenching serves to keep them in solution.47 The 158° F

* FeO is not the recognized equilibrium phase
at room temperature., Wiustite is the equilibrium phase.
In this paper, the oxide will be referred to as FeO,
iron oxide, just as Seybolt does in his numerous works
including references 47 and 48,
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aging treatment does not provide enough activation energy
to precipitate any appreciable amounts of iron oxide.

Both carbon and nitrogen also become less soluble
in alpha iron as the temperature is lowered., At 1320° F,
about 0,018 percent carbon is soluble. At 72° F, only
about 1 x 10"'7 weight percent of carbon is soluble.ag’ >0
The solubility of nitrogen at room temperature is approx-
imately 1074 weight percent.51 As can be seen from Table
1, precipitates containing carbon and nitrogen should be
present in the annealed sample.52 In the annealed samples
the precipitates of carbon and nitrogen should be
associated mainly with the grain boundaries.53’ >4

The as-quenched samples should not have many pre-
cipitates present,55 since quenching effectively prevents
the precipitation. The solution treated-aged samples
will have some small precipitates present, Tsou, Nutting,
and Menter52 have shown that aging temperatures below
400° F gn solution treated ingot iron cause precipitates
that are uniformly distributed throughout the grain and
not concentrated in the grain boundary. Since the
solution=treated and aged samples were aged at 153° Ty the
precipitates should be uniformly distributed in the
grain and not primarily associated with the grain
boundaries.

The annealed samples did show precipitates at the

grain boundaries; see Figures 56, 57, and 58. The solution

treated samples did not show any marked precipitation
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in the grain boundaries as expected; see 'igure 59. The
solution treated-aged samples also showed grain boundaries
free from precipitates; see ~igure 60. However, the
solution-treated samples piobaly have very Zine precinitates
uniformly distributed throughout grains52 since their

yield and tensile strengths were markedly higher than the

solution treated samples. See Tables 7, 8, and 9.

2.4 Relationship Between the Brittle to Ductile Transition,
Yield Polnt, and Delay Time

As pointed out in section 5.1, the annealed samples

showed a brittle to ductile transition at approximately
160° F, All annealed samples tested in compression below
160° F showed a yield point. Samples tested above 160° F
showed no yield point., The annealed samples also showec

a delay time when tested below 160° F, Above 160° F, these
samples showed no delay time. The yleld point and delay
time disappeared above the brittle to ductile transition.
The solution treated and solution treated-aged samples
showed no brittle to ductile transition, yield point, or
delay time in the temperature range used for these tests.
The fact that all these phenomena appear and disappear at
the same temperature in the annealed samples and do not
appear in either the solution treated or solution treated and
aged samples shows that they are all controlled by a very
similar or the same mechanism,

It is well established that the yleld point depends
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uoon some type of nrocinitatinn, Cottrell visualized an
atmosphere of carbon and or nitroren precipitated around

32, 34

dislocations as the responsible agent., Adair, Hook,

36 have shown that the extent of segregation

and McGaughey
of the interstitials to the grain boundaries determines
whether a yield point occurs or not. They conclude that
there must be considerable grain boundary segregation
' leading to actual precipitates in order to cause a yield
point. Delay time studies, especially by Clark and WOod,43
have shown that the greater the amount of precipitated
carbon, the longer the delay time for a given stress above
the static yield strength. Thus, to observe a yield point
or appreciable delay time, precipitates must be present.

In tiie present experiments only the annealed samnles show-
ed a brittle=to-ductile transition in the teupecrature range
of testing. The annealed samples were also the only
samples to show a yield point and appreciable delay time.
Since precipitates are required for both the yield point
and delay time and the brittle to ductile transition
occurred only in the samples having a yield point and
delay time, precipitates must contribute to the transition
behavior of the material.

As pointed out in sections 5.2 and 5.3, the annealed
samples showed grain boundary precipitates and the
solution treated and aged samples have a fine zeneral

precipitate. Since the annealed samples showed a brittle-

to~ductile transition and the solution treated and ag~d samples
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did not in the temperature range used in these experiments,
graln boundary precipitates must be more effective in

causing a brittle-to-ductile transition.

3.5 A Proposed Mechanism for the Brittle to Ductile
Transition in Ingot Iron

In the annealed samples tested below the brittle

to ductile transition, dislocations can move relatively
easily in the interior of the grains. The precipitates
present are large due to the slow cooling. When the
dislocations reach the grain boundary, a plle-up occurs
at precipitates which causes a stress concentration. At
low temperatures with oxides, nitrides, and carbides in
the grain boundaries, the dislocations cannot propagate
the slip into the next grain before the grain boundary
actually fractures. The presence of the precipitates
especially oxygen, reduces the strength of the grain
boundary. This leads to a brittle fracture as shown
in figure 62, Above 160° F, the dislocations have enough
mobility to move around the precipitates and thus reduce
the stress concentration. The precipitates do not
dissolve or change above 160° F, but rather the mode of
deformation changes. 1In the solution treated, solution-
reated and aged, and the annealed samples tested at
temperatures above the brittle to ductile transition,
the dislocations can propagate the slip more easily into

the next grain., As a result, the stress from piled up
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dislocations is not as great as in the annealed samples
below the transition temperature, The lower stress
concentrated at the grain boundary makes ductile

fracture more favorable. A typical fracture of both

the solution treated and solution-treated and aged samples
is shown in Figure 63. A side view of the same type of

fracture is shown in Figure 64,

2.6 Additional Observations

Impact samples made from as-received ingot iron
and impact tested at the same temperatures as annealed
impact specimens showed essentially the same transition
temperature and impact strength versus testing temperature
curve as the annealed samples. When both types of
samples were heated to 1350° F for one and one-half hours
and quenched in iced brine, their impact strength versus
testing temperature curves showed no brittle to ductile
transition in the temperature range used for these tests.
Their impact strength versus testing temperature curves
were identical to those for solution treated samples.

In industry, it is common practice to heat ingot
iron in a low dew point hydrogen atmosphere to lower the
transition temperature of the as-received material. From
observations made during this work, it appears that a
less costly method would be to simply quench the material
rather than slowly cool it, This could be done right

after rolling to save reheating. A dry hydrogen atmosphere

is not necessary.



FIGURE 63

CROSS SECTION OF A TYPICAL
TOUGH FRACTURE.
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CHAPTER VI

COLICLUSIONLS

1. The annealed ingot iron used for these tests showed
a brittle to ductile transition at approximately
160° F. The solution treated and the solution treated
and aged samples showed no brittle to ductile transition

down to 14° F,

2. The annealed samples showed a marked yield point below
the brittle to ductile transition. Above the
transition, no yield point existed ir the annealed
samples., The solution-treated and the solution-
treated and aged samples showed no yield point in

these tests.

3. The annealed samples showed a marked delay time below
the brittle to ductile transition. Above the
transition, no delay time existed for the annealed
samples. The solution=-treated and the solution-

treated and aged samples showed no delay time.

4, Low temperature aging, 160° F for six hours, of
solution treated samples did not markedly alter the
samples as did annealing. For the test conditions
used in these tests, no brittle to ductile

transition, yield point, or delay time was

130



detected. The yield strength was considerably

higher, however.

5. Grain boundary precipitates appear to be important
in determining whether a strong yield point,
delay time, and thus a high brittle to ductile

transition will be present,

6. The transition temperature of as-received ingot
iron can be markedly lowered by quenching from

1350° F rather than slow cooling,
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