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ABSTRACT

The object of this investigation was the micwscopic comparison
of the structure of alpha brass resulting from strain produced statically
and dynamicallye. The dynamic strain was produced at an impact velocity
of 150 ft/sece

It was observed that for the same strain produced at the two

rates of loading, there was no observable difference in the resulting
microstructures The strains varied from le3 percent to 1049 percent.
For this same range of strain, it was also observed that except for the
apparent amount of slip on each individual slip plane.and the distortion
of the surface, the resulting microstructure was practically independent
of the amount of strain.

In the grains which had only one slip system acting and in which
the slip lines were distirct enough so that a count could be made of them,
the average spacing of the slip lines was about 0«6 micron, varying from
a minimum of 0.38 to a maximum of 1.0 micron. The slip line spacing for
grains in which more than one slip system was acting appeared to vary
from O.4t to 4 or 5 micron.

Approximately 4O percent of the grains observed had two slip
systems acting, and this percentage did not wvary appreciably with strain.
Vot enough grains were found with three systems of slip acting at the same
point to form any valid conclusion concerning this phenomenon. At least
95 percent of the grains showed slip lines, even at the smallest strains
observede

No conclusions could be made concerning the possibility of twinning
in the deformation of alpha brass, except that it is certain that no large
mechanical twins are producede Twinning in this material is still a

controversial issue, and its detection involves more elaborate investigation.
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INTRODUCTION

Ao The Mechanism Of Plastic Deformation
In general, plastic deformation takes place by two funde-
amental mechanisms, slip and twinninge In some materials, however,
the deformation takes place by only one of the two processes. For
example, it appears that metals with a body centered cubic structure
deform only by slip, while some particular metals of other structures
deform only by twinning when they are carefully testede Under certain
conditions the method of deformation may change. Ferrite, for example,
deforms only by slip when subjected to tension at room temperature;
but under impact conditions or at low temperatures, deformation occurs
also by twinning, forming the well-known Neumann bandse Other metals
such as bismuth and antimony, that deform only by twinning when they
are tested in tension at room temperatures, exhibit slip lines when
they are tested in compression or in tension at higher temperatures.(1)*
In alpha brass, slip takes place on the{}llg planes, as it
does in most face centered cubic structures. When the distortion
occurs under unusual circumstances such as by impact loading or at
very high or very low temperatures, the slip may take place on other
than the{}llg planese In other materials, the slip takes place on
planes characteristic (2) of the material, the structure, and the method

of deformatione

*Numbers in parentheses refer to articles listed in the bibliographye.



The twinning plane in e ~brass is also the {111} plane, the
plane of densest atomic packinge This twinning is produced by
amnealing, and not by deformation. To attempt to show that mechanical
twins are also found in deformed copper, Mathewson (3) in 1928 reported
that the twins inside recrystallized grains were more apt to be par-
allel to the prior slip lines in these grains, and he proposed that
some of what were thought to be slip lines were twinse This proposi=-
tion by Mathewson was substantiated in 1934 by Samans (4) who showed
by X-Rays the possibility that in deformed single crystals of copper,
there were some regions that were twinned mechanically. In view of
the fact that there has been considerable difference of opinion as to
whether deformation twins are produced in brass and copper, it is
unfortunate that no one has either substantiated Samans! observation
or used his method ( the Davey = Wilson method ) to refute his -
arguments.

While the slip planes and twinning planes in brass are of
the same form, the direction of movement is different in the two
processess In slip, the movement of the atoms takes place in the
[}Oi] directione In the process of twinning, the movement is in
the [115] directions

In the process of deformation, it has been shown (5) that
ind~=brass it is at least very doubtful that twinning occurs. If
there is any twinning, however, the twins should appear parallel to
the slip lines, from which they would have to be distinguishede

Moreover, the twins would be of the same order of magnitude of length



and thickness as the space between the slip iines, and it is doubte
ful that they could be observed with the ordinary microscopes On
the other hand, when a specimen of polycrystalline brass is deformed,
the slip lines appear in definite patterns on a polished surface of
that materiale. The appearance of the slip lines is different for
different materials, however, and is even different for single
crystals of brass as compared with polycrystalline brasse

In polycrystalline brass the lines which form the pattern
appear simultaneously in the grain, and as the deformation is increased
the pattern of lines remains the same. In a single crystal of brass,
the initial strain appears as a thin band of lines, and as the strain
is increased, this band of lines merely becomes wider, maintaining
the same density of slip linese(6)

Wheras in brass the slip line spacing may be constant with
strain, in some other materials more slip lines may appear between
the original ones as the strain is increaseds In aluminum, for
example, more slip lines appear as a function of the strain with such
regularity (2) that if a plot is made relating the strain and the
number of slip lines, a very smooth curve resulise.

When the slip lines appear in brass, they appear in a pattern
that depends on the shape of the crystal, its orientation, and the
influence of the surrounding grainse The lines naturally follow the
atomic planes through a twinned region and thus appear as Jjagged lines
in regions of annealing twinse They also appear, more generally in

larger grains, in crisscross patterns showing that movement has taken



place on more than one slip system. In these cases the slip lines
are considerably farther apart than in the cases in which only one
system is in operation. In copper, the spacing of these lines
varies widely, being of the order of 0.3 micron for the closest
spacing (7), and up to 6 or & microns for these crisscross patterns.
Also in the case of these crisscross patterns it is generally true
that the displacement in the center of the grain is much more than
it is at the edge, indicating the rigidity of the grain boundary
regione Aston (8) measured the difference in displacement fronm
the edge to the center of the grain. But since his investigation
was on a specimen with very large grains, his results may be inter-
preted only qualitatively when a study of polycrystalline material
is madee

When the planes of the brass crystal slip relative to each
other, the grain boundaries must also deform because of the continuity
of the systeme This produces severe localized stress on the neigh-
boring crystal, causing it to deform plasticallys So in this way
the plastic strain is transmitted throughout the material, and an
explanation of why so many of the grains have slip in them is
presentede.

The slip that takes place within the crystal deforms the
individual crystalse The cumulative effect of the distortion of all
the grains is then the distortion of the polycrystalline specimen,

which may be observed macroscopically.



Be Static Versus Impact Loading In Relation To Plastic Deformation

Extensive investigations have beeq made to study the prop-
erties of materials when tested under impact conditions (9,10,11),
and it has been found that in general the apparent stress—strain
curve is much higher, and that also the total elongation possible
before rupture is greateres Also considerable study has been made of
the structure resulting from plastic deformation (12)s However
very little specific correlation between high rates of strain and
the resulting microstructuré has been offered.

It has been found (13) that impact is more conducive to
twinning for certain materials, notably the body centered structures.
On the strength of this it was expected that impact would also
produce twinning in face centered cubic structures. In 1928
Mathewson (2) suggested this, but admitted that the possibility was
only apparente What was thought to be twins were some lamellae
which appeared very much like the Neumann bands in irone Lower
rates of strain produced very few of these lamellae, so it was assumed
that they were twinse The reason that impact conditions are favorable
to twinning, hypothesized Mathewson, was that under this type of load-
ing a given small displacement is momentarily distributed among
meny planes, thus disturbing the equilibrium of large numbers of atoms
and potentially favoring the formetion of sizeable twin bandse

Subsequently, however, Mathewson and Van Horn (14) attempted
to produce a large mechanical twin in a single crystal of copper by

constraining the specimen so that the &111} planes would move relative



to each other in the [ﬁlE] direction. All attempts to produce any
deformation in this direction were unsuccessful, however, so they
admitted that the possibility of twinning in face centered cubic
structures was very small.

In view of the fact that the properties of metals are
considerably different when tested at different rates of strain,
it is reasonable to ask if the differences in the properties may
not be related to a difference in the mechanism of plastic deform-
ation, resulting in different slip patterns when the same material
is tested at markedly different loading rates.

The purpose of this investigation, then, was to find
whether there is any observable difference between the microstructure

produced by impact and the microstructure produced by static loadinge.



Ce Results Of Previous Pertinent Investigations

In 1937 Andrade and Roscoe (15) found that the slip line
spacing in lead was quite uniform, giving a probability distribution
of spacings around a value of approximstely 4 micronse They found
that this spacing was not affected by small changes in temperature
(0°to 100°C), by the size or shape of the crystal, or by the amount
of strain, contrary to the results found for aluminume Also they
reported that there was no significant change of spacing with diff-
erent rates of straining; but since their maximum rate of strain was
only 3 ine/ine/sec, this fact has little significance in the present
investigatione

The work of Andrade and Roscoe is significant in that it
subtly indicates why there is so little data offered om slip line
spacinge They observed a spacing of about 4 microns, which is
very easily resolved under the microscope, wheras most other metals
have a spacing much smaller than this, and indeed very near the
resolving power of the ordinary microscopes This fact undoubtedly
limited the observations on aluminume

In recent years, the difficulties due to the limited
resolving power of the ordinary microscope have been overcome by
the increasing use of the electron microscope in metallurgy.
Several investigations of structure have been reported (7, 16, 17),
and these included slip line spacings, but unfortunately neither

brass nor aluminum was includede



In one of these papers, however, Barrett (7) did give the
spacings found for polycrystalline coppers The spacings varied
from 025 microns to more than 2 microms, with no predominence of
any particular spacinge Even if all the spacings were exactly the
same throughout the specimen, it would not be expected that the
spacings would appear the same on the surface observed, but at least
there would be a predominance of smaller apparent spacingse. So it
is apparent that the slip planes do not have the same spacing from
grain to grain, although the spacing is quite constant within any
one graine

In 1944, Parker and Smith (18) published the results of
some tests they performed on single crystal and polycrystalline
copper to show the difference in properties when that material was
tested statically and dynamically. Upon examination of the
microstructure of the single crystals, a considerably closer
spacing of the slip lines when the material was tested at high
velocities (10C ft/sec) then resulted from static testinge They
also took electron micrographs of the surface after the strain, and
found that the higher velocities produced broadef regions around
each slip line affected by the strain. This observation was on
single crystals in which the orientation of the structure was
different in each test. Since the spacing of the lines and the
) resulting surface is very dependent on the orientation of the
crystal with respect to the applied force, it is quite possible that

their observations are markedly influenced by this facte



Unfortunately, Parker and Smith did not examine the
microstructure of the polycrystalline specimens. Some electron

micrographs of this structure would have been very enlighteninge
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EXPERIMENTAL INVESTIGATION

Ao General Procedure

A valid comparison between statically tested and dynami-
cally tested specimens can only be made on the basis of observations
of regions strained the same amount in the two specimens. The
-means by which the desired amount of strain is produced at a given
velocity of impact must therefore be investigated.

As is shown in Appendix I, the strain is a function of the
velocity of impact, the point of the specimen ﬁnder consideration,
and the time after the moving end of the specimen is initially
struck, as well as the stress-~strain diagram for the material. By
adjusting the distance through which the moving end of the specimen
may travel, the desired strain can be produced at a given point of
the specimen, for a given velocity of impacte

The theoretical calculation of the strain distribution,
however, takes into account some simplifications which are not
possible in the actual production of the strain under impact loading.
The first is the assumption of complete rigidity of all the parts of
the machine producing the impact, so that the moving end of the
specimen may be instantaneously accelerated to the impact velocitye
This is clearly a great simplification. Another assumption made is
that the stress=strain curve does not change with the rate of loadinge

Although the machine employed for the impact by no means

meets the requirements of the theory, and it is known that the dynamic



stress=-strain curve is much higher than the static curve, the theory
presented in the appendix gives a good first approximation to the
resul ting strain distribution.

The procedure consisted of first calculating the distance
through which the moving end of the specimen must move to produce a
given strain at a given point in the specimen, all for the desired
velocity of impacte Then the specimen was tested dynamically and
the strain measured. Subsequently another specimen was strained
statically to the same strain as appeared at the point under obser-
vation in the dynamic specimene

After the two specimens were thus strained the same amount
at the point of comparison, one tested statically and one tested
dynamically, the resulting microstructures were compared by photo-

graphic and visual meanse
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Be Material Investigated And Preparation Of The Specimens

The material investigated was cartridge brass, 70 percent
copper and 30 percent zince It was obtained in the half-hard cond-
ition as a 1/8 ine sheet, 18 in. by 96 in. Since all the specimens
were cut from this same piece of stock, it was assured that they were
all of the same composition and initial condition. The specimens
were made as shown in Fige 1, the test section being 1/4 in. x 1/8 in.
in cross section and 8 ine longe The area of the cross section
chosen was small enough so that the specimen could be tested with the
equipment at hand, but the specimen was still wide enough so that the
surface could be polished electrolyticallye The & in. dimension was
chosen because it has been found in studies of the influence of
specimen length on the strain distribution in tensile impact testing (19)
that an 8 in. specimen was the shortest, for the cross section chosen,
in which the strain distribution weas consistent and could be fairly
accurately predictede

The specimens were finish machined and ther annealed at
-1200 OF for 1 hour in dry hydrogene The resulting mean average
grain diameter was approximately 0.06 m me

Subsequent to the anneal, one side of the specimens to be
tested under impact loading were marked with scratches every 0.10 in.
along the length. The spacings of these scratches were then
measured to «0001 in. by a comparator employing a low power micro-
scopes Subsequent to the test, the spacings were again measured,

and compared with the original valuess Since the scratches were
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0610 ine apart originally, the difference in milli-inches between the
original and the final spacing gave the percentage of strain directlye.
Because of the inaccuracies of measurement, the errors in spacing
difference may have been as much as 0005 ine, but since the strain
is continious from one element to the next, a plot was made of the
strain in each element versus its position along the specimen, and a
smooth curve approximating all the points obtained gave the actual
strain distribution very closelye Strain distribution diagrams are
presented in Appendix II.

To determine the strain in the specimens to be tested
statically, two points were marked 15 cm apart on the gage lengthe
Then after strainingkééstatic testing mechine the distance between
the two original points was again measured and the resulting strain
directly calculateds

After scratching and measuring the original distances
between the scratches, the specimens were cleaned with fine abrasive
cloth and polished electrolytically on the side opposite to the
scratchess Eight spots were polished along the length of the
dynamic specimes, since each spot would have a different strain upon
testinge Since the strain in the static specimens was constant
throughout the length, only two or three spots were polished.

With the completion of the scratching and polishing treat-

nents, the specimens were ready for testing.



Ce Dynamic Tests

le. Description of the Equipment

Fig 2 is a sketch of the essential features of the impact
testing equipment employed, except that the means of propulsion for
the hammer which strikes the specimen is not includede Fig. 3 is a
photograph of the machine cocked for a test, with the specimen in place.

In Pig. 2, the specimen (A) is fastened rigidly with dowel
pins to the upper grip (B), which is in turn screwéd into a piece of
Shelby tubing (C) suspended from the top of the machine. This
supporting tube is 10 ft longe The bottom end is pinned to the
lower grip (D), but is pinned in such a way that the pins may slide
freely in slots in the lower gripe The reason for these slots will
be given shortlye. A phosphor bronze shearing disc (E) is fastened
to the lower grip by a nut (F)e. A circular groove is machined in
this disc so that the part of the disc outside the groove will shear
off at the proper instant during the test. The edges of this disc
are notched in two places, and these rectangular notches are engaged
by the rails (G) on which the hammer (H) travelse The notches are
so arranged on the shearing disc that when they engage the rails, the
bottom end of the specimen assembly is centered between the rails.

The hammer is propelled downward by six heavy rubber bands;
these bands have a cross section of 3/8 in. by 1 ine The hammer is
released from a height of approximately five feet above the specimen,
being elevated to this initial position by a sprocket and chain

arrangement driven by a motor on top of the machinees The hammer
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Fig. 3 Impact Testing Machine, Showing Specimen
in Position for Test
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has a hole in the center of it so that it can pass down over all the
assembly except the shearing disce When it strikes the shearing disc,
it starts the disc mvoing, which in turn pulls the lower grip and
the bottom end of the specimen downe. The whole bottom end of the
specimen assembly than moves downward until the bottom end of the
lower grip hits the anvil bar (J), a solid bar attached rigidly to the
bottom of the machine. The shearing disc then shears off at the
circular groove machined in it, this circular groove having a slightly
larger diameter than the nuts The hammer and the part of the shearing
disc that has sheared off continue downward,'the hamner being caught
by a braking mechanisme

When the lower grip hits the anvil bar, it stopse The
bottom end of the specimen, however, continues to travel downward
because of the kinetic erergy in the whole specimen. The slots
mentioned above, which are in the lower grip, then allow the bottom
end of the specimen to continue downward with respect to the lower
gripe If this freedom were not provided for the bottom end of the
specinen, the specimen would buckle. The bottom end of the
specimen continues downward until the kinetic energy which it

possesses is dissipated in further stretching the specimen.

2. Operation of the Equipment
The two variables which can be controlled to produce the
desired strain distribution are the velocity of impact and the

distance that the lower grip travels before it hits the anvil bar.
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The velocity of the hammer is measured by means of electrical
contacts mounted on a strip attached to the rails. A finger is
attached to the hammer which engages these contacts momentarily as it
travels Dbye There are five of these electrical contacts, and they
are all part of a circuit which includes a voltage supply, an amplifier,
a single sweep generator, and an oscilloscope. When the hammer passes
by and the finger engages the first contact, a sweep is initiated in
the single sweep generator and applied to the horizontal axis of the
oscilloscopee The sweep is of such duration that the finger engages
all the other four contacts during the course of the sweepe The
other contacts are so arranged in the circuit that as each is engaged
by the finger, a momentary pulse of voltage is applied to the
oscilloscope through the amplifier, causing the spot on the oscilloscope
to deflect verticallye But as the spot is in the process of moving
horizontally across the screen as each of these four contacts is
engaged, the resulting horizontal sweep has four momentary displace-
ments in ite This sweep is photographed as it occurse

Subsequently, another sweep of the same duration is applied
to the oscilloscope, but this time with timing markers from a
variable frequency oscillator superposed on it. The time between
timing merkers on this sweep is known, so the time elapsing between
the displacements in the first sweep are obtained directly by
comparison. The time required for the hammer to travel past the
four velocity contacts is then known, and since the distance between
the velocity contacts is known, the velocity of the hammer follows

directlye
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The velocity of the hammer is conﬁrolled by the height
above the specimen from which it is releaseds A hammer of 3 3/U 1b
was used in the testse

The total elongation of the specimen is controlled by
varying the distance through which the lower grip travels before it
hits the anvil bare. This is done by placing steel blocks under the
anvil bar to block it upe The anvil bar is held in a guide a few
inches above the base to align it with the lower grips A soft
copper sheet is placed under the anvil bar to absorb some of the
shocke Also a copper disc is placed between the lower grip and the
anvil bar so that the elastic rebound of the lower grip as it strikes

the anvil bar is minimizeds

3+ Testing Procedure

It wag first necessary to decide the velocity at which a
range of strains was to be investigatede Since the greatest change
of microstructure from that produced statically should come at the
maximum velocity attainable with the equipment, it was decided %o
investigate a range of strains at that velocitye The maximum
velocity attainable was 150 ft/sece

In the testing program, the velocity was not% measured each
time; instead the hammer was released from the same height each time.
Several preliminary tests were made to determine if the velocity
could be determined accurately by the height from which the hammer

was released, and it was found that the velocity varied less than
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2 percent over several tests from the same height. The calibration
curve of velocity versus the height from which the hammer was re-
leased is presented in Appendix III.

As is shown in Appendix I, a velocity of 150 ft/sec produces
an initial meximum uniform strain of 12.3 percent near the moving end
of the specimen, providedggg;ation of the impact is short enough so
that the plastic waves reflecting from the fixed end of the specimen
do not have time to propagate the length of the specimen and increase
the strain near the moving end. The strains at points other than
adjacent to the moving end of the specimen are determined entirely
by the total amount of elongation produced in the specimen. Since
a strain of 12.3 percent is uniquely determined by a velocity of
150 ft/sec, and any other strain up to 12.3 percent theoretically
also can be attained, it was decided that the range of strains from
O to 12.3 percent should be investigated at a velocity of impact of
150 ft/sece

Tests were performed with the total elongation of the
specimen varying between 0«2l ine. and 0.52 ine This total elongation
is the distance between the lower grip and the anvil bar plus the
additional strain produced in dissipating the kinetic emergy of the
specimene The distance between the lower grip and the anvil bar
was 0«05 ine in the case where 0.2l in. total elongation resulted,
and was 0.30 in. in the case where 0.52 in. total elongation
resulted. The minimum strain produced in the case of the 0.1 ine.

elongation was le3 percent; the minimum strain produced in the case
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of the 0.52 in elongation was Le3 percent and the maximum strain in
this case was 1l.2 percente The region in which the 1le.2 percent
strain occurred was ﬁot polished, however, so the microstructure
could not be examined. The maximum strain at which the microstructure
was examined was 10e9 percent and the minimum strain at which the
microstructure was examined was 1.3 %. Three specimens were tested
at 150 ft/sec for the slip line comparison and one was tested at

135 ft/sec for observation of twinse In one of the specimens, the
resulting microstructure was examined at strains of 4.8, 6.6, 8.8,
and 1049 percents In two others, the strain was examined at 2.4
percent iﬁ one and le.3 percent in the others The structure in the
specimen tested for twinning observation was examined at a strain of

L¢3 percent.
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D. Static Tests

After the strain distribution each of the dynamic specimens
was determined, it was necessary to statically strain other specimens
to the same amount of strain appearing in each of the regions of the
dynamic specimens to be investigateds PBach static specimen was then
prepared for the test, and strained in a small (3000 1b) testing
machine until the desired strain resulteds It was necessary that
each static specimen be strained enough so that after the elastic
recovery of the material, the desired strain would resulte.

To correspond to the strains in the dynamic specimens which
were to be investigated, one specimen was strained statically to each

of the following strains: 1.3, 2., 4.8, 6.6, 8.8, and 10.9 percente

E. Method Of Comparing The Microstructures

The first object of the investigation was the determination
of whether any twins were produced mechnically that could be de-
tected by microscopic means. A specimen was prepared for a dynamic
test as described, and was also etched so that the annealing twins
were discernables A particular region was then photographed, and
subsequently the specimen was tested at an impact velocity of 135 fit/sece
After testing, the same region that was originally photographed was
examined visually and photographed againe Then the spot was re-
polished and re-etched so that any new twins which may have been
produced by the impact test could be observed. It was again

examined visually and photographeds The repolishing and re-etching
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were necessary because the strain in the material produced a
distortion of the surface, making it difficult to focus for the
photograph; also another etch applied to the already etched region
would have left it so dark that small twins would have been
obliterated by the etch.

For the comparison of the slip line characteristics,
preliminary tests were made to determine what features of the micro-
structure were to be observed and compareds It was found upon
statically straining a specimen to 5 percent strain that the grains
fell into four general classes, depending on the structure in them.
The first class of grains were those in which there was only one
slip system acting, the slip lines being fairly uniform and distinct
throughout the grain. In these grains, the comparison to be made
concerned the average spacing of the slip lines throughout the graine
The second class included those grains in which there was more than
one slip system actings The comparison to be made concerning this
class of grains was the percentage of grains in which this structure
occurreds The third class included those grains in which slip lines
were observed, but the lines were not sufficiently distinct to permit
countinge. The fourth class was composed of those grains in which
no slip lines were visibles The comparison to be made concerning
the third and fourth classes was the percentage of these grains
appeéring. Examples of these classes of grains are shown in Fig U,
The first class is shown at (1) the lines being uniform and constant

across the graine The second class is shown at (2a), (2b), (2c).
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Fig. 4 Photomicrograph Showing Typical Slip Line Patterns
Magnification: 900x; Static Strain: 5.0%

Fig.5 Photomicrograph of Typical Area Anelysed in
Making Slip Line Investigation. Mag: 150x
Strain: 4.8% Impact Velocity: 150 ft/sec
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At (22) there are two systems of slip acting; but the lines are not
uniform across the grain, indicating that prisms of material have
slipped out of places At (2b) are shown two systems of slip which
are apparently independent of each other, the lines in each set
being unaffected by the other sete At (2c) is shown a region in
which three systems of slip are actinge The third class of grain,
that in which slip lines were observed but could not be counted, is
shown a2t (3)s The slip lines in this grain can not be seen in this
photomicrograph, but a more exacting visual observation showed that
they were actually presents There were very few grains in which
no slip lines occurred, and none appear in this photomicrograph.

The procedure of determining the comparison was as follows:
Subsequent to straining the specimen, one photomicrograph of the
resulting structure was made at a magnification of 150 x. The
resulting structure appeared as in Fig. 5. As is evident from this
photomicrograph, the grain boundaries are quite indistincte. The
same region photographed was then located under the microscope, where
the grain boundaries were easily distinguishable, and lines represent;
ing the actual grain boundaries were superposed on the photomicrograph.
For the grains in which a count could be made of the slip lines, the
nunber of lines was marked directly on the picture, together with the
two points in the grain between which the lines were counted.

Prom the number of lines, the distence between which they were
counted, and the magnification of the photomicrograph, the actual

spacing of the slip lines could be directly calculatede The
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magnification of 150 x was checked by measuring on the ground glass
of the metallograph the imege produced from a stage micrometer, using
the same objective, ocular, and bellows extension as were used for
the actual photographse. The grain boundaries were determined at a
magnification of 500 x and the individual analysis of each grain,
including the number of slip lines contained in the first class of
grains, was made at a magnification of 1400 x with an objective
having a numerical aperture of le3.

From the preliminary tests it was observed that there
were quite a number of very small grains throughout the structure,
mostly at the intersections of three large grainse Because of the
rigidity of the grain boundaries, the constraints on these smaller
grains were much greater than the constraints on the larger grains,
so it was desired to exclude the small grains from ﬁhe investigatione.
If the grain was so small that a good representation of its boundary
could not be drawn with pen and ink on the photomicrograph, it was
excludeds This excluded all the grains of a mean average dliameter
of less than about 0,015 m me

Other observations concerning the slip lines were made
which could not be expressed quantitativelye These observations
were on the straightness of the slip lines and other general
appearances, whether or not the lines were more predominant toward
the center of the grain, and how the lines were affected by twinned

regions and neighboring grains.
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Fo Experimental Results

Figse 6, 7» 8 are photomicrographs taken at various stages
in the history of a specimen strained dynamically to 4.3 percent at
this particular point; The impact velocity was 135 ft/sec. Fige 6
shows the original condition of the structure after polishing and
etching to reveal the annealing twinse Fige 7 shows the same
region subsequent to the test, and Fige. 8 the same region after
repolishing and etchinge If any large twins were produced as a
result of the impact test, they would appear as new regions in Fig. 8
which were not present in Fige 6, the original conditione The
same regions photographed were also examined visually so that a
better observation could be madee No twins were observed which
were not present in the original structuree.

No further investigation was made photographically of the
possibility of twinning, but during the course of the slip lire
observations a check was made several times on regions which
appeared as if they may have been twinned mechanically. These
areas were etched to see if they would color preferentially in
comparison with the rest of the structure. But in no case were
there any small regions found which could be shown to be mechanical
twins.

Upon analysis of the slip line characteristics by the
method described, the results were compiled and are presented in
Fige 9 and in Tables I and II. As shown in Table I the average

spacing found in any one grain, for all the six strains considered,
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varied from a minimum of 0.39 micron to a méximum of 1.00 microne.
The mean average spacing for all the grains counted in any one
photomicrograph varied from a minimum of O.51 micron in the case of
the region strained 4.8 percent dynamically to a maximum of 0.67
micron in the cases of 8.8 and 10.9 percent strain produced dynami-
celly and the case of 8.8 percent static straine At least 16
determinations of the slip line spacing were made for each straine
Table II shows the comparison of the gemeral characteristics of the
slip liness It was found that at least 95 percent of alil the
grains observed had slip lines in them. The percentage of grains
in which the slip lines were not distinct enough so that a count
could be made of them varied considerablys In the specimen .
statically strained to 1.3 percent, 60.l percent of the grains
fell into this class, while only 19.4 percent of the grains in the
specimen strained statically to 8.8 percent were in this classe
The percentage of grains with two slip systems acting was quite
constant for all strains and both rates of loading, varying from
352 percent to 5l.0 percent. A rough count was made on several
of the grains in which there was more than one slip system acting,
and it was observed that the spacings in this type of grain varied
from O.4 micron to approximately 5 microne

There were several regions in each area observed in which
there were three systems of slip acting, but not enough of these
regions to obtain results which would be valid statisticallye.

These regions generally appeared in a grain which would normally
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Fig. 9a

For the particular area indicated, and for the total number of grains
in this area in which the slip line specing was determined (e.g., for
the ¢7 grains, 10.9% strain, static test), the percentage of this class
of greins with a spacing between the limits indicated is plotted ageinst
the spacing. :
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A FIG.9b
C. £.6% Strain
1, Tested at 150 ft/sec , 2. Tested statically
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Table 1
Slip Line Spacings (in microns) Observed in Individual Grains
Strain 10.9% 2.8% 6.6% 4.8% 2.4% 1.3%
How :
Tested |Dyn. St. |Dyn. St. {Dyn. St.|Dyn. St.|Dyn. St.|Dyn. St.
87 .43| .81 .55 .43 .6T| .48 .42 .58 .57 .62 .53
<74 .57| .65 .70 .54 .40 | .43 .69 | .42 .47 | .60..72
67 .57 .91 .76 | .73 .62| .59°.80| .56 .49] .72 .74
.60 55| ,67 ,80| .47 .60| .64 .52 .79 .48 .62 .57
271 74| .76 .71 | .60 .54 | .47 .49| .49 .65| .54 .62
60 61| .68 .53 | .61 .49 .47 .59 .69 .59| .53 .62
.89 .88| .85 .62 | .54 .57| .53 .54 | .49 .57 | .49 .48
.83 .54{ .54 .99 .73 .64 | .64 .56 .51 .42} .61 .56
ST ST BRI e LeY] L T6 L5781 A5 ) .51 .58
.80 70| .56 .72 | .56 .T1| .46 .64 | .54 .4T | .59 .59
.68 45| .83 .62 .54 .38| .39 .62]| .56 .50 .56 .64
.88 77| .61 .60| .56 .56 .45 .67| .48 .53 | .46 .48
66 39| .59 .72 .66 .49| .39 .69 .48 .45 .55 .49
83 .56 .45 .74 .73 .59| .48 .59] .80 .48 | .46 .63
.88 .58| .59 .72|.59 .54| .50 .55 .56 .50 | .55 .49
.78 .61| .67 .77 .88 .53| .53 .46| .54 .67 | .54 .69
<17 .65 .62 .79 68| .56 .65 .77 .70 | .45 .80
.61 .55 .60 65| .60 51| .51 .54 | .48 .61
10 .59 .69 53| .55 .53 . .451.53 .67
.54 .68 <51 .61] .62 .53 49| .41 .51
33 .M .66 .54 .57 .67 651 .69 .59
88 .m .63 61| .64 .54 64| .53
Slip «95 w71 8% .54 .43 .59 .52
Line -54 65 .61 .57 .70 .43
Spacings | .54 .57 .54 e | - 54 .53
in .67 .63 .70 .68
Grains sk .64 L47
Observed | .69 .13 ;
'77 080
- 55 4T
.48 .67
.60 .84
.50 .87
717
1.10
.64
+53
.67
.67
.66
.82
.60
1.10
.62
e
Ave. 3 '
Spacing BT 62 :1.67 67 L60 .56 .51 571 <56 82 [.54-:59
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have had only two systems acting, but becausé of the influence of
the strain in a neighboring grain, another system of slip was
induced to action near the boundary . of the two grainse

There were some other results observed which cannot be
expressed quantitativelye The first and most important is the
difference that could be observed as the strain was increased.
There is obviously a difference in the structure, although the
above data do not reflect this facte With more strain, it was
observed that the surface of the specimen became more and more
distorted. This fact is reflected in Figs. 10, 11, 12, photo-
micrographs showing regions with different strains. As the
strain inéreased, it became more difficult to focus the metallograph
on the surface, and a greater percentage of the area was bdblurred in
the resulting pictures Also with increasing strain it was
observed that the slip lines in those grains where the lines
could be counted appeared darker and wider, indicating that greater
amounts of strain had taken place on those planes. However, this
fact was not reflected in the percentage of grains in which the

lines were too indistinct to count .
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CONCLUSIONS AND DISCUSSION .

Ao Conclusiong

From the results obtained, it may be concluded that there
is no microscopically observable difference in the microstructure
resulting from the two different methods of testing, when the
structures are compared on the basis of the same strain produced
at each rate of loadinge Although only one velocity of impact was
employed (150 ft/sec) it is highly doubtful that other slower rates
of loading would produce any different microstructurees The velocity
used was the highest obtainable with the equipment at hande. It
is also doubtful that higher strains would show any significant
difference« The only possibility lies in strains in which the
slip lines first begin to appeare It was found that strains less
than le3 percent could not be produced with this equipment at the
velocity employed.

It may also be concluded that except for the expected
fact that with increasing amounts of strain, the slip lines are
more distinct because of more slip on each individual slip plane,
there is no observable dependence of the resulting microstructure
on the amount of strain, in the range of strains from l.3% percent
to 109 percent. Although the percentage of total grains with
'slip lines was slightly higher for the larger strains, the percent-
age was so close to 100 percent in all cases that this is not a

sigrificant differences One interesting fact is that the percent-
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age of grains with more than one acting slip system did not change
with increasing straine. It would be expected that in grains of
this type first one slip system would appear, and with increasing
strain another system would appear, producing a crisscross pattern
of lines with the first systemes But apparently if the grain is
to have two systems of slip at a considerable amount of strain, both
these systems appear in the grain at a very small amount of strain.
No conclusions could be made with respect to twinning,
since if any twins are produced mechanically, they are so small that
they are not detecteble with the method of examination employed.
It is certain, however, that no large mechanical twins are produced

by either staetic or dynamic testing of zlpha brasse.

B. Discussion

For a more exacting analysis of the microstructure produced
by plastic strain, more elaborate methods of inspection must be
employed. Since the question of mechanical twinning in this
material is still a2 controversial issue, it would be an interesting
problem to check the work of Samans (4), by employing his method of
analysise Unfortunately this would not immediately answer the
question as to whether there is also mechanical twinning produced
in polycrystalline alpha brass, but it would shed some light on the
subjectes

The electron microscope would also be very useful in a

more complete analysis of the resulting microstructure. Since this
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instrument has a much greater depth of focus. than a visual micros—
cope, areas which have very much distortion could be more completely
analysed. During the course of this investigation, it was quite
of ten observed that near a corner of a grain, instead of heving
less distortion because of the rigidity of the grain boundaries,
the grain would be very distorted and have a very inteanse slip line
distribution. Because of the distortion, this region could not be
photographed, but with electron microscope little difficulty would
be encountered in obtaining a photomicrograph which would help in
the analysis of why there is so much distortion in this region.
There is ome great deficiency in all the observations of
microplastic strain by any present method. This is the impossibi-
lity of analysis of the influence of the surrounding grains on the
grain under observation. Since there is no method of observing
what happens under the surface, and since the surface that is
observed is a free surface without the restraints that are present
in the interior of the specimen, it is not possible to explain the
actual causes of the resulting microstructure by the observations
of the surface. For example, in many grains there appear isclated
regions in which there are groups of slip lines having orientations
and appearances different from the rest of the lines in the grain.
Undoubtedly this is due to the action of another grain exerting a
localized stress on a part of the hidden surface of the grain under
observation, the effect being transmitted up through the grain to

the free surface where it is observed. But the details of how
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much local distortion there i in the grain causing the appearance
of these isolated groups of slip lines, the grain boundary conditions,
the restraints of the surrounding grains, and why the pattern observed

appears as it does are questions that cannot be answerede.
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APPENDIX I

Determination Of Theoretical Strain Distribution

The basis for the determination of the theoretical
strain distribution is the von Kérmz;n theory of plastic wave
propagation.(20) From a consideration of forces and momentun
in a prismatical bar subjected to longitudinal impact, the wave
equation

TR VTS
?bt“ Tb'f}

was formulated. In this equationgis the mass density of the
material,u is the displacement of a crossection from its original
position x from the end of the bar that is struck, t is the time,
and T is the slope of the stress-strain curve, %%: e The strain
as a function of x and t results from the equation e:%‘, where
u, the solution of eq. (1), is a function of x and t.

From a development of the solutions of Eg. (1), it was
shown (21) that a graphical solution of the resulting strain in a
bar subjected to longitudind impact could be derivede The solu~
tion is developed (22) from a consideration of only the stress-
strain curve for the particular material investigated, and the
strain at any point in this particular bar is then dependent only
on the velocity of impact, the position of the point under con=-

sideration along the bar, and the time since the end of the bar

(x = 0) was originally put in motion.



For the materiel used in this investigation, the stress-
strain curve is shown in Fig. 13. For a graphical solution of
the problem, the stress-strain curve must be approxima‘t;,ed by
a number of straight lines, and the degree of accuracy of the
solution will depend on the accuracy of approximation of the stress-—
strain curve with these straight lines. These lines of approximation
are shown in Fig. 13.

As a result of the stress-strain curve shown in Fig. 13,
the (¢-¢€) curve; Fig. 14, is obtained. In this curve, ¢ is the velo-
city of propagetion of & plastic wave associated with the particular

strain €. This curve ies obteained as a result of the equation

-\‘36' r
C= E = %:
S

which is another result of the von Kdrmén theory.
From the equation

€L
T
'\)'L: — de
J?

(4]

or simply & grephical integration of the (C-€) diegram from €=0
to €= €, the velocity v; required to produce the strain € near
the moving end of the specimen is obtained.
The (¢-V' ) diegram, Fig. 15, ie now obtained from a plot
of the velocity required to produce a strain € near the moving
end of the specimen and the stress 0 associated with that
same strain. The (6-V) diagrem is obtained as a series of
streight lines, but is epproximaeted by a mean smooth curve. Then
this (6-V") curve is egain approximeted by enother series of straight

lines, Fig. 16. In this epproximation, the velocity of impact
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vi to be used in the actual test is chosen as an integral multiple
of one half the velocity regquired to produce the maximum elastic
strain, €,. |

The procedure outlined in (Ref. 23) is now followed in
obtaining the rest of the comstruction of Fige. 16. The (x-t)
diagram, Fige. 17, may now be constructed, each region in this
diagram representing a different amount of strain. The x coordinate
in this diagram represents the distance along the specimen from
the moving end, and the t coordinate represents the time elapsed
since the end of the specimen was initially strucke

From the (x-t) diagram, the strain distribution at time
t; results directly since each region in this diagram corresponds
to a point in the (6‘—‘\1') diagrame The point in the (‘-’“’) diagram is
associated with a definite stress and hence a definite strain.

" At time t; the strain distribution appears as in Fige 18.

If the impact is stopped after this time has elapsed, the resulting
strain distribution should be as shown. Since only 9 lines were
used to approximate the @Fﬁwﬁ diagram, the strain distribution
appears as a series of 9 discrete values of strain; for a closer
approximation to the resulting strain distribution, smaller intervals
should have been chosen on the (§-V) curve. There are several
justifications for the approximations used. One is the fact that
the static stress~strain curve was used in the calculation, whereas

it is known that the stress-strain curve is cuite different under
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impact conditionse. Secondly, the theory aséumes that the moving
end of the specimen may be instantly accelerated to the impact
velocity, and that all parts of the impact testing machine are
infinitely rigid; clearly neither of these conditions can be met
in practices Also since the original stress-strain curve was
approximated as a series of straight lines the whole procedure
was only an approximation.

Beginning with the actual stress-strain curve, applying
a velocity of impact of 150 ft/sec in the calculations, and choosing
to to be the time during which the lower end of the specimen could
travel at 150 ft/sec before the impact was stopped, the theoretical
strain distribution appears as in Fige. 19. The actual test under
thesé same conditions resulted in the dotted curve appearing in

Pige 19.
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Table III

Stetic Test Data Obtained for Stress-Strain Curve
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APPENDIX II

Strain Distribution Diagrams For Dynamic Specimens
The following three diagrams are the strain distribution
diagrams for the three dynamic specimens in which the microstructure
" was examined for comparison with static specimens strained the
same amounte
The specimens were prepared and measured as described

in Sece IV - B, and tested as described in Sece IV - Cs
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APPENDIX III

Calibration Chart Of Impact Velocity Versus Position Of Release
Of The Hammer

The following calibration chart was prepared prior to
the testing program so that the velocity of impact could be
accurately predicted simply by knowing the position of release
of the hammere.

On the impact machine, a scale was marked along a
vertical supporting member, and a pointer was provided to this
scale from the element which elevated the hammer to the position
of releasee This scale and the pointer may be seen in Fig. 3,
the scale along the left band vertical supporting beam and the
pointer adjacent to the hammer. The scale did not indicate the
actual height above the specimen from which the hammer was re-
leased, but rather the amount of extension of the rubber bands.

The procedure of determining the velocity of impact is

described in Secs IV = C 2,



Velocity Celibration Chart
Vertical Impact Testing Machine
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