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DEVELOPMENT OF PROJECTILE STEELS

Second Partial Report

OBJECT
' To investigate the various methods by which a high
bend strength may be obtalned at high hardness levels.
SULMARY
A study hae been made of the effect various types
of heat treatments have on the bend strength of FXS-318
steel. The standard heat treatment of strailght quench
and temper has been found to givé nearly as good results
as a more complicated heat treatment involving an inter-
rupted quenci., Several other heat treatments wlth various
austenitizing and quenching conditions produced very poor
bend properties. The only remalanlng variable in the
standard quench and temper treatment le the time-temper-
ature combination used in tempering. Compared at the
game resulting hardness values the higher—temperaturé,
short-~time temper gave similar results to the lower-temper-
ature longer~time temper. This fact suggests a rapild
method for basc tempering hardened projectiles., That is,

to heat by induction the outer portion of the projectils

back of the bourrelet for a& time short compared to the
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temperature of the prolectlle would then be sufficliently
low as to produce no softening of the ogive.

Two FX5-318 steels were studlied, one with é higher
carbon and alloy content than the other. The one with
the lower carbon content (0.644) could be heat treated
to have a very high bend strength at the as guenched
hardness level of 62/63 RC. The steel with the higher
carbon (0.76%) had, as expected, a higher as quenched
hardness of 65 RC, but at that hardness the bend strength
was low under all conditlons of heat treatment. When
the hardness was reduced by temvering to the hardness level
of the lower carbon steel, 1ts bend strength lncreased
but remained lower thon that of the lower carbon steel,

A theoretical interpretation of this reduced bend strength
at higher carbon levels is given. The carbon content of
British projectiles 1s over 85%. From the above discussion
1t appears that the slight gain in ogive hardness associ-
ated with thie higher carbon content is obtained only &t
the expense of a lowered bend strength back of the
bourrelet.

From the above results 1t may be concluded that the
fracture stress of a hardened steel 1s determined prima-
rily by two factors: the magnitude of micro-stresses,
and tﬂe size of carbide particlee. Another method, other
than tempering, is studled which may reduce micre-stresses.

This 1s plastic deformatlion. Froxn a theoretical analysls
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it 1s concluded that these micro-astresses will be re-
duced exponentially by plastic deformation, being re-

duced to 1/e vimes the original value when the plastic

strailn becomes equal to the slastic st?ain. It is }
therefore anticipated that the bend strength of steel
in the as quenched condition will be improvéd by a prior x
plastic deformation, such as a twist. S
A theoretical analysis is also made of the posslble

effects of a surface layer under compression upon the
bend strength. It 1s concluded that unless the surface
has defects, such as surface cracks, which lower the
fracture stress of the surface layeres with respect to
the inner core, no appreciable improvement will result
from the presence .f such a skin,

B D W £ Vs
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INTRODUCTION

In performing its primary function of penetrating
armor, an AP projectile 1s subjected to high stresses of
all types, compressive, shear and tensile. The range of
conditions under which a projlectile wlll be successful
depends largely upon ite ability to resist fracture or
appreciable deformation by these stresses. No particular
difficulty 1s presented 1n obtaining the maximum
possible resistance to deformation.of the steel. The
steel 18 simply heat treated to 1ts maximum hardness.
The difficult metallurgical problem is in obtaining a
sufficlently high hardness combined with & high gracture

stress.

Tensile stresses in projectiles arise from the
bending moments assoclated with the transverse component
of the force acting upon the ogive.l The maximum trans-
verse component which the projectlle can withstand with-
out fracturing 1s proportional to 1ts bend atrength.

The bend strength 1s in turn proportional to the fqgg}gziw_
stress only when this stress 1s below the yleid stress,
Ag the fracture stress 1s ralsed above the yleld stress

the bend strength increases in a discontinuous manner, &s

is 1ilustrated in Figure 1. The origin of this sudden

1. C. Zener and R, E. Peterson: "Principles of Projectile
Design for Penetration, First Partial Report",
WAL 762/231.




rise in bend strength was analysed in the First Partial
Report1 of this series. The sudden rise is due to the
redistribution of stress caused by a slight plastlic de-
formation. Thus an increase of fracture stress by only
15,000 psil over the yleld stress is sufficlent to

allow the outer fibres to flow plastically 1%, resulting
in a 50% rise in bend strength. A primary problem in
the making of AP projectiles is therefore the r&is}ng
of the fracture stress somewnat above the yield stfess.
The purpose of the present report i1s to analyse the
various factors to be considercd in this problem,

The first factor considered is the heat treatment of
a glven composition, then the effect of composition with
the optimun heat treatment. The pessibllity 1s theoreti-
cally investigated of railsing the fracture stress by
relaxing the microscoplc stresses through plastic de-
formation. Finally, the posasible influence of putting
the outer skin into compression 1s dlscussed.

If, &t the highcst hardness level obtainable in the
steel the fracture stress cannot be ralsed above the
yield stress, the yleld stress and therefore the hardness
must be roeduced or the projectile must be gilven a
differential heat treatment. In such a treatment the

forward portion of the projectile, which 1s subjected to

1, D. Van Winkle and C. Zener: TDsvelopment of Projectile
Steels, First Partial Report", WAL 321/4.
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the greatest compressive and shear stresses, is given
the maximum hardness. The portlion just back of the
bourrelet, which i1s sublected to the maximum bending
moment, 18 tempered to such a hardness that the
fracture stress lies above the yleld stress. Even when,
as 1ls usually the case, such a differentlal heat treat-
ment 1is resorted to, it is still deslrable'that the
portion Jjust back of the bourrelet be as hard as is
conelstent wlth a high bend strength for the following

two reasons. Firstly, the harder the steei, the

B emaller 1s the deformation required to reach a glven
‘,TE* bend strength. Secondly, the higher the hardness at
which a high bend strength mey be ovtalned the less is
the drop in hardness necessary between the ogive and

the high bend strength region, and consequently the less

difficult becomes %the differential temver.

RZSULTS AND DISCUSSION

1l. General Considerations

Factors which will apply in general to all develop-
ment work on bend strength tests may serve to give a
clearer plcture of the problem at hand and therefore will

be conslidered flrst. The analysis of the bend test

’ . gilven in the First Partial Report of this series demon-

strated that the bend strength of a round bar, assuming

no strain hardening, can be only 70 per cent higher




than the yleld strength even with unlimited ductility.
Calculations show that for & steel of 66 Rockwell "C"

or a yleld strese of 352,000 psi. the bend strength )
could only reach a value of approximately 600,000 psi.
Any higher values would be due to strain hardening. Since
maximum strains of about 5 per cent in bending are all
that can be allowed in a projectlile without lessening

1ts penetration abillity, the straln hardening will not-
contribute a great deal to the bend strength. Therefore
bend strengths of between 600,000 and 700,000 peil. repre-
sent & reasonable upper limit. Once bend strengths of
such magnitude are obtained effort should be placed

upon maintaining that bend strength at higher yleld
strength levels rather than increasing the bend strength
at the present yleld strength level,

Emphasis 18 usually placed upon the hardness of a
projectile rather than i1ts yleld strength simply because
the hardncss 1s the easler juantity to measure. Yleld
strength 1is, however, & more appropriate criterion of
performance and hence materials should be conmpared in
terms of cqual yicld strengths rather than hardnesseas.
The yleld ctrengths of low alloy steels, iln the fully
quenched and tempercd conditions increase with hardness
at approximately thc same rate, so a plot of berd
strengthe vs., hardnesecs of several low alloy steels

will place them in the same relative poeition as 1f the
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yield strength were plotted instead of the ha>dness.

The ylield strengths of high-epeed tool steels, however,
increase at a greater rate with hardness .than 40 the

low alloy eteels,1 and for comparing low alloy and high-
speed tocl steels, & truer ploture of relative bend
sirength and resistance to deformation is obtained if

the yleld strength rather than hardness is plotted against

bend etrength.a

Assuming a low alloy steel and a high-speed tool steel
of the same hardness and conparable bend strengths, the
latter would be a much superior projectile steel from
the point of view of resistance to deformation and shatter.
Since however, the high-speed tool stcel obtains its bend
strength by hign yield strengtpns and not by being ductile,
it is capablec of absorbing very little energy before
fracturing. At the present time there 1s lnsufflclient data
avallable to say whether high bend strength alone will
prevent fracture of the projectile base or whether the
projectile base must be able to absorb energy in order to

wlthstand oblique impact without fracturing.

1.7 Ibid. and from additlional bend tecsts made at vatertown
Arsenal on sevaeral high-speed tool asteels, to be re-
ported on soon.

2., Figure 2 gives a graphic illustration of possible stress-
strain curves of two steels, both having the same hard-
neas but different yleld strengths. The hardness valus
is a measure of the flow stress at some apprsciable
strain, (In low hardness eteels this flow stress corre-
sLonds to the T.S.)

~ "“9"“
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2. Heat Treatments and Compositione Investigated
In order to make the study of the effects of vari-

ous heat treatments as complete as possible only one type
of steel, FXS8-318, was .atudied. Two shipmente of asteels
were received from the Frankford Arsenal and several
chemlical analyses were taken from each lot. The compo-~

sltlions varied cnly by negligible amounts within lot

shipments but the composition was qulte different for

e g H R L bt S e i
S TR e AR =) S ks

the two lots. The compositions are as follows:

Mn, 81, 8 P Ni, Cr, Cu. Mo, YVa.

Lot 1 .64 ,73 .23 .,022 .019 Tr., .09 === ,67 Nil.
Lot 2 .76 .95 .27 .01k ,010 Tr. .O1 .08 .97 Nil.

g
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This difference in composition provided an opportunity to
examine what differences existed in the physical proper-
ties of two steels whose'compoaitiona lie at the two ex-

tremities of the specified compositions.,

In the‘first'set of experiments an attempt was made
tc¢ give the speclimens as good a heat treatment as possible.
An austenitlizing tempcrature was therefore chosen suf-
ficlently high so that no visible carbildes resailned un- | B
‘ dissolved, but not so high as to cause appreciable grain |

growth. After aeveral trials 165¢° F was found suitable.

[ 23

The grain size of sbecimene austenitilzed for one half

hour at this temperature was not greater than A,S.T.M,

] #6, and no visible cerbides were present at magnifications
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A quenching procedure was chosen to satisfy the

following two requirements. Firstly, 1t must be suf~

ficlently severe as to obtain a homogeneous martensitic

structure. Secondly, i1t must be sufficlently slow through

the martensitic transition range so that macroscopic

streases are not developed by a non-uniform transfor-

mation, and so that the unaveldahle micro-stresses be-

come relaxed as much as possible. The quench procedure

finally adopted was to quench in oll at 400° F, to hold

at that temperature for one minute, tc alr cool to room

Rt R B

Pt o
AR e b

c
temperature, and finally toc cool to -110 F by immersion

.

A

in an alcohol and dry ice mixture.

The drawing operation allowed considerable flexi-

bility in time and temperature of draw. Thus in drawing

O

oty

to a given hardness, one could heat to a high temper-
ature for a short time, or to a lower temperature for a

long time. Since no information was avallable in the

literature as to which extreme is preferable, several

o, L o B b F e . i S RO e s o S

RO

combinations of time and temperature were tricd.

The observed values of bend strengths are given in

Figure 3 for the lower carbon (0.6U4%) steel, in Figure U

for the higher carbon (0,64%) steel. An increase in

drawing temperature by 200o F, together with a decrease

¥ Both the graln size determinations and the inspections
for carbldes werc made by Miss M, R. Norton.

“1lw
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in drawing time by a factor 5f about 100, is seen to
have no effeut within experimental error of the bend
strength for a8 given hardness. The maximum hardness
of the higher ocarbon steel ig nearly 3 Rockwell "C*
points higher than for the lower cdrbon steel. This
higher maximum hardness is attained, however, only at the
expense of a lower maximum bend strength.

A second set of experiments was undertaken to de~
termine whether the comparatively complicated heat treat-

ment described above gives noticeably better results than

a simpler quench and temper treatment. Several quenching
procedures were tried, including: austerlitizing at

1650° P and quenching into oil at 80° F; éuatenitizing

at 1650° F, transferring to a furnace at 1525° F and
quenching into c¢il at go° F;.austenlt;zing at 1650° F,
holding in air for 1/2 to 3 minutes and quenching in oil
at 80° F. All bars which had been heated to 1650° F
during the heat treatment and quonched in oil at go° F
broke brittlely even after tempering. If oil at aroﬁnd
g0° F 18 to be used as the quenching medium, a low
austenitiz;ng temperature will have to be used. An B
austenltlizing temperature of 1525° F gave essentially the
same bend strength as when the carbldes were fully dis-
solved. The observed values of bend strengths for this

last heat treatment are given in Figure 5 for the lower

carbon steel, in Figure 6 for the higher carbon steel.

-] D
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For both stesels the maximum herdness is slightly less,
about 1 Rockwell "C" point, and the maximum bend
atrength is sligh€l§,leas about 50,000 psi, thes in

the case of the more complicated heat treatment. These

deviations are, however, within the range of scatter of
either heat treatment. It must therefore be concluded
that only slight improvement in bend strength at high
hardness levels 1s to be obtained by a simple modifi-
cation of the conventional heat trezatment.

The steels of different carbon content respond in
qulte distinct manners with respect to tempering. They
may be compared most readlly by meane of Pigures 5 and 6.
Ag the lower carbon steel 1is tempered, its bend strength
rises to nearly 1ts maximum vaiue without any percepti-
ble 1owefing of hardness. On the other hand, as the
higher éarbon steel 1s tempered, 1ts bend strength rises
only with a reduction in hardness, This difference in
behavior 1s 1llustrated by Figure 7 which crmbines
Figures 5 and 6. The as quenched hardness of the hilgher
carbon steel ls higher than that of the lower carbon
stecl by 1.5 Rockwell "C" points, but ite maximum bend
atrength is less by about 100,000 psi. The fact that
the higher carbon steel has a lower bend strength than

the lower carbon steel at the same hardness is inter-

pretable in terms of two current concepts. The first is

that the yleld stress 1s a function only of the mean

-13-
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ferritic path.1 The second 1s that the fracture stress

is determined by the size of the carbide par‘ciclea,2
N . the larger their size, the loﬁer the fracture stress,
If the mean ferritic path is identical for two steels
of different carbon content, the one of higher carbon
content must have the larger carbide particle siée, '

and therefore the lower fracture stress.

3., Relaxation of Resldual Stresses %?

The brittle behavior of steels in the as quenched

condition is popuiarly attributed to the presence of
- residual micro-stresses. This popular concept of the ,E
'} embrittling effect of mlcro~stresses is in accord with

the formal theories of plasticity, In some regions of

- et 4 4 gt 8 et “

the specimen the stresses transverse to the axis are

all compressive, in dther regions part are compressive
part are tensile, in other regions all are tenslle. The
regions of the third type are apt to be brittle, for 1n
3 them the yield stress has been raised, by an amount

E equal to at least the smaller of the transverse tenslle

stresses. If the yleld stress has been raised above

the fracturc stress, the reglon will fracture with no

1. M. Gensamer, k. B, Pearsall, W. 5, Pellini and
J. R Low: "The Tensile Properties of Pearlite

¢ Bainite and Spheroid:te", Trans, A, 8. M. 30 983 (42). iy
2. C, Zener and J., H. Hollomon: "Plastic Flow and Rupture ~§

of Metals, First Partial Report!, WAL 732/10,

:
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riastic deformation whatever. The effects of tempering
upen the bend strength of quenched steels, described in
the firat part of th;s report, finds a ready interpre-
pation only in terms of these micro~stresses and their
relaxetion with temperature. The rate of relaxation of
stresses in steels has not been investigated sufficlent-
ly so that one can tell whether the micro~stresses are
completely relaxed at times and temperatures below those 5
which soften the steel, It 1s therefore of 1mportan§e
to investigate in what ways, other than by temperilng,
the micro-stressés may be relleved,

In the present sectlon an analysis 18 made of the
relaxation of micro~stresses by plastic deformatlon.
The analyslis may be carrled through to completion for the
important case where the miero-stresses are small com-
pared to the flow stress (i.e., smaller than.l/z the
flow stress). The result may be astated in simple terms.
The micro-stress pattern, that 1s, the stress pattern which
remains when the macro-stresses are removed, 1s un~
altered in type but is gradually reduced in magnitude as
plastic deformation proceeds. Thus at every point in
the sollid, the principal axes of the micro-stresses remalin

unaltered 1n direction, and the relatlive magnitudes of

[ Y

the three principal micro~stresses remain unchanged. The i

rate of decrease of the mloro~stresases 1s given by an

~15~
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exponential function, thus
‘ “GE/EQ

Micro-streases~e
where E 1s the macro-strain past ylelding, Eé the strain
at vielding, and o is a numerical constant nearly equal
to unity, its precise value depending upon the type of
macro-strain., A plastic deformation of several per
cent 1s therefore very effective in relieviug the micro~
stresaés. This thecretical conclusion 1s in agreement

with the observed relaxation of residual macro-stresses

by plastic deformation.1

‘The essential contribution of the authors 1s tne
integration, under the appropriate conditions, of a
certaln differential tensor equation obtalned by
Hohecnemser and Prager. In order to clarify the assumptions
involved in the final solution, a brief review is given

of the ideas leading to thils equation (Sections a - c).

a., Von Mises Theory of Plastic Flow

Von Mises has postulated & concise mathematlical re-

lation between the strain rates and the stresses. The

relation is given by the following set of equations:

| , .

b * E, = f.{’xx - (¥, + zz)/z}

] 1. J. T. Norton and D, Rosenthal: T"An Invcetigation of
‘ the Behavior ¢f Residual Stresses Under External lLoad
and Their Effect on Safety", The Welding Journal,

- February 1943,

3 -16~
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with two similar equations for ﬁyy and ﬁzz, and (1)

Eyz = Zf' xz

with two similar equations for sz and Exy . J

The fundamental characteristic of this relation 1is

that 1t is invarlant with respect to a rotation of

coordinate axes, The equations therefore rest upon the
assumption that the material remeins isotroplc during
deformation, | |

The quantity f 1e a function of the invariant stress

quadratio Qe defined by

J | o = (1/3) ] (4,-2,)2 + (2,-%)% + (xx~xy)2’

(
2 L -2 2
+2(Y,° + 2, + X,°)
Whnen &2 1s less than a oritical value A2, f i1s negligibly
small. On the other hand, 1if ¢2 1s only slightly greater
than Aa, T ls very large. Therefore for ordinary rates
of flow SI may be taken as glven by

¢2=A2 o (3)

In the absence of strain hardening, A 1s regarded as &
constant., When, és in all metals, strain-~hardening

occurs, the quantity A must be taken to be a function of

2

1
. the quadratic strain invariant or> as well as of ¢,

1. C. Zener and J, H, Hollomon: V"Plastlc Flow and Rupture
of Metals, First Peartial Report", WAL 732/10, App. A.
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It 18 to be particularly noted that since neither the
quadratic strese invariant nor the quadratic strain in-
varlant are constant throughout the specimen, the |
quantity £ cannot be taken as a constant of the spatial
coordinates, It is thils indeterminancy of f which
renders the plastic equatione of flow partlcularly
difficult of solution, ‘

b. Reuss-Prandtl Generalized Flow Equations

A straln may be separated uniquely into two parts,
elastic and plastic. The elastic strain is that which
18 recovered upon removal of all stresses, the plastic
18 the residual strain. The Von Mises equations relate
professedly only to the plastig strains, They are there-
fore 1lnapplicable Qhenever the elastic strains are
changing, as they alvays do whenever the principal axes
of the stress change their orientation. Reuss and
Prandtl have suggested that this limitation be removed-
by writing the equations for the total straln rate, the

elastlc plus the plastic. These equations are

= ¥ Reotty + 2,)]

XX
: + 1fx-(1/2) (Y + 2,)]
‘F . with two slmllar equations for éyv and ézz' and (4)

L] _ '-1 *
E,,=2(1+0)Y Y, +3£7Y, ,

with two similar equations for sz and éxy « In the above
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equations Y is Young'!s Modulus.

c. Hohenemser and Prager's Formulation of Plastic
Filow Equation

Eqs. (4) suffer from the same handicap as do Eqs.
(1) in that they contain the quantity f which is an
unknown function of position. In the particular case
where plastic deformation is occurring Hohenemser and.
Pragerl have been able to transform Eqs. (4) into &
new set in which this function is not present. They
have given their result in terms of the “"reduced stress
tensor", Z,, and the "reduced strain increment tensor",
dEo. These are defined by the following equations: )

{ Eyxt | (]'/pr“v @/E)Eyz
E, = G/QEXY Eyy=0 - 0/3sz (5)
e/, /2 1x Epz=?
and
Xx + P YZ Zx
Z, = Y, xy + P Xy (6)
Zx Xy Zz + P
where
A = E + K + E
XX Yy 2z
and

av]
I

- (X, + Y+ Zz)/3 .

1. X. Hohenemser and W, Prager, "Deltrag zur Mechanik
dea bildsamen Verha&ltens Von Flumsstahl,” Zeits f.
Aug: Math. und Mech, 12, 1 (32), .
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In terms of these tensors, their equations become :%
B

ax, = -(26/A2) (I, + 4E,) I, (7) :
+ 2G dEO

and

P=~KA.

In these equations, G and K are the shear and the bulk

elastic moduli, respectively, and the conetant A is
the same as that introduced in Section &, The product i

Eo . dEo refere to & scalar multiplication.

d. BSolution for Micro-stresses i

The macro-stress tensor in the region under oon=-

sideration will be denoted by E;. The micro-stress A
tensor 2II wlll then be the difference between ZO and
$1, namely i

EII = ZO - EI . (8)

The strains, referred to the state of zero macro-

3 stresses, wlll be taken as constant on a microscopic

—

scale, Although this assumption of constant microscopioc

N T

ftrains is not strictly valid, the total straln 1s

certainly much more nearly constant than elther of its

certain special cases of residual mioro-stresses, such

4

?F two componenta, the elastic and the plastic strains. In
!

E as in the case of a pre-stressed surface skin, the

assumption of a ccnatant etraln i1s strictly valid. We ‘-5

-20-
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may therefore set
6
E =E_, (9)

where I and E; satisfy Eq. (7), namely

az, = - (26/A%) (E1-QEp) I; + 26 dE; (10) | ,%

In order to obtain an equation for the micro-stress §

tensor Iy, one subtracts Eq. (10) from Eq. (7), and uses §
Eq. (8) and (9). The result is ;

a2y = -(20/a%) [ (5, * aBp) 5o (EI-dEI)’EI} (11)

The above equation may be considerably simplified 1if
one asgssumes that the micro-stress tensor 1s small compared

to the macro-stress tensor, l.e,,

2. .2 .

Prager has shown that 1f £ 1s the stress pattern existing

when plastlc flow is taking place, then

2
Therefore both I, and E,% are equal to A°. Their differ-
ence is therefore zero, and hence, in view of Eqe. (8) * *é

and (12)

il a5,

£ L (12) ¥

%11 =9 -

Upon using this equation, and upon observing that the

macro-stress tensor does not change with deformation,

T

N T TR TN T, RS . . o P . R e N et g
R L TR K s i Tl R D a5 R I i P U e

.
& S, Wiind R " o T T N T




i.e., 4Z; = 0, one obtains from Eq, (10) that

£..*dE. = 0 (14)

II 1 °

In virtue of thie last equation, the product (£,°dEp)
in Eq. (11) may be replaced by (£;+4E;). One may there-
fere rewrite Eq, (11) as

AZ;p = -(26/42) (£1-QE7)S17 . (15)

The formal solution of the above equation 1is

—(26/A%) / (£y-aEg)

TT = (zII 0 e (16)

X

The quantity (EII)o 1s to be interpreted as the micro-
stress tensor at the initiation of plastic deformation.
The lntegral in the exponent is to extend only over the
plastic strains,

As an important example of Eq. (16), the cast of a
urlaxial tenslle macro-stress will be oconsidered. If o
is the unlaxial strese, E the corresponding strain, then

from Eqe. (5) and (6), L;°dE; = odE. In this case Ae,

2

namely 212, 18 equal to (2/3)0". Therefore
- %9 E’
E

z 1= (£

I 110 ©

’
where E 18 the plastic strain, Eb tha elastic strain at

yield, nameiy o/¥.
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Thin Layer Under Compression Upon Bend

When a homogeneous bar is broken in bending, fracture
appears always to start at the surfacse. Thelpossibllity
therefore exists that a& thin layer under compression, by
delaying the initiation of fracture, may appreclatly
increase the bend strength.

Bush a thin compressive skin can appreclably ralse
the bend strength only if a smaller tensile stralin 1s
required to inltliate fracture at the surface than would
be required to initiate fracture in the interior. Thus
suppose that the samc tensile strain 1s necesgsary to
initiate fracture in the interior 2s at the surfaoce.

Then 1f initietion of fracture at the surface 1s prevented
by a layer under compressicn,only a small percentage
increase of the curvature of the bhar will raise the strailn,
Just under this layeq to a value which will lead to
fracture. From Figure 8 it may be seen that this re-
lative inerease in curvature is giver by 2W/D, where W

1s the thickness of the ekin, D 1s the dlameter of the

bar.

If a smaller strain 1s necessary to initliate fracture
&t the surface than in the interlior, then putting the
surface under compression may appreciably raise the bead
strength. ?uch a skin would have two distinct effects.
Firstly, since the outer layer starts in a longitudinal

compression, & higher st.ain 1s necessary for the outer

-23-
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layers to resach a given stress level. Becondly, the
circumferential compressive stress lowers the longi-
tudinal stress necessary to initiate plastic deformation.
Once plastic deformation starts, the longitudinal stress
rises much more slowly with tenelle strain than in the
elastic region. The outer layers may therefore undergo
a conslderably greater strain before the stress reaches
the fracture value than in the absence of the compressive
layer, The circumferential stress will relax rapidly

as the plastic defor@ation continues, as pointed out in
the previous section, but only a slight increase in
strain 1s necessary to considersbly increase the bend
strength,

The possible 1ncréase 1n'bend strength occurs
primarlily through a lowering of the yleld stress of the
oufer layers with respect to the fractiure stress.
Therefore any method of introducing a surface layer under
compression which at the same time lowers the fracture
stress cannot have a beneficlal effect. In fact, if the
fracture stress were lowered further than the yleld stress,

the bend strength would be impaired.

-2l
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ILLUSTRATION OF POSSIBLE STRESS-STRAIN
CURVES OF TWO STEELS, BOTH HAVING THE SAME
HARDKESS BUT DIFFERENT Y)ELD STRENGTHS.
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FIGURE 3
: Bend strengtih of 0.64 carbon steel hardened by inter— _
rupted quench, and tempered to various hardnesses. .
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FIGURE 4 .
Bend strencth of 0.76 carbon steel hardened by inter-
rupted quench, and tempered to various hardnesses. .
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FIGURE 5

Bend strength of 0.64 carbon steel hardened by con-
ventional method, and tempered to various hardnesses.
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FIGURE 6
Bend strength of C,76 carbon steel hardened by con-
ventional method, and tempered to various hardnesses.
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FIGURE 8

| FRACTURE STYBESS,  _

STRESS

CROSS SECTION|H OF BEND SPECIMEN

D = DIAMETER OF BAR.

R = RADIUS OF CURVATURE AT FRACTURE — BAR WITHOUT SUR-
FACE LAYER UNDER COMPRESSION.

W= THICKNESS OF SURFACE ILAYER UNDER COMPRESSION.

R's RADIUS OF CURVATURE AT FRACTURE — BAR WITH SURFACE
LAYER UNDER COMPRESSION.
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