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INTRODUCTION

Rapid quenching of components from initially high temperatures usually
results in development of residual stresses within the components upon
cooling. The quenching is normally undertaken to develop a desired micro-
structure in the material which would determine its behavior or response in
use. These changes in microstructure, or transformations, cause volume
changes which can glve rise to stresses in the component in addition to the
stresses due to the rapid temperature changes. Thus, the residual state of
stress which exists when the component is cooled to room temperature is due to
the combined effect of transient temperatures and material phase
transformation.

In a previous paper (ref 1), a method for computing the stresses due to
these combined effects was described. The general purpose finite element
program ADINAT/ADINA was used for the computation of both the transient
temperatures and the associated stresses. The problem considered was that of
an axisymmetric hollow cyliander undergoing a water-spray quench. The present
work considers a similar model but is better able to describe the residual
stress state because of the availability of a more accurate set of properties
for the material expansion due to the phase transformation. The material
properties and system parameters used in the computations, such as quenching
time, were chosen using the rotary forge quench facility at Watervliet Arsenal
As a model.

The quench facility has nozzles on several diametral planes for spraving

ly. o, Vasilakis, "Thermal and Transformation Stresses in Hollow Tubes During
the Quenching Process,” Transactions of the First Army Conference on Applied
Mathematics and Computing, ARO Report 84-1.
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water on the outer diameter of a long tube as it is slowly rotated. The bore,
or inner surface of the tube, can also be cooled by a bore flush. There have
been several types of quench cycles in the past. These include varying quench
times of the outer diamater for the breech and muzzle ends of the tube. The
long tubes are usually of constant bore diameter and varying outer diameter
with the larger being the breech end and the smaller the muzzle end.
Juenching of the bore can be omitted, delayed, or simultaneous with the outer
diameter quench, etc. The goal was to develop the design properties in the
tube without causing quench cracking due to the high residual teusile stresses
at the bore.

Since the diameter of these tubes varies slowly, end effects are ignored
and the tube is treated as a loung axisymmetric cylinder. In the earlier work

(ref 1), the transient temperatures and combined stresses for the breech and

muzzle ends were treated as two separate cases. This earlier work also
considered the effects of the different quench cycles. The geometry used is
that of the muzzle or smaller end of the long tube. It is also assumed that
no bore quench takes place. This was done because most of the quenching
currently being undertaken at the facility does not use the bore quench.
Latent heat is ignored in the computation of the transient temperatures. This
is not due to a limitation of the model, but to a lack of appropriate input.

Based on recent experimental work (ref 2), the residual stresses can now

be computed from realistic temperature~transformation curves. Also, because

1y, o. Vasilakis, "Thermal and Transformation Stresses in Hollow Tubes During
the Quenching Process,” Transactions of the First Army Conference on Applied
Mathematics and Computing, AROC Report 84-1.

2p, Cote, Private Communication, Benet Weapons Laboratory, September 1984.
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of information on the martensite transformation itself, the effect of new

quench cycles on the cooling curves can be seen. The resultant residual

stress distributions can then be discussed.

A A&

PROBLEM STATEMENT

Thermal and transformation stresses are computed for long hollow
cylinders as they are being quenched. The effects due to the transient
temperature distributions and the martensite transformation are both
considered in the stress calculations. The thermo-physical properties are

assumed to be temperature dependent. The residual stress distributions at the

PSR I SR T I W A

end of the quench cycles are presented. Both experimentally developed and
assumed transformation-temperature curves are used, and the quench cycle is

varied. A general purpose finite element program ADINAT/ADINA is used for the

.

computitions.

FINITE ELEMENT PROGRAM

The finite element geometry for the problem is shown in Figure 1, along
with a simplified drawing of a gun tube. Eight node quadrilateral elements
are used in the model. The present work shows results only for the muzzle end
of the tube. In the earlier work (ref 1), stress and temperature results for
the breech end of the tube due to different quench cycles and an assumed

transformation-temperature curve were presented.

Ly, o. Vasilakis, "Thermal and Transformation Stresses in Hollow Tubes NDuring
the Juenching Process,” Transactions of the First Army Conference on Applied
Hathematics and Computing, ARO Report 84-1.
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The finite element program actually consists of two parts, one for
computing temperatures, ADINAT, and one for computing stresses, ADINA. Each
program can stand alone, but when one wishes to compute thermal stresses using
the same geometry, ADINAT produces a file which includes the temperatures at
the node for each time step if the problem is a transient one. This ADINAT
output file can then be used as imnput to ADINA for the stress computation.

In the program, the thermo-physical properties were considered as
functions of temperature. The convection losses during the heat traansfer
portion of the computation are considered to be due to the temperature
difference between the tube wall and ambient, which is assumed to be 13.3°C
(65°F). For the computation of stresses, one has a choice of several material
behavior models in ADINA. The one chosen for this work was Model 10 (ref 3)
which is applicable to the thermo-elastic-plastic solution of interest. The
yield criterion assumed was the distortion energy criterion and the yield
stress was assumed to be a function of temperature. No creep or hardening was
assumed although the model allowed both to be incorporated.

To compute thermal stresses, the problem for the transient temperatures
was solved using just ADINAT as indicated above. The special file created by
ADINAT was then used as input to ADINA to compute the thermal stresses.
dowever, in many cases in solving the temperature problem, time increments
vary. Short-time increments are used during periods of large transients,

and longer-time increments when the temperature gradients are not as severe.

3y, Snvder and K.-J. Bathe, "Formulation and Numerical Solution of Thermo-
Llastic=~Plastic and Creep Problems,” NT13: PB-=274-044, June 1977.
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While ADINAT allows one to change time increments, ADINA does nuot. This

difficulty was overcome by manipulating the temperature file used for stress
computation so that with the restart capability, ADINA would see only one time
increment luring any one computation interval. Finally, the restart facility
in ADINA (ref 4) was altered so that a restart could be undertaken from any
previous time instead of just the last completed step.

The computation of transformation stresses and combined thermal and
transformation stresses can be treated like thermal stresses with little

additional effort. The effect of the transformation, at least the aspect of

it giving rise to stresses, Is to create a volume change in the material. In

R o
ll

this case the volume change is an increase, and it occurs when the temperature

A
Y YR

at a point in the material becomes equal to the martensite start (Ms) tempera-

ture and is completed when it reaches the martensite finish (Mp) temperature.

A T e a0 4 W
o

If the transformation is assumed to be isotropic, then the linear expansion

can be taken as one-third the volume change. Reference 1 describes what was
done when the expansion due to the volume change was available as a separate

quantity from the thermal expansion coefficient of the material. The current

- work takes advantage of the fact that the expansion is available from
=
t experiments as the combined effect.
r'
, ¢
-
g
- L. o. Vasilakis, "Thermal and Transformation Stresses in Hollow Tubes uring
p . the Juenching Process,” Transactions of the First Army Conference on Applied
r’ Mathematics and Computing, ARO Report 84-1.
b 4Fred Gregory, Private Communication, Ballistics Research Laboratory, April
.. 1933.
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SXPERIMENTAL WORK

Cote (ref 2) is conducting tests on various steels used in the
manufacture of large caliber cannon. Small samples of the steels are quenched
at different rates and the expansion in each sample is determined. He

supplied the data for the experimental curve for the linear expansion versus

~
v
]

temperature curve shown in Figure 2. He also suggested the modified curve as |

T
I

KTy L
LA LA, v, I’."J.‘.',

being typical of another type of steel or one in which some bainite has formed
in addition to martensite. Other aspects of his work indicate that the
desired microstructure can be achieved with slower quench cycles. This work

has guided some of the decisions as to what quench cycles to run, what

transformation curves to use, etc.

DA S ot

RESULTS AND DISCUSSION OF RESULTS

The early work (ref 1) was based on the assumed transformation-

temperature curve shown in Figure 2. The experimental curve was not available

[y L]
N R

LA L
]

at that time. Based on that curve, however, several different quench cycles

v 'l'A. P
ey, l.l‘

were run to determine the transient temperature distributions and the

2y au g

associated residual stresses. The quench cycles previously run were:

3 (-

.
$x~ l. Bore quench started at the same time as the onutside diameter
:}‘ (0D) quench.
v‘
i 2. Bore nuench started 30 seconds before the OD quench began.
o 3. Bore ‘quench started 30 seconds after the 0D quench began.
, “.  No hore quench.
[ . )
o
":-' T, . . s "o - . .
- <Te 0. Tasilakis, "Thermal ind Transformation Stresses in Hollow Tubes During
s the Jueaching Process,” [ransactions of the First Army Conference on Applied
- Mathemar{~s gad Doannitine, ARD Report 84-1.
.. ), - . : . . ’
. “Pe Tone, Private Gommuanization, Benet Weapons Laboratory, September 1934,
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These were run for both the muzzle and the breech end of the gun tube. For
comparison purposes, some of this earlier work is shown in Figures 3 through
S. The results are for the muzzle end with no bore quench taking place.
Figure 3 shows the variation with time of the tangential stress at the bore
and in the outer surface. Since this was a four-minute quench simulation, the

stresses at time 250 seconds are the residual stresses at those respective

points. The breaks in the curves indicate when the phase transformation would
begin and end in the bore and on the outer surface. The oanset of inelastic
deformation can also be found as can changes in the slope of the phase
transformation—-temperature curve. Figure 4 shows the residual stress
distribution throughout the cylinder wall. High compressive stresses are seen
at the bore and high tensile stresses are seen on the outer surface. Figure 5
is a series of figures showing the tangential stress distribution across the
wall thickness at different times. The transformation started on the outer
diameter by 150.5 seconds and continued into the cylinder. It began on the
inner diameter (ID) by 175.5 seconds and the residual stress state (similar to
Figure 4) is seen at time 245.5 seconds.

The results for other transformation curves in Figure 2 are shown in the
remaining figures. The phase transformation curves used here for the
computation of residual stresses are the experimentally determined one and the
one modified from it. 1In addition, each was run with a fast quench (~ 4
minutes) and a slow quench (~ 15 minute) cycle. Boundary conditions for the
computation of temperatures are not readily available. The only known
information is that the temperature on the muzzle end of the tube reaches

about 200°F in approximately four minutes. This point is about eight minutes
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on the breech end. A constant convection coefficient, h, is found by
axercising the program which gives us this point and is used in subsequent
runs. The geometry for the muzzle end was used and no bore quench was
considered. Figures 6 through 9 represent the transient temperatures
experienced by the tube during quenching. Figure 6 is the response of the
fast quench and the temperature distribution throughout the wall at selected
times is shown. The effect on the temperature distribution due to the OD
quench only is easily seen, especially at early times. The difference between
the outer diameter and bore diameter temperatures at any time 1is found in
Figure 7, again for the fast quench cycle. Figures 8 and 9 show the thermal
results for the slow quench cycle, with Figure 8 showing the radial
distribution of temperatures, and Figure 9 the OD and ID temperature as they
vary 1in time. It is easily seen that the temperature difference between the
ID and OD is much less during the slow quench.

Figures 10 and 11 show some of the stress results due to the experimental
phase transformation curve and a fast quench cycle. This is perhaps the worst
case as far as high stress gradients and residual stresses are concerned. The
distribution of tangential stresses throughout the wall is shown in Figure 10
for specific times. At time 121 seconds the transformation began on the 0D,
and at time 150 seconds it began on the ID. The effect on the stresses is due
primarily to the volume change associated with the transformation. This can
easily be seen by considering the stresses prior to the transformation

beginning and the changes to the state of stress after it has been completed.

b{f{ Figure 11 shows the fluctuation of th~ stresses at the ID and OD of the tube
SR
tt”; throughout this quench cycle. Again the breaks ian the curve are due to the
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onset of transformations, the onset of inelastic material behavior, and
changes in slope of the transformation curve. High tensile stresses are found
at the bore. Figures 12 and 13 show the results for the experimental
transformation curve and the slow quench. Since it was thought that the
desired material microstructure would be developed even during a slow quench
for a specific steel, the combination of loads was run. From Figure 12 one
can see that the initial thermal stresses are small, as the thermal zradients
are auch less during the slower quench. The transformation on the 0D started
about 460-470 seconds into the run, and on the ID probably about 40-50 seconds
later. The residual state of stress is shown at the end of the quench cycle.
High residual stresses are found at both the ID and OD but do not appear to
penetrate into the interior of the tube section as they did during the rapid
quench cvcle. Bore tangential stress, however, is still tensile. Figure 14
shows che history of the tangential stress at the bore and 0OD. lfost of the
action occurs during the period from 450-625 seconds when the material is
undergoing the transformation.

8y subjecting the material to more time at the austenitizing temperature
or perhaps by changing the austenitizing temperature, it may be possible
tno change the shape of the phase transformation-temperature curve. For this
rzason, it was decided to look at the type of results that would arise if the
modified transformation curve in Figure 2 was used. Fligures 1% and 15 show
the results for this curve with the first quench cycle. While the high
stresses do occur on the ID and 0D, the penetration of these stresses into the
faterior is not as wmuch as it was with the experimentallv determined

transformation curve. Figures 1h and 17 depict the results for the =odified
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transformation curve and slow quench. In this case, the residual stresses are

small.

CONCLUSIONS

Using experimental results as a guide, this work looked at the residual
stress states in a long hollow tube which arise when the cylinder is quenched.
These stresses are due to the transient temperatures during quenching and the
material transformation that occurs. High tensile stresses occurred at the
bore for all runs. These are the stresses that can lead to quench cracking.

In all runs, the stresses that occurred due to the phase change were auch
more severe than those due to the thermal zradients. During the slow quench,
the thermal stresses were very small by comparison. For the more rapid
quench, although more severe, they still were much less than the transforma-
tion stress. One should recall that the cylinder modeled is a steel one and
the thermal conductivity is high tending to keep the gradients small. Varying
the quench cycle, e.g., introducing bore quench, would not significantly
change the stresses due to the temperature gradients alone.

The stresses due to the transformation cause inelastic material behavior,
almost from the time the transformation begins. At the higher temperatures,
it is expected that ylelding could occur without generating cracks due to a
more ductile response. A siow quench with the experimentally determined
transfotmation curve or either the slow or the fast quench with the modified
transformation curve show more shallow areas on the ID and 0D for high
residual stresses. Less material is thus subject to high stresses. Although

this analysls cannot predict the onset of cracks due to quenching, it tends to
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indlcate that fast quench and experimental transformation curve would have
higher propensity for cracking. Either modifying the transformation curve

slowing the quench would help decrease the possibility of quench cracking.

LR g oo o s SEaME v ant S 2y an 2w 20 4 §

11

- . - - e, .
. Te . . . .
T T e T e e T - P Y - S 4 - S . LU
. Wt . . P O S e

e R B s et e . .t e .
' L. - . o -

= "l.[ CAMMECR AL RASCAAL A S AAa ey RUR- Sie 0e S0 Stn b v 8 vl

RS 8 2a S Ase Bws &4

or

L

- e T T TN T AT e e T . . CE L ; R . PO
P, P R LP GO R & O U, S SO VT I ST Y . ¥ W, P UL F I A O R R S S . R P T S S R T S A,

RO




STl el a W W W W T Y Ay eI Al
- ooa - LA 5 fadt Suadad T T T T T T N T o S o wm e  ae .
L R R A AR B PN WYTw T g

REFERENCES
i. J. D. Vasilakis, "Thermal and Transformation Stresses in Hollow Tubes

Juring the Quenching Process,” Transactions of the First Army Conference

on Applied Mathematics and Computing, ARO Report 84-1.

2. P. Cote, Private Communication, Benet Weapons Laboratory, September 1984.
3. M. Snyder and K.-J. Bathe, "Formulation and Numerical Solution of Thermo-
Elastic-Plastic and Creep Problems,™ NTIS: PB-274-044, June 1977.

4. Fred Gregory, Private Communication, Ballistics Research Laboratory, April

1983.
L
" A
.
.-
o
oo
PN
v .
» ..
L
= L 4
v
;o
e 12
.
B .
.
)
. < R . .
e o S T S e e N R - N - . N Lo PO
bataialaa Basmanane s s St S S KU B S NP PR TP PRI, PR T PR PR PR v 'L*’qul'.'l.‘L-'L~ PR A '~'f-_'-‘_'q‘i




"1 FN9l4

A413W039 W380dd

(372ZMW) SININIT3I SIXY
WHILYIIHAUNO 300N 6

SRESRRNE
T

HI1IWIQ ¥31NO

HINI 84°S :Q0 HINI 96°8 Q0
HINI Sl ¥ QI HONI 88°S :dI

@ g e 4 e s e e e s s s s i o 0 0 O A Y

r~_whh-h---~.-~\.\\:

NOI133S 3TZZNKW NOI133S H33348

............




T YT T

AR e a et e e JANe BN 4

i “Siie S i M)

.

L

e

PR RN e 2 Nl S T T S A e AR Sl ] -1

TR

00vi

(58/¥1/8)

002l

¢ 2¥ndid

(LIZHNIYUHVE) 240LVETdNTL

0001

008

008

0o

002

dannssy
TVINIRIYAdXT

qatdigon —

- vc.t

|
)

\

————

g0 -

- NQI

- 10°-

- —— e o &, -4

- —— e =

- ————— e —

—

n
|
\\ i

S

10°

AANLVIAdNIL 40 NOILINNA V SV

INJTITA430) NOISNVAXT ¥VANIT NI 3DNVHD

(HONI) NOISNVAX3 ¥VINIT NI 39NVH)D




"€ N9l 4

SANOJ3S NI IIL
8acl See eac S 0S| S2l eal SL @s Se

0S1-

A/\ l \sna

P PR P VA L. PO WS, N x'L-;._iA.{._:'-J\l

081-

PR, VRPN P

R TG SR Y L,

408

O U~

LAl ord AR oM el gBi phe atit it o SAR NS SRS SV get SPE amE ot e see o'a "'-:'\Y“TW

v

15

A

@S

Ui
A,

(&
o
'
'
'
'
M- uwumwm

."‘("‘

v

< 0ol

sl

.
P, P, RPN P PR

.
N A

"o

Yo W

2
)

alata

HON3ND 3408 ON - 372ZNKW
IWIL HIIM SSRYLS 40 NOTLVIYUA SANVYSNCHL

. "- '.-.'-n
L

A
-

-
L
A e e A A

W

St

o _'_I

T T ey
. LI

ST I | y e :
il ol ol o i Ae kb o A A

e O N N




'-"T

Vo RN9T A

(HONT) sniduy
% 8°¢2 9°¢ v°e 2 e % s

DalMae ufe"afat s Sak Be

L

o e

W D8 I
SW \\\ i

1 005
1Z219

T W W U SO G -G N NP Y O U S S P J

‘m

s " -nh " .
“ .
PN W W O P

005°052  IIL B
IS 891 ** Q73IA

|
\
|
|

RSOOSR A A AN SRR AN rg goe pAl A MM e A Ae -t

v

- ".- PR I .-V".:“ - h.
PP IRP I S T Sy TR N WU B0 N L Ty T

“‘- A -

AN3 31ZZNW

-t w
- m*

.Ah\ --'.'-'
- "~
-

é o
mo_x

HIN3INO 3408 ON
SSIYLS NOTLUWHOASNGYYL QNY TWWY3HL

.
P

el B A N B ‘e A R¥e B - Sihe Shie “Rile St D i “aibe A ba b ) hafadaak &

>

s, . . v
Bt Lo Lol okl el

y.‘..--.~ ..-N-n-nn .
SRR LA i
BN UL NN RN




o O
P o
g 'S N9 i
:
% H S°Sp2 S°002 5°S81 5°'081 h M

]

558l 508l 'S¢ \m.wt/
\l/mw 5°831 5°551 /'\M.M..._\ ~
5°SE| 'sL 5'S2 8°S

SAN0J3S N1 3Wil H3N3ND 3408 ON NOI133S 3N2ZMH

JAYND NOISNYdX3 d3WNSSY
HIN3IND ONIANA SNIQYY SA SS3FYLS TIVILINIONYL

..... .
fatatata’atata® L in v



: ; v
: 'S N9l 4 g
w 000 08¢ SN1Qvy :
] Gaa‘vcc  g-¢g 82 92 b2 2'2 B2 ;
W 000 08| _ _ | _ L 0 _
; 000" 0S| m b
: 000 02| — s B
: 000 86 L —  oos ; K
: 00005 D i ¥ E
! / 8 N N
1 000 * 0€ — — | E
ﬁ . — - L
g 000 02 | 1 Y ;
' : >~ ————— 10001 Y :
: 000 0| 5 . w
. - / / | Q i
w (33S)  IWIL //////////ﬁ//////, . W [
m — L 1 ay
v HON3NO 1SY4 f///1WHHHHH!%I;! EOS| ;
» R
: 40551 = | i E
w aAN3 371ZZNW - u
; B E
: 0002 E
M HON3NO ONI¥NG P
. -

38NL NI STANLYHIAWIL INIISNYNL »

et T ,.".' T T,
VN, P P PP P PP Ay

wia




(¥8/5/01) ‘L 340914
11942 HONAND LSV
(saN02dS) amlL HALAMVIQ ¥ALNO
Y3LINVIQ 3408 —
062 002 051 001 09 0
062

.-

1///w,,/;/ - 008

1 06

AN ,,;,;;, | o001

1@

(LITENIYHEYVY) JYNLVY3dRTL

™~ +H 00¢1

(HONAND 3408 ON) HONAND HNI¥NG AYOLSIH
TINLYYAdNAL J0V4UNS YILNO ANV Y404

.........




'8 NS
000 '202 | SN Qv
Gea'eeil g 8°2 9°2 2 22 02
000000 | _ ! L ! 1
000°5.8 m
000 "0S. -
008 °S29 j
200 "005 -
000 "SLE B
000 "BS2 -
000 "S2| — i
*(235) 3WIL S
//’./{ -
HON3IND MO71S i
405851 =1 i
N3 31ZZNK B

H3N3NO 9NTJNAd
38N1 NI S3dN1Yy3d3l IN3TSNUHL

5[%)S

5]5]%]}

QeS|

515]%14

FWwrIouwxrd—oxul

20

N AT

R

G

BAPIPIPSU IS L. 3L NI N S P P TR S JOR e

-
alat

A

A
faows

L
.

[ SN P I SRR

PRGN SIS GEIPSIT DI W G wh

o




"‘.‘.‘."rrﬁ*T

i i

- v..

(v8/s/01)

81040 HONINd K018

0021 0001

008

‘8 34ndid

(saNoods) anll

008

00¥

002

J3LANVIQ ¥3ino

HIL3RVIO 3¥0d —

—__

- 062

006

0GL

1 0001

0Gel

0061

(HONIND 3¥0d ON) HONAND DNIYNA XYOLSIH
JANLVIAdRAL ADVAUNS YALNO NV 3¥04

(113HNTYHV) JENLVEALNIL

21

AP g

T e
DY Lt et At . ; et .
PPN PR TR PU W N R, v

Py

PRI |

n

b




M R e e e I e A A R B

PR R A A S e At Sl Sl el Sl Tl e d i A dod R fe e oG YT T T T e e

AR D R At R B

85°95Z2 Wiy

Hyﬂ

85°91Z MW

,VI/,J
0SS 91 W)

00°9914 EL1N!

ey

ar "6S1 ELD B

ar "asi ELTN

] MY Il

21 3HN91 A
HION3NO 3309 ON ‘1Sv4d 05°832 WMIL  @S°I2  WlL
JAUNT NOT LYWHO4ASNYEL TWINIWIHIdX3 ™ ™
|\ |\
85°1SZ  BlL  @S°9¥Z  IWIL @912  SWIL @3°9EZ  MIL ©S°|€Z MIL  0S°9zZ MIL 08 I1ZZ il
—/ —/ — —\ —\ -
8S°112 311 €3°992 3MIL 937182 3WIL  @9°981 ML @S°I81  IMIi  0S°881 WMIL @S- 181 Ml
(- i \\
88°S/1  3IWIL  @6°EL1  IMIL  @8°ZL1  IMIL  @1°BLI  3INIL  @8°691 3INIL  08°891 IIL  e8°L9 Ml
- A\ \L \_ - \_
\— V2 \/ W W4 \/ W/
80°S91  IMIL  ee'¥I1 IWIL  @0'EIl  INIL  @e°Z91  3IWIL  e8'18) 1L  e0-e31 BIL  08°6SI 31l
!
A AF| | I - — =
~J —J —J/
80°831 3WIL  B5°8SI  3IWIL 007831 IMIL  @8°991 IMIL  O2°SSI  IMIL  O9°ESI MIL  00°2S1 il
[\ [\ \ \ ‘ \ ‘ \ \ \
I 1
@0 1r! W1l @0'IEI  WIL  @9I2)  IHIL 80111 ML 00°101 i1 00718 ML 09I9Il
Qs.‘.mw w:mﬁ 80" 19 ML .- A1 4 ML [, AT ML 0012 ML [ [ AN} W™ [ M} k1§

HIONGNO ONTANA SIWTL 314133d4S 404 SNIavy

SA GS3H1S WIINIONVL

o
-

G

PR
—: LA Latatharon

‘-n" <& N
TN o

22
. . S
et e, e e Cat B I
._-‘-"".'. . _-.-.‘-,‘."..‘-’_-'. L i P LT A w e e s T
LR T RV Y W VR N W N W DN A i, S, TUSTREE § N VST TSP . DTS R Y ST i V. 7O

e e
L e -

ot et
e

« -'--’. N
il il ol ol e ks

2.4




w Ade-80a 4 ‘—v\"'ﬂ

L)

ve/1c/21 (HoNINd 18V4) ‘11 3¥N91 1
TAUND NOLLVAHOASNYAL
TVINININIAXT NO 02sVE

R mhe it i e SAn_ s be 4

(SaNodds) INIL SS3YLs 40 - -
SSAYLS 2408 —
g 052 002 0§1 00} 0$ 0
/
y, .. \.
: { \
/ ...,, \
w R \ 001-
] \ /
: ]
\ / —
1 w .
: - 0§- =
(2]
b~
-
0 o
-5
=
06 =
»

. ;

=

A
EANAY

(HONINd dA40g ON) HONAND HNIYNG
SASSAULS NOILYRYOJSNVEL ONY TVRYIHL SNYSNORI

e W e e s
PSSO VSN PSRy




Ty

TV Ty

i

LA A AR " Tl g i A

. A4

.....

80°1881 M1}

HIN3ND 3308 ON 'MO7S
JAANT NOTLYWHOASNYHL TWINIWIY3LXT

09° 1981 Ml

80° 1981 3l

ee°isll 3ImIL

21 3¥N914

00° 1911 MIL

00 Ivil Ml

ea°izZil Wl

001911 11

- st

A“"-’l-'-'-'!l_ 'v_".-!-_

8
g

09°1201 3l

09°1e8l 3WIL

g
g

00°186 ML

09°190 Ml

g

08°1v6 Ml

.\ 7N WL Tem

s

00° 120 Wl

s
8

28°180 Il

e9°168 IM]L

1
f

0°(98 3Nl

00198 3JWIL

8

e8°126 3IL

g
g

ee-i68 3l

o8-8/ EIF

PRUSYAE. A5, 9. I YY)

N

24

8
8

08" 19¢ ML

02’ 1y. 3WlL

8

80°12, ]l

i
g

80°18L 33Ul

00°189 3ull

i

88°199 3l

il
1

82°1¥3  lL

e9°129 3

5

90 189 wmI}

g
5
g

2e°'263 Wi

80°299 3L

89°2r3  IlL

1

ee°zz9 Il

g

#0°208 Ml

|/

~
T

08°SSy Wil

NN

¢

ep'ser /iy

-

- - .. -~ - . e ' il-
L R P Y P

g
M

80 °95¢ INLL

090°S0E 3l

T
I
i

80°'932 3L

00°S8Z  3HiL

00°951 MWl

//

890°981  3MlL

@9°3S ML

[N E )]

P

y

HINJND ONTYNA S3WIL JIT41J3dS ¥04 SNIAvy

........

|
|

\

e, . o

I A .

A AP AP e s .

't S 9 o o
Sabondl Bl eaben' o & o X X

\

\

|

SA SS3Y1S WILINIINYL

- .t .
§. SN

.
-, e .
ol o n Con of

2,

Y
. o

.J...c. LR "_v - gt
NSO 2t H. ...Lu

o
POt RUURSU R S S B



_ be/1e/21 (HININD KOTS) ‘€1 IMN914
: AA4ND NOILYNHOASNVYL
d TVINIRIN3dXT NO 43sve

(SAN023S) amiL SS341s 40 - - -
{ $S34lS 3408 —
. 008 009 00t 002

0

“ ......... T !/;. \\ ............. 1 @"

H L A | 001-

/ | | )

! " : 05- o
| \ Z 8
I s | .
o “
w 0§ %
N -

.}\\\;L\\//, 7 pﬂ | 001
(HONAnd 2404 ON) HONAND ONI¥NQ
SASSAULS NOILYRYOASNVYEL ANV TYRYIHI SINYSNOHL

R I i -f-. ﬁ..l-.
e O



YT TYTY T YTy

HEAR AL AN RAS A e A S A Y S M AN AN LA AR B e ) SN 8t St Ate bus Bl Bie R hee dls e d

A

CRER e i i ST Se " Sia ey &0 iite A4

1 N9T S
HON3ND 3408 ON ‘1S9d

FAUNI NOTIUWHO4SNUYL d3T41A0W

Z 3MIL 69°932 W11 69T Wl

A

2
]
-
¥
-
-
2
2

@9°9€Z 311 05°922 Ml 08°9IZ 1L 09°9%Z ML b O3WIL 09°98L1 WlL 814U

~
N

@1°vs1 WMIL OICELL IWIL O1°2Z1  WMIL eIiLl 3L 06l MWIL  0€9°091 W1 00°09!

/
;/
i
}{7 .
}
LW
hlE

4
L d
-
2

-
3
-
¥
-
-

B
)
N
N
i
i
b

90°891 Il 05°/91 W11 89" 91 INIL ©9S°994 IWIL 0 991 IWIL @S°S9l  WI4  89°S%I  IIL  6S°r9 WL

L\ |
I
™
T
+
i
™
i

26

@2°¥91 311 @STE9  IWIL  BQ°ES!  IMIL  8S°291  IWIL  PO°ZI  IIL 097191 WIL  68°I91  IWMIL  09°091  MIL

~
-/

L\'
h
N
B
N
N
™

8s°689l1 1L 00 09°£91 WMIL  60°r31 WMl

2
-
¥
-
-

007891  3MUI1  88°0S1 MlL  Or°6St  IMIL  e8°8s|

ML
- r r p N p— ] B A
_J _/ _/ J
ey esi IMIL 8o 1 3L 80° 1€} INIL 88" I1Z) ML 00°111  IIL 00°181 3IMIL 0010 ML  00°19 Ml
T
091/ ..:._rl.m» OOH»_M ELTPY 92° 1S ECINS 08 i I e ie INL | [ MY ML oot ™I [ M} E 2 F]

V\hwh
HIONAND ONTANA S3WIL 314133dS 404 SNIAWY SA SS3HIS TWIINIONVL

Vl‘ll‘

!
!

-
\

)

.................
...........................
............................




T
.

Y
e

N S
L S PR

ye/18/21  (HAN3nd 1sVd) ‘51 3914
2A4ND HOILVNHO4SNYYL
Q3141000 NO @3svd

e ah
PR e

(saN023s) 2RIl SS34LS 40 - -

SSA¥LS 3308 —
062 002 061 001 06 0

T,

-

.

O

AU oA Al e A & A A MR Miadh SRl 2 A
~ -
et

<

-
i

S —— - 061~

AL ail oY
/
.
‘
e

|
m 001-
i

. ‘.' -4 -A‘. .l -'..' ..‘ N »“n'
DA G R AR SN DR PR S

06-

27

~e T

0§

D
(15d) SSIULS TVILINIONYL

N SN U APPYRE WA TP, QP

R

.

PSP

4
t
\ { '
3 ! (\ ool X
1 s
.-_- \ 1.

SRS

[
S %

- o B

0si -

(HoNANd 2404 ON) HONAND HNI¥NG
SASSAULS NOILYWYOISNVYL ANV TYRYTHL SONYSNOB4 i

e
a

W W 5 e M,

LY

SUGPRN
.

o

v-'.? N5




Catttaiast fer sl Sek A8 At |

.

]
.W_

A ad Tl Mg N T R
Pt -

"9l N9 4 HON3NO 3408 ON ‘MO1S
YiYa NOTIYWYOISNYYL G3141d0KW
82° 1811 3Wll 00°1911 ML 20°Ivit IMIL 00121t Wl 00°1011 Wy
Vl‘l.'l /4\ ( /4\ (
80° 1881 WMl 9a°1991 WlL 00°1¥01 3MIL e0° 120l 31l 20° 1005 Il 20° 180 E ) 8% 200°196 ML e0°1v0 k¥
dom———a N A Ao A Ao - h
98" 120 ML e9°100 INIL 98’199 INlL 20°198 3Wl11 e0° 18 INIL 00° 128 Wl 00°'108 ML 28°18¢ u:_m
oo|._|w~ ™Ml 20°IvL EL DY 20°12¢ E Y eoiaL NIl 80°189 NI 90°199 WL 88°1v9 Il 20°129 M
\
| | | | o= | |
80109 E )8 en°209 E 1§ 08°299 E T} 8 @0°2»3 NI 00°229 Ml 090°209 ML 88°SS5y M1 08 °S8b Mg
_ A\ ™\ N
80 ' 95¢ Ml 098 'S0t Il 28 °S92 k1] 20°'S02 INLL 20°SS| ML 99°50) 3l 89°S3 ML 00'S Ml
O ——— So— S— F—————— P S —

HININOD 9NIANA SIWIL J14133dS 804 SNIQYY SA SS3HLS TWIINIONVI

LYV

.- te e .

]
-
2

. o .
RPN




¥8/16/21 (HONAND KO1S)

L1 3HN9T 4
JA4ND NOILVAYOASNVYL
da141G0R NO @3svd

(SaN02ds) gMIL
0021 0001

§53318 40 - -
§S3815 dvod —
008 008 0o 00¢ 0
|

1 B T , o E
— ] w W %tunllllluttl1\\\\\/11/// , mm 4

I O LA | A 3

Yoy 3
; 06 =
/ _ m
\
Y 001
i/

(HoNdnd AY0d ON) HONIAD DHNIUNQ
SASSAYLS NOILVNUOISNVYL ANV TYRYIHI SONYSNOAL

BT SN




P T W W T e T

oA ok st LR N A
A MNP}
NN AR

24 };’._-
.

- -
Bl

ATTN:

ATTN:

ATTN:

TECHNICA.
ATTN:

TECHNICAL
ATTN:

JIRECTOR,

DIRECTOR,

JIRECTOR,

4,.’

NOTE:. PLEASE

I TS L R AR
PRI SRR ST

TECHNICAL REPORT INTERNAL OISTRIBUTION LIST

SMCAR-CCB-D
-DA
-DP
-OR
-DS
-0C
-DM

SMCAR-CCB-S
-SE

CHIEF, RESEARCH BRANCH

SMCAR-CCB-R
-R
-RA
-RM
-RP
-RT

L IBRARY
SMCAR-CCB-TL

PUBLICATIONS &
SMCAR-CCB-TL

CHIEF., DEVELCPMENT ENGINEERING BRANCH

(SYSTEMS)

CHIZF, ENGINEERING SUPPORT BRANCH

(ELLEN FOGARTY)

EDITING UNIT

OPERATIONS DIRECTORATE

PROCUREMENT DIRECTORATE

PRODUCT ASSURANCE DIRECTORATE

NOTIFY DIRECTOR, BENET WEAPQONS LABORATORY, ATTN:
OF ANY ADDRESS CHANGES.

NO. OF
COPIES

b b b e R b

— e e e e N

a8 ]

1
4

SMCAR-CCB-TL,

i R S shadh g “Bh *Radl ~Sad Y \"V\"_\l"»\'\""_ﬂ"ﬁ"_\‘-"\')'\-‘»."E".'.‘";"."L“."'.T"W'."."" -




TRy RY TR gegugrgvgrs gy oerTrr e
- CRlE Rl Dl Bl P S

LT LY e WL rowey

A Nk Y S S R M A e Sl e ) T."‘ﬁ.".“."'.".“-."'."‘.'\","T

TECHNICAL REPORT E(TERNAL DISTRIBUTION LIST

A38T SEC OF THE ARMY
“cSEARCH & DEVELOPMENT
"TTN: DEP FOR SCI & TECK
“nE PENTAGON

NASHINGTON, D.C. 20315

~OMMANDER

JEFENSE TECHNICAL INFO CENTER
ATTH. DTIC-DDA

CAMERON STATION

ALEXANDRIA, VA 22314

COMMANDER

JS ARMY MAT DEV & READ COMD
ATTN: DRCDE-SG

5001 EISENHOWER AVE
ALEXANDRIA, VA 22333

COMMANDER
ARMAMENT REC & DEV CTR
US ARMY AMCCOM
ATTN: <MCAR-FS
SMCAR-FSA
SMCAR-FSM
SMCAR-FSS
SMCAR-AEE
SMCAR-AES
SMCAR-AET-0 (PLASTECH)
SMCAR-MSI (STINFO)
JOVER, NJ 07801

OIRECTOR
BALLISTICS RESEARCH LABORATORY
ATTN: AMXBR-TSB-3 (STINFOQ)

ABERDEEN PROVING GROUND, MD 2:005

MATERIEL SYSTEMS ANALYSIS ACTV
ATTN:  DRXSY-MP

ABERDEEN PROVING GROUND, MD 21005

NOTE:. PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT,
CENTER, US ARMY AMCCOM, ATTN:

IS I e i

BENET WEAPONS LABORATORY,

COMMANDER

US ARMY AMCCOM

ATTN: SMCAR-ESP-L

ROCK ISLAND, IL 61299

COMMANDER

ROCK ISLAND ARSENAL

ATTN: SMCRI-ENM (MAT SCI DIV)
ROCK ISLAND, IL 61299

DIRECTOR

US ARMY INDUSTRIAL BASE NG ACTV

ATTN: DRXIB-M
ROCK ISLAND, IL 61299

COMMANDER

US ARMY TANK-AUTMV R&D COMD
ATTN: TECH LIB - DRSTA-TSL
WARREN, MI 48090

COMMANDER

US ARMY TANK-AUTMV COMD
ATTN: DRSTA-RC

WARREN, MI 48090

COMMANCER

US MILITARY ACADEMY

ATTN: CHMN, MECH ENGR DEPT
WEST POINT, NY 10996

US ARMY MISSILE COMD
REDSTONE SCIENTIFIC INFQ CTR

ATTN: DOCUMENTS SECT, BLDG. 2484

REDSTONE ARSENAL, AL 35898

COMMANDER

US ARMY FGN SCIENCE & TECH CTR
ATTN: ODRXST-SD

220 T7TH STREET, N.E.
CHARLOTTESVILLE, VA 22901

WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.

T A ., et g «
“e

.
[IAEY - .

Lt s S T N . T Tt
AT R AT UL P N FRERC

- PR - ”

- P A T P T BRERIOR R ot
I Sa e e e T e e e - N T I I I ORI P S e T e
PUA AR N, P8 P P PR P AT S SR T T TA NE R T R T W A T Y I Y

e e e,
- AR A
B T DP)

s

_

N

AND ENGINEERING
SMCAR-CCB-7L,




[ getca LA~ Are e b b Ao e ta A b Sen et e -h S0 Bl tadie Rk “ie tde b tadhoAndl Se b Sol Sk Rall Sul Sel - Sudti bE SN SRt AC T AE Tl SR A S """"T
:::x':}
R TECHNICAL REPORT SXTERNAL DISTRIBUTION LIST (CONT'D:
v
A
h-u Y NO. OF NO. OF
‘ y COPIES COPIES
e ~MMANDER DIRECTOR
.3 ARMY LABCCM US NAVAL RESEARCH LAB
4ATERIALS TZCHNOLOGY LAB 2 ATTN: DIR, MECH DIV 1
ATTN:  SL.MT-IML CODE 26-27, (DOC LIB) 1
WATERTOWN, MA 01272 WASHINGTON, D.C. 20375
~AMMANDER COMMANDER
JS ARMY RESEARCH OFFICE AIR FORCE ARMAMENT LABORATORY
ATTN: CHIEF, IPO 1 ATTN: AFATL/DLJ 1
P.O. BOX 12211 AFATL/DLJG 1
RESEARCH TRIANGLE PARK, NC 27709 EGLIN AFB, FL 32542
COMMANDER METALS & CERAMICS INFO CTR
US ARMY HARRY DIAMOND LAB BATTELLE COLUMBUS LAB 1
ATTN: TECH LIB 1 505 KING AVENUE
2800 POWDER MILL ROAD COLUMBUS, OH 43201
ADELPHIA, MD 20783
COMMANDER
NAVAL SURFACE WEAPONS CTR
ATTN: TECHNICAL LIBRARY 1

CGODE X212
DAHLGREN, VA 22448

L
N
P
=N
. @1
. -
o
;-.
o
a5
r._.k‘_
®:
}. -
E . NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
}}}: CENTER, US ARMY AMCCOM, ATTN: BENET WEAPONS LABORATORY, SMCAR-CCB-TL,
b WATERVLIET, NY 12189-4050, QOF ANY ADBDRESS CHANGES.
|
7
St
o
. ’-'
U oL
-~ L .'--.' L. .K;.\:_.‘- \'.'.‘.‘.‘."- L _-..v TS _-_‘.~; . -,_ R T T, N '.___.
n,.;;'-::mi': P ; ; P . ::fl ':r'.":n:.‘:p".'ai'.a:' -\.:"-l. _A"‘:; J..".L"TJ\'-I\ 4.....;"\4'14 . _A‘A4 Lt e ot e _x._L._A VTV TR S _u




e/ e vl e Sl Ao Bad Sl Nl Yad L Sl e £t TR N gt Y

APT PR PPY

s ttatala DN wnr®

M .L.[bwi»hf.ﬁ.b d




