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o 5 / . INTRODUCTION
1 \/‘

Projectiles are traditionally analyzed and designed by using theory of
elasticity , Ny243]. In this approach, the entire projectile body is
considered to be loaded within the elastic region. However, under actual
: firing conditions, the equivalent stress in some region of the projectile
# is much greater than the yleld strength of the projectile material. Hence,
9 plastic flow will be encountered in the projectile body. The present trend
in stress analysis of weapon and ammunition components is to take into

s i SR > Slca R v W

b account, in a more rigorous fashion, the complex phenomena of plastic *
4 flow. This 1is due to the necessity of designing for maximum stress to
1 achileve an optimal design. In this 1investigation, a more rigorous

nonlinear technique 1s developed in order to predict the 1inelastic
deformstion and stress distributions of a projectile subjected to actual
firing conditions. Both nonlinear material response and geometric noalin-
earity have been taken into consideration. Nonlinearity of material prop-
erties has been taken into account by use of theories of plasticity.
Geometric nonlinearity has been considered by use of the finite element
approach. A complete inelastic stress analysis of a 30 mm XM TP projectile
has been conducted. The intent of this 1investigation is to identify
potential design flaws and critical regions of the projectile under actual
firing environment.E:; load history was defined which subjected the pro-
jectile to the loads™at various points on the barrel travel curve. A peak
pressure of 60,000 psi, peak acceleration of 4.8 x 107 in./sec? and a maxi-
mum spin of 6, 355 rad/sec were considered.
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o CONSTITUTIVE EQUATIONS ' :
o ‘ I

' The primary objective of this investigation 1is to develop a more

rational, nonlinear elastoplastic method for analyzing and designing a
thy projectile to achieve in-bore structural integrity. The 1incremental
o stress-strain relations associated with the Von Mises yield criterion
'+ > ., obeying the kinematic~hardening law for work~hardening materials will be
A used. The kinematic hardening law in the incremental theory of plasticity

was originally proposed by Prager [4], for the deformation of isothermal
N > golids. Later, Prager [5] extended these formulations to the nonisothermal
it i u condition for rigid work-hardening solids. Recently, Chu [6,7], expanded °
v Niat Prager's work for solids of more general deformation state. A brief out-

line of the constitutive equations used in the analysis 1is now given. !

roro : The total increment strain tensor, deig is assumed to be the sum of

-% elastic part, de®, , plastic part, degj, and the part of thermal strain,
| ij : g
‘dte. i.e.

' e | 4 T
dcij deij + deij + deij (1)

?
The elastic strain components defj are related to the incremental stress
components, dogjy, by %

(de -dep

e
13 = Pryia%i1 = Pygua(degyTde (2)

do I-Bd'l'ék

1’

in which B8 1is the thermal expansion coefficient, dT, is the change 1in
temperature, and 4§, ; is Kronecker delta. For isotropic material, the 4th
rank materisl tensor, D:ljkl is defined by :

L
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ﬁere B 18 Young's modulus and v is Poission's ratio of material.

i On the basis of the Von Mises yield criterion with temperature-depen- ‘
; dent yield strength of a material, the yield surface can be represented as::

1

: f f=3 31131; - x¥(T) =0 4) | ———
! where | +
| 1 o
s:lj - (°1j-°1_1) -3 (okk-a.kk)ﬁij; sm =0 (5) ' O
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is a tensor representing the total translation of the center of the
1nit1a1 yield surface, and x is related to the uniaxial yield stress
K= 0y('f)/v’3.

In addition to the yield condition, a constitutive relation between
plastic strain increments, stress, and stress increments is required to
describe the 1inelastic behavior of a material. The constitutive relation
(flow rule) used in this investigation 1s based on Drucker's postulate for
work-hardening material [8]. The flow rule is given as: :

! de - dk—— . e . (6) :
| 13 ooy, o

where d\ 1s a positive scalar quantity. On the basis of Drucker's state-~
ment, this plastic strain increment tensor must lie on the outward normal
jto the yield surface at the instantaneous stress state.

Based upon Prager's kinematic-hardening rule ([4,9] with Ziegler's
modification [10], the increment of translation of the center of the yield
surface is assumed to be directed along the radius vector connecting the
center of the yielding surface to the instantaneous stress state, i.e.,

1
H i

da,, = (o ddy; dudo 7N

a 13 13713

‘where dy can be determined provided the stress point remains on the tran-
lated yleld surface during plastic flow, 1i.e.,

: of of

', 30, 9%1 * 3T

‘ k1l

, du = (8)
: (omn-“m) 3:f

: mn

! During plastic loading, the consistency condition requires that |

: —-(d -Cde —Td'l‘ =0 (9)
} °1

(The plastic strain wvector Cdc{j is considered as the projection of do
‘(and thus of daj;) on the exterior normal to the yield surface, where C ﬂ
a material constant. Hence, for small incremental of stress and strain,
one can readily find that
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of
3ai1

of
daij +a—TdT

: 1
; dl-E

of
ao1

]

3e) o)

-~ Therefore, the flow rule becauses

of

deP

(af

1y © af of
1 o3 P
mn m

ddu + -aiﬂT)

If axisymmetric deformation is conseidered,
c¢ylindrical coordinates (r, O, z) the state is defined by the nonvanishing

stress conpoﬂents {da}r = < do,, dog, do,, dt., > and strain components

()T = < dep, deg, deg, dvg, .

relations are found in the following matrix form:

!

{do} = (D] {de} - BAT (B}

:1n which,
l-v v v 0 | i Sg
‘ v 1=v v 0 S$.S
D e -]
' [Dl -% - nlo r
: v v l1-v 0 str
: 0 0 0 1-2v TS
E ! 7 | 2’
l
' 1Y p 9
sr
’ 1 n2 s
; B Ix
B = TR I Gl a - IR S
; 1 S.
504 ;ttu

Bv

e ST T D)

sgse
5%

S t

0 rsz

(10)

(11)

with reference to the

Then, the incremental stress-strain

(12)

(13)

(14) |

(15)
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1 ) _ .
i n. g (l+\a) : : (16) ‘
' - 35- * —P—-
| g =T Ty ends (17) |
t 8 - Kz (— + C) (18) »
|
i METHOD OF SOLUTION ' {0
i

The projectile and all loading acting on the projectile are considered
as axisymmetric. A cylindrical coordinate system (r, 6, z) is used in this
analysis. By the assumption of axial symmetry, all variables are indepen-
dent of angle 8, consequently, all derivatives, with respect to © vanish.
The displacement ug, and the shear stresses T,.4 and Tg, vanish. .

'
!

4 Due to the complexity of the geometry of a projectile and nonlinear
material behavior, the finite element method [11,12] was used to conduct
the stress analysis. The analytical approach used in this investigation is
the incremental loading technique, wherein at each step of loading a new
stiffness matrix 1s formulated, in terms of the finite element model, and
solved for incremental deformations, stresses, and strailns. '

' To perform a finite element stress analysis, the cross section of a
projectile is divided into a large number of small triangular and quadri-
lateral elements as shown in Figure l. Only a few nodal points on the
boundary need be specified, the remaining nodal points are obtained from an
automatic mesh generating computer program. The grid was partitioned to
place a finer grid at those areas of the body that are expected to undergo
large stress. '

PROJECTILE CONFIGURATION AND MATERIAL PROPERTIES
¢ )
The outline of a 30 ma XM TP projectile is shown in Figure 2. The
projectile is made of three distinct parts with three different materials
as shown in Figure 2 (the projectile body, nose cap, and rotating band are
made of 1018 steel, aluminum, and gilding metal, respectively). The
material properties are given below: |

Poisson's Young's Yielding Ultimate Densit
Msterial Ratio Modulus (psi) Stress (psi) Stress (psi) 1lb/in. 1
Steel .29 29x106 88,500 90,000 .280
Aluminua .33 10x106 77,000 80,000 .101

Gilding Metal .33 17x10% 40,000 48,000 317

l
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T " > The stress-strain relations of those materials are shown in Figure 3. X
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'LOADING CONDITIONS o

Ser U ,
trst ! The loads considered in this investigation simulating the environuent,
) in the gun barrel during firing. The loading consisted of four types:
RSN (1) propellant gas pressure, (2) setback force due to acceleration, (3)
e o rotational velocity due to the spin of projectile, and (4) forced displace-
rtie o + ment of the rotating band. The maximum value of these four types of
ot v loadings are given by, P, = 60,000 psi, apax = 4.8x107 in./sec?, Upax =
6,335 rad/sec, and = =0.008 inches for gas pressure, acceletation,x

ibiation The frictional shear forces between 7 !

‘ty, State the band and the barrel were
neglected in this 1investigation.
The loads were applied in incre-

rot ‘i mental fashion with the relative

~% magnitudes at each load point

simulated the physical interde-
pendence of the loads at different .
times during the interior ballistic
cycle. The detailed loading history
is given in Figure 4.
i

% OF MAXIMUM APPLIED LOADS

] 10 20 30 40 50 G r0

—— P - - [ .y

|
l TIME STEP
|
|

Figure 4. Loading History \

; COMPUTATIONAL RESULTS
' |

' For each incremental 1loading, the stresses and strains of each
element and the displacement of each nodal point were calculated. The
plastic flow has been initiated within element 186¢0of the gilding metal at
the end of the first step of loading. Based upon the Von Mises yield
ctitcria, the equivalent stress for each element was calculated. At the
end of the first step of loading, the maximum equivalent stress (0) in
the projectile body is 69,900 psi which is lower than yielding strength of !
1018 steel (element 174), and in the gilding metal portion 1is 40,000 pait
(element 186), which 1is equal to the yield strength of the gilding:
material. 1

: The conputation results presented in this section are based upon thel
following three major loading steps (shown in Figure 4): P
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RN SRS
T : 1) At the end of the 12th step (A=1.0, p=0.5, a=0.5, and w2=0.036) :

1”t ‘ while the forced displacement reeaches the maximum in the rotating band. |

s : \

o . 2) At the end of the 33rd step, (A=1.0, p=1.0, a=1.0, and w2=0.14) :
‘ ‘_’. "f ' while both propellant gas pressure and setback force reach the peak. : ;
Pt 3) At the end of the 63rd step (A=1.0, p=0, a=0, and w2 = 1.0), .
" Y77 while the spin rate reaches the maximum at the muzzle end of the tube. ’

ther -~ : K : g

A The plastic range in the projectile under the above three loading !
ibirren conditions 1is shown in Figure 5, 6, and 7, as indicated by the shaded

Ly, Htate

e

lareao . -
"j rad ot : B
H A i
i —
4 ! -
3 : [} v
: i ~ - ‘
5 i - b '
L4 I o e & -
: | 0 Q 08 |
! : 0 2 !
. . - . -
3 ; k2= o9 2 .
i | ol (-} & A !
{ A i
;- i [EM U o U -
s : K= =] :
3 : il 8 R
; 4 ‘ g =
g : 5’;‘ -
3 09 o “
g g
3 ! O e .
ii ~N g N g
3 ol [PALIE 4
é .,?‘ ug wl e
3 [} i e © Moot o
; | 2%y 535
‘} H LX) '3 g‘,‘l - O
| 23 L 2F
N ! nea o e i
' I 08 238
: M QW -] 3° :
8- CIo
' g — w 0 ]
‘ oo B @ © |
i ' :
! ;
i
‘ |
i i
' i
i 1
|
XS - ;
T VLN S !
I ST ! |
Lion ‘ :
% 422 o T DO ) .
. 1 '
, SRAREL :
' ooof .
\‘- v r 1)“‘.‘ i
4
- -
.‘ -
Kl




.
Ml :
L] .

ez of 1 '
hoe{«? ¢ *CHU and STEINER
vareln . DT
e all )
e —w o - .. The maximum plastic strains encountered ;
Lier the | 9 in the gilding metal (element 186) is |
irst ' Pl 0.027 in./in., and in the projectile is : ;
He 0.025 in./in. (element 163) at the end . ;
n first o T of the 12th loading step, while the max- ;
age type £ < imum radial displacement took place in . 3
itle of _ e e the rotating band. The maximum plastic : ‘
aper here el strains were increased to 0.0294 in./in. :
QS (element 186) in the gilding metal and ; -
. nthor — -— S=q _.to 0.0254 in./in. (element 163) in the |
ifiliation PAEES o £% _.____projectile body, while both gas pressure
tty; State R peilg _and setback force reached the peak. | !
Fl i '.;‘..' = When projectile reached the muzzle end ;
v ) _ et HEs the maximum plastic strains are 0.0294 '
; irst lim RyHY 85 _ _in./in. and 0.0258 in./in. encountered °
: L g e} LR _in the elements 186 and 163, respective- .
% 2] v e - ly. During the entire loading process :
1 B oS the change of maximum plastic strain is |
H 39 small. The location of plastic zones |
B - b under different loading conditions 1s |
i i important to the projectile design. 3
/- |
: The equivalent stress along the :
? length of the inner surface elements i
; of the projectile is shown in Figure '
] 8. The maximum equivalent stress
} reaches 88,800 psi, which is greater
é than the yielding strength (ay = veose
, Ny 88 500 psi) and smaller than “the . = ' A
2 ultimate strength (o, = 90,000 psi) i
3 of the projectile material. If the & ™
3 1nvestigation was based on elastic & <o ! X )
analysis, the maximum equivalent s : SEE NEI))(;‘M?;:E FOR ENLARGED
: 'stress could reach a value which . .
! would be much higher than the ulti- §
¥ ‘mate streagth of the projectile .
material. This is the reason that [ “*,
I ‘our inelastic analysis technique be e -
'developed since a more rigorous e vl v o s
.stress analysis can only be obtalned o
‘by using nonlinear theories of plas- — .
,ticity as  developed in this gec Next Page for Enlarged Scale ;
investigation.
™ Figure 8. Equivalent Stress in the
vil Inner Elements of the Projectile.
v raeting,/
wlaasifi- ! o ' i h
ition ;
wormation ! ' N
' Q.l:.':o :
nge ol
peg epiy |
-~ - b ' .




*a11309f0ag4 ayy jJo sjuawaly IdUUT dYy3 UT $8D13S Jua[eAInby - g danfiy

SLN3W3IT3 ¥3INNI INOTY 3IONVULSIA

00S°F 000°F 0OS°E 000°E 005°C 000°2 00S°1T 000°T 005°0 000°0
PR 0

34NSSd WMINIW - NIdS 443d

3dN553dd A93d™

NHOLSS3ddN0) Alvg YNILYLOd KW

WOIDHOCTJIWEr OEFZWHBRYO % A= »




s

e

e pre g e D
’

> oh — s W

o
fOrm

lj_l L4

*CHU and STEINER

The equivalent stress distribu-

tion in the projectile of high stres-
sed region at peak pressure and set-
back is shown in Figure 9. It 1s
clearly indicated that the critical
region is located from the rotating
band to the inside wall of projectile
base.
: The deformed grids under diffe-
rent loading conditions are shown in
Figures 10, 11, and 12. The deforma-
'tions shown in these Figures are the
deformations enlarged 10 times in
magnitude.
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A=1.0, p=0.5, a=0.5 and w

Figure 10.
Condition

Figure 9.

Equivalent Stress (KSI)

Deformed Grid Mesh Under

Figure 11.

Distribution in the Critical Region

: A=1.0, p=1.0,

Loading Condition

of the Projectile at Loading Condition:

A=1.0, p=1.0, a=1.0 and w?=0.14

220,14

a=1.0 and w<=0
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CONCLUSIONS

On the basis of Drucker's flow rule

of plasticity, the Von Mises flow
criterion, and the strain-hardening

and compressibility properties of a
material, a more rational rigorous
nonlinear elastoplastic analytic
method has been develped for anal-
yzing and designing a projectile -
subjected to actual complicated
firing conditions. In constrast to

the traditional designing and i
analyzing techniques (theories of
elasticity), the complex phenomenal
plastic flow in the projectile has
been taken into account.

W i s

1.0, p=0, a=0

Deformed Grid Mesh Under
A

Loading Condition:

Figure 12.
and w2=1.0

This is due to the necessity of designing for maximum stress to achieve an
| optimal design for reducing component weight. Both nonlinear material
F o response and geometric nonlinearity have been taken into consideration.
?‘ Nonlinearity of material properties has taken into account by use theories
[.: of platicity. Geometric nonlinearly has been considered by use the finite
' element technique. An incremental loading procedure has been used to
< consider the actual firing environment of a gun. The complete loading
history which includes propellant gas pressure, setback force, and spin
rate of a projectile was defined as function of time.

The critical region is located in the region between rotating band
and projectile base. In this region the equivalent stress in general is
above the yield strength of material, however, it is below ultimate
strength of the material. The plastic strain has taken place in the
reigon, however, maximum equivalent plastic-strain at inner surface is -
below 0.03 in./in., which is relatively small.

Based upon our investigation the plastic zone in the projectile has
been identified and accurately located for each incremental of loading
which simulating the actual fire environment in a gun. The developed
technique will provide a more rigorous stress analysis tool for projectile
design. The potential design flaws and critical regions of a projectile
can be identified before the projectile is being made and tested.
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