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INTRODUCTION

In recent vears there has been increasing emphasis on the use of composite
materials in armament structures. A current problem in Army cannon design is to
replace a portion of the steel wall thickness with a lighter material. The
inner portion, steel liner, maintains the tube projectile interface and shields
the composite from the extremely hot gases. The outer portion, composite
jacket, is made of single or multilayered graphite-bismaleimide wound and
wrapped on the steel liner, Two subscale models have been fabricated and tested
(fefs 1,2). An analytical elastic-plastic solution for the model with a single-
layered composite jacket has been presented in a recent report (ref 3). This
report covers an elastic-plastic analysis for the model with a multilayered com-
posite jacket. Analytical solutions are presented separately for the composite-
jacket and steel liner and then for the compound cylinder problem. Numerical
results are obtained for loading within and beyond the elastic region up to

failure.

COMPOSITE JACKET

The composite jacket is made of n Jayers bounded by radii
(r{,r2....,"n,rr+1). Each layer is elastically orthotropic but with different
material properties. The strain-stress relations for the k-th layer in

cylindrical coordinates are given by

[ e ()] [1/Er . -vor/Eg -var/E | (VT ar ()]
eg(K) | = | -veg/Er , 1/Eg -v20/Eg ag (K | (1)
] 62(k)J _-UPZ/EP . -vgz/Eg 1/E; ] ] c:z(k)_J )
or
e;(K) = 5;55(k) g;(K) (4,5 =r,0,2) (2)




where S;;(K) are components of the compliance matrix. The superscript k refers
to the k-th laver. In plane-strain conditions., the above strain-stress rela-

tions modifv to

ep(K) Brr(K)  Brglk) || op(k)
g (k) i Bro(K)  Bgg(K) ag (k) (3)
where
Brr(K) = (1-vp; (Klvgp (k) 7€ (K)
Brg(K) = -(vgp(K)avg, (Kly, (K))/Eg(K)
Bgg(k) = (1-vgz(Kluzglk))/Eg(K) (4)

The normal traction acting on the interface between (k-1)th and k-th lavers is
denoted by qx. Then the general elastic solution for the k-th laver bounded bv
radii (rg,rgs+1) and subjected to interface pressure (qgy.qks+1) is aiven bv
(ref &)

Gp(k) = ('aqu+cqu+1)(rk+1/r)gk*1 + (aqu-bkak+1)(r/rk+1)°k'1

ag{k) = ay(akak-ckak+1) (rks1/m) P+ + gy (agak-braks1) (r/riceq) K1

ulk) = r(Bag(Klan(K)eggqglklgglk)) (5)
where
d = rker/rk . Gk = (Brr(K)/Bgg(K))
Ck = (deC_lk_“-, . bg = dekz‘?k . oag = ckquk-l (6)

At the two ends of the k-th layer, the expressions for the displacements and
hoop stresses are
Uks+1 = (AkQk - BkGk+1)Tk+1
Ug = (Ckak - Dxak+1)rk
ag(K) = 2apgeak - (be+ck)GkAk+1 At rkeq

ag(k) = (bgrek)akak - 2akdk?9kak+1 at ri




where

Ak = 2akarBge(X) . By = Bre(K) + (b+eklakBep X!
Ck = -Brg(K) + (brecy)akBee!®) . Dy = 2akdkzoiBee ') (8)
At the interfaces (ri.k=2.....n). the displacements should be continuous and

these require

Ak-19k-1 - Bk-19k = Ckak - Dkk+1 (9)

Let O = aix/qn for all k. then 5n+1 =0, O = 1. and we can calculate Oy-1
backward for k = n to 2 bv
Ok-1 = Ak-17"1(Bx-1+Ck )0k - DkOka+1l
Normalizing by 01 leads to
ak = Q/qqp for k =1.,2.....n (10)

i.e.. the relative values for the interface pressures when q; = 1. We can also

obtain the corresponding displacements Uq.....Upn. Uneq @t Fp.....

STEEL LINER

The steel liner of inside radius a and outer radius b is elastic-
plasticallv isotropic and assumed to obev Tresca's vield criterion. the asso-
ciated flow rule., and linear strain-hardening. The elastic solution for the

steel liner subjected to internal pressure p and external pressure q is

Or
= {#(p~q)(b/r)2 + p-q b2/a2}/(b2/a2-1)
99
u/r = ETV(14v)[(p-a)(b/r)2z + (1-2v)(p~-q b2/a2)1/(b%/a2-1) {(11)

when the internal pressure p is large enough, part of the steel liner (a € r

€ o) will become plastic and p is the elastic-plastic interface. The elastic-

plastic solution can be written in the elastic portion (p € r ¢ b) as




E_u, el 2yrl -i -
agr 2 ri’ (1-v-2v2)f3 ao]
Or/0qg . 1(; oa . __) _a_
z 2
0g/0 2" r b Jo
gz/09 = vV 03/b% - 2V q/0, (12)

and in the plastic portion (a ¢ r £ p)

E. YU _ (1-p-sp2y 2F y2y 92
a5t = (1-v-2v2) aq + (1~-v?) e
On/0qg 2
=31 (1-ngeng %) + 1 22 - (1meyen 2 - 9-
09/d° 0

02/35 = v 92/b2 - 2v(1-nB)tn 2 - 2v q/a,

P . - 2 cm——— LN
= Alpf/ri-1) . mB m o+ o {1zm)_
4 (1-v2)
n = -2 E -9- m= ES ., @=0 (1+nEp) (13)
/_ ao ‘fll ' E o

where o, is the initial tensile vield stress and E; is the tangent modulus in
the plastic range of the stress-strain curve.

When the internal pressure is further increased. the steel liner will
become fully-plastic. Usina Tresca's yield criterion. the associated flow rule.
and assuming linear strain-hardening, the fully-plastic solution derived in
Reference 3 is given below.

Subject to 0y 3 07 3 or. the analvtical expressions for the stresses and

displacement are

Opr = -p + 0g(1-nB)tn(3 T) o+ i ?{‘557 [ - --1E¢

Og = Op + a°(1+ne )

= ET'(1-2v)(1+v)riop. + ¢ b2 (18)




where
® = up/b + (1-2v)(1+V)E~'q
® = -2 [ b2/rz - (1-v2)0g/ET/I1 + -2 (1-v2)nog/E]
3 Y3
COMPOUND CYLINDER
The compound cylinder consists of an inner steel liner and an outer com-
posite jacket. The steel liner of inside radius a and outer radius b is wraoped
by a multilayered composite jacket. The displacement and normal traction at the
interface between the liner and jacket should be continuous. i.e.. q = q1 and up
= u;. From these conditions we can determine the relations between p and q.
when the internal pressure p is small., an explicit functional relation
exists

3 = T E(C1-D1a2) + (1-v-202)] + 2 (15)

where every term in the right-hand side is known. The displacement at the bore

can also be expressed as an expliicit function of p

m

b? ua b? b2
(33 - D 2 3% = (1w) 23+ (1-v-207) - 2(1-v2) J; 2 (16)

When the internal pressure is large enough, part of the steel liner will
become plastic. The elastic-plastic solution is given in terms of the parameter

o. The conditions of continuity require

q_ q ~ea—— 11:!5125!91 ...... (17)
Jdo (1-v-2v2) + E(Cy-D1d2)

This. together with

Bo . 9., 1. 22 - e, 08 of _
5o % oo *3t1m g+ (1omein 24 3K (2 - ) (18)




serves to give an implicit relation between p and q. By letting p = a and b. we
can determine the lower limits p*, gq*, ug*. up* and the upper Tlimits p**, qg**,
Ua**, up**, respectively.

When the internal pressure p is further increased. i.e.. p > p**, u, >

Ua**. up > up**. the conditions of continuity lead to

® = qf(Cy-Dqap) + (1-v-2v2)/E] (19)
and
P_ - (1- b, a nB(bz/az-1) -D1a —v- ;
o * (1-ng)tn = + o {1+ 2112y [E(C1-01a2) + (1-v-2v2)1) (20)

It should be pointed out that the pressure q and the displacement up at the
interface are linear functions of internal pressure p. The bore displacement u,
can be written as

u p b2

;- = =(1-2v)(1+V) E + 53 ® (21)

which is also a linear function of internhal pressure p.

NUMERICAL RESULTS

Given anv value of internal pressure. we can obtain numerical results for
the stresses and strains in the radial and tangential directions and also for
the displacement at any radial position in a steel pressure vessel wrapped with
multilavered composites. The steel liner for the subscale test specimens
(ref 1) had an inner diameter of 2.0 inches and an outer diameter of 2.34
inches. The steel was 4130 seamless mechanical tubing heat treated to a hard-
ness of 34 to 36 Rockwell "C." A standard ASTM tensile test was conducted to
determine the 0.1 percent -offset vield strength (120 Ksi) and the ultimate ten-
sile strength (140 Ksi). The composite jacket is a graphite-bismaleimide pro-
duced by Fiberite Corporation. Its cure temperature is 450°F and it is wound

and wrapped on the steel liner in the same manner as the full-scale gqun tube




specimen denoted as CTL III. The lavup is again approximatelv half-scale and
made up of two longitudinal lavers alternating with two circumferential lavers.
Sixteen lavers are applied in this wav. Lamina properties for this material are
given in Table 1. For the purpose of comparison. numerical results are obtained
for four tvpes of composite jackets as shown in Table II1. Cases 3 and 4 repre-
sent four hoop-axial and axial-hoop alternating lavers, respectivelv. while
cases 1 and 2 represent eight axial and hoop lavers. respectivelv. The total
thickness of each composite jacket is 0.12 inch. and the steel liner is assumed
to be linear strain-hardening with a = 1 inch, b = 1.17 inches, 05 = 120 Ksi.

m = 0.04. In addition to the lower and upper limits (p* and p**) of internal
pressure in the elastic-plastic range, we also show in Table II two other limits
(Pg.s and Py _3) which correspond to the internal pressure when up/b = 0.8 and
1.3 percent. respectively. It should be noted that up/b is the maximum hoop
strain in the composite. Brittle failure of the composite material is assumed
to occur at a maximum strain of 0.8 or 1.3 percent. The Timits (Pg g or Py 3)
will be the maximum values of internal pressure these compound tubes can contain

without failure.

TABLE I. ELASTIC CONSTANTS OF STEEL AND COMPOSITE MATERIALS
Eg E. Egz
Material x10¢ psi | x10° psi | x10¢ psi | vp, Vrg V2o
Hoop lamina Im6 21.0 1.0 1.0 0.40 | 0.02 | 0.02
Axial lamina G50 1.3 1.3 31.0 0.01 0.39 | 0.29
Steel 4130 30.8 30.8 30.8 0.30) 0.30| 0.30




TABLE II. LIMITS OF INTERNAL PRESSURE FOR FOUR CASES

Case Lavup p* pxx Po.s 1.3
1 (30°)g 16.49 19.44 21.26 23.34
2 (0°)g 20.95 25.55 35.20 a5.99
3 (0°.90°)4 18.87 22.70 28.59 35.25
4 (90°.0°) 4 18.80 22.60 28.38 34.90

The pressure at the interface between the liner and iacket has been
obtained as a function of internal pressure and the results for the first three
cases are shown in Figqure 1. The results of the hoop strains at the bore.
interface between the liner and jacket, and outside surface for three cases are
shown in Figures 2, 3, and 4. respectively., as functions of internal pressure.
The complete (including elastic. elastic-plastic, and fully-plastic) ranqges of
loadings up to Pg g have been considered. These numerical results for the
strains are presented here for future comparisons with experimental results;
The results of hoop stresses in the liner at the bore are shown in Ficure 5 as
functions of internal pressure. It should be noted that the relation changes
drastically when yielding occurs. The results of hoop stresses in the liner at
the interface are shown in Fiqure 6 as functions of internal pressure. The
relation changes from linear to nonlinear when yielding sets in and more signif-
icant change occurs when the fully-plastic state is reached. The distribution
of hoop stresses in the liner and jacket can be obtained at anv aiven value of
internal pressure. 1In Fiqures 7. 8. and 9 we present the numerica! results for
three cases of composite jackets at three values of internal pressure. i.e.,

p = p*, p** and when half of the liner is plastic. The values of internal

pressure when half of the liner is plastic are p = 18.61, 23.86. 21.41 Xsi for




cases 1. 2. 3. respectively. The values of two limits, p* and p**., are qiven in
Table 11 for all four cases. When the composite jacket is made of axial lamina
only, the hoop stresses in the jacket are very small as shown in Fiqure 7. When
the liner is wrapped bv hoop lamina only, the hoop stresses in the jacket become
larger as the internal pressure increases as shown in Figure 8. When the jacket
consists of alternating hoop-axial lamina, the hoop stresses become discon-
tinuous not only at the interface between the liner and jacket but also at all

other interfaces between axial and hoop lamina.
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WATERTOWN, MA 02172-0001

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL,
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.
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COPIES

COMMANDER

US ARMY LABCOM,

ISA

ATTN: SLCIS-IM-TL
2800 POWDER MILL ROAD
ADELPHI, MD 20783-1145

COMMANDER

US ARMY RESEARCH OFFICE
ATTN: CHIEF, 1IPO

P.0. BOX 12211

RESEARCH TRIANGLE PARK, NC 27709-2211

DIRECTOR
US NAVAL RESEARCH LAB
ATTN: MATERIALS SCI & TECH DIVISION

CODE 26-27 (DOC LIB)

WASHINGTON, D.C. 20375

DIRECTOR
US ARMY BALLISTIC RESEARCH LABORATORY
ATTN: SLCBR-IB-M (DR. BRUCE BURNS)

ABERDEEN PROVING GROUND, MD 21005-5066

NOTE:

1

1

COMMANGER

AIR FORCE ARMAMENT LABORATORY
ATTN: AFATL/MN

EGLIN AFB, FL 32542-5434

COMMANDER

AIR FORCE ARMAMENT LABORATORY
ATTN: AFATL/MNF

EGLIN AFB., FL 32542-5434

MIAC/CINDAS
PURDUE UNIVERSITY
2595 YEAGER ROAD

WEST LAFAYETTE. IN 47305

NO. OF
COPIES

PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING

CENTER, US ARMY AMCCOM, ATTN:

BENET LABORATORIES, SMCAR-CCB-TL,

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




