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A B S T R A C T 

Th� vulnerability of rocket motors to fragment and bullet attack has been 
a subject of concern in the UK for some time. A detailed study using a 
standardised "Model scale" rocket motor" (MSM ) has assessed the significance of 
propellant composition rheological properties and temperature, case material 
and construction, and fragment velocity on the response to attack by a 17g mild 
steel right cylInder. 

Propellants assessed were extrud3d double-base (EDB), cast double-base (COB) 
composite modified cast double-base (CMCDB), elastomer modified cast double-base 
(EMCDB) and composite (HTPB). 

The main assessment of response was by visual examination of the MSM after 
attack but supporting information was obtained by measurement of blast over
pressures and internal pressures, and from video and cine film records. 

The main conclusions were that the most important fa:::tors determining the 
violence of response of the MSM are the frangibility of the propellant quantified 
by its strairl rate adjusted glass transition temperature and its extensibility 
above that temperature, arId the ease with which the case can be vented following 
propellant ignition. 
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1. INTRODUCT ION 
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Due to the concern of the Armed Services in the response of rocket motors 
to attack by bullets and fragments (from fragmenting weapo'ls ) many ad hoc trials 
had taken place in the UK, USA, and elsewhere to examine the response of 
individual types of motor in individual situations, but no systematic study 
had been carried out. This paper reports a systematic study subsequently 
carried out to identify and assess the significance of various factors which 
affect the response to attack, using a representati ve mild steel fragment and 
a standardised model scale rocket motor. 

2. EXPERIMeNTAL DETA ILS 
2. 1 The MJdel Scale Rocket Motor (MSM) 

This is shown in Figure 1. The propellant charge was contained in, and as 
nearly as possible filled, a tube of 254 ml! length and 1 27 mm external diameter. 
Massive steel end caps were held together by four external tie bars each 1 9  mm 
thick so that failure occurred by rupture of the tube, the end pIeces remaining 
intact. The more violent events, however, bent or e ven broke one or more of the 
tie bars. The t-1SM was attacked radially halfway along Its length and midway 
between two tie bars by a single cylindrical mild steel representatIve fragment 
1 3.3 m'11 dia and 1 5.7 m'n long, weighing 1 7. 1 g  fired from Cl smooth-bored 0.5" 
Browning gU'l, and presented end-on. The propellant chClrge was oriented in the 
tube 50 that the maximum propellant thickness occurred Cllong the line of attack 
(see Fig'Jre 2). All were fully case-borld:)d (except EDB, WhICh were cClrtridge 
loaded) 6 point star-centred rCldiCllly burnirlg charges of charge design CD 1 67 

for the HTPB propellant arid CD 204 for the rest (see Figure 2) Clnd fItted with 
a nozzle designed for ea:h propellant to give a burning pressure at 20 DC of 
1 0  ± 1 MPa (if ignited in the normal manner). 

The following variables were involved:-
2.1 .1. Propellant 

One composition represented each of the following types of propellant: 

extruded double-bClse (COB); CClst double-bClse (COB); composite mo::lifIed CClst 
double-b 3se (CMCDB); elastomer modified cast double-base (CMCDB). Composite 

hydroxy-terminated polybutadiene propellClnt (HTPB) was rcpreserlted by two 
compositions. 
2.1.2. Types of Motor Case 

There were four types of case used in these tests: 
(i) 3.2 ITlfn wall mild steel (MS) tube 

(ii) 4.7 mm wall light (aluminium) alloy (LA) tube 
(iii) 'Kevlar' overwourld mdd steel (K/MS). This was Lube (l) lhirlllcd to a 
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wall thickness of 1.7 mm for the whole length except for 25 mm at one 
end and 30"mm at the other, and wound with 'Kevlar' dry strands to 
restore original bursting strength. 

(iv) 'Kevlar' overwound light alloy ( K/LA). This was tube (ii) having 
similar treatment to tube (iii) but with wall reduced to 2.2 mm. " 

All cases had a design static bursting pressure of 30 ± 4 MPa. 
Case types (i) and (ii) are sometimes referred to as Standard tubes. 

2.1.3 Temperature 
Trials were carried out at ambient (nominally 15 DC) and a range of 

temperatures down to -70 DC. The temperatures below ambient were measured with 
a chromel/alumeJ thermocouple embedded 30 mm deep in the end of the propellant 
grain. The temperatures given in the tables are those recorded just before 
removal of the MSMs from the freezer: tests carried out separately showed that 
they were within 10 of the value at the impact site, and by the time of firing 
(approx ! h"our) had risen by no�ore than 50 for the lowest temperature (-70 oC) 
and with negligible change at -10 DC or higher. The 'cold' MSMs were insulated 
with a commercial 2-part rigid polyurethane foa� cast in situ, with a moulding 
sheet wrapped round the end-caps. The cured foam had negligible resistance to 

, 

the fragment. 
2. 1.4 Fragment Attack Velocity 

The velocity at impact with the target MSM was either 525 ± 25 m/s ('slow') 
or 925 ± 25 m/s ('fast'). 
2.2 Instrumentation 

The fragment velocity was monitored by two timing screens which consisted 
of aluminium sprayed on to a card to form a sinuous strip in such a way that 
the pass3ge of the projectile broke the continuity of the conducting path. 
Previous calibration related the velocity measured by these cards to the 
velocity of impact at the target (attack velocity). The cards also provided 
an indication of the angle of flight of the fragment; the circular disc cut out 
of each card showed that the frag�ent hit the targ=t end-on in every attack. 

Blast overpressure data were obtained from HJB piezo-electric side-on 
pressure gauges 1 mounted level with but 100-150 off-set fro� the flight path 
of the fragment fro�t and rear of the target. 

Fuings were monitored throughout by high speed cine (at 2000 pictures per 
second) enabling the speed of reaction to be assess�d 3nd sometimes a general 
estimate of the speed of flying debris. A closed circuit television system 
was used to 8bserve the firing and record any long term effects (longer than 
1 second). 
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3. TR IALS RESULTS A ND D ISCUSSION 

Since the MSM does not closely resemble any practical type of rocket motor�� 
results from individual trials are of little or no direct value in themselves; 

. 

it is by comparison that conclusions may be drawn on the effect of variation ot:·_��
individual parameters on the response. The response of the MSM to frag�ent �: 
at tack ranged from straight forward burning wi th "torching" through the or i fice . ::{ 
made by the fragment on impact (and sometimes another hole made by egress of 
the fragment) to complete disruption of the motor case. The results have been . .  ;� 

. . . _"- ; 

divided into six categories as follows: -

(1) Burning (B). The propellant combusts without opening the case further 
than the hole or holes caused directly by the ingress and (if appropriate) egress 
of the fragment (Figure 3). 
(2) Mild Pressure Burst (MPB). The case opens up from the hole of ingress or 
egress of the fragment. The resu�ting orifice will be generally rhombic in 
shape, and the move�ent of the metal will not carry it beyond the two tie-bars 
nearest the point of opening (Figure 4). 
(3) t Pressure Burst (PB). The case opens more widely than in category 2, and 
the movement of the metal will carry it beyond the two tie-bars nearest the 

t 

point of opeming. The dislocation may result in so�e of the metal being pulled 
; 

out from within the end caps. Some further cracking of the case may occur, but 
no fragmentation (Figure 5 ). 
(4 ) Pressure Burst Plus (PB+). The opening of the case, as in categories 2 and 
3, is suffic�ently vigorous for the moving metal to strike one or two tie-bars 
violently enough for one or more small pieces of the casing to be split off 
by the impact (Figure 6) . This needs to be carefully distinguised from 
categ'Jry 5. 
(5 ) Mild Explosion (ME). Fragmentation of the case occurs (without intervention 
of the tie-bars), but a substantial part of it remains in situ (Figure 7 ). 
(6) Explosion (E). Fragmentation of the case occurs to a greater degree than 
in category 5, and no substantial part of it remains in situ (Figure 8) . 

In categories 3 to 6 one or more tie-bars were sometimes broken. In most 
cases propellant (unburnt and/or burning) was ejected in events more violent 
than category 1. The most violent explosion observed involved the rupture of 
three tie-bars, and there has been no evidence of detonation. The categorisation 

uf the responses was by visual assessment of the remains of the motor; blast 
overpressures were used only in a supportive role. 

The programme was carried out in two stages. 
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3.1  Stage 1 

This consisted of a series of preliminary trials carried out at ambient 

iwith a range of three different propellants (EDB, CMCDB and H TPB), two case 

!materials (MS and LA - see section 2.1.2), and two attack velocities (see 

!section 2.1 . 4) ,  to identify what sorts of reactions would occur. A summary of 
I 
ithese results given in Table 1. 

TABLE 1. S TAGE 1 RESPONSES 

Liqht Alloy Mild Steel 
HTPB CMCDB EDB H TPB CMCDB EDS 

Slow Fast Slow Fast Slow Fast Slow Fast Slow Fast Slow Fast 

MPS PS+ PS+ ME ME ME B PS+ B ME PB+ E 
PS PS+ PB+ ME ME - B PS+ B ME PS+ MPS 

It can be seen that the responses were more violent with the 'fast' 
o fragment. The only exception to this was one of the 'fast' attacks of the EDS 
'propellant in mild steel tubing, where the fully traversing fragment apparently 
caused sufficient venting at the rear of the tube to prevent the 'Explosion' 

, response of the replicate test where the fragment was non-traversing. 
In general there was no difference between the tube materials for 'fast' 

attacks. Only at the 'slow' speed did the mild steel tube give consistently 
lower responses. This may have been due to the fragment being slowed down more 
by the mild steel than the light alloy, leaving very little energy: left for 
damaging the charge, whereas at the 'fast' speed there was always enough energy 

o left for severe charge break-up in both cases. 
Comparing the different propellants the EDB (hard and frangible ) produced 

the most violent responses in general, with the CMCDS (less hard and less 
frangible ) producing marginally less violent responses, and the H TPS propellant 
(rubbery )producing the mildest responses. The unburnt propellant collected up 
after the EDB firings consisted of numerous splinters and jagged lumps ranging 

: from a few millimetres to a few centimetres across whereas the pieces collected 
I . : after the CMCDB and HTPB firings were larger, more rounded and less numerous. i 
: 3. 2 Stage 2 j,o 0 

1;0 The propellant break-up and the possible advanta�e of quick venting observed 
; in the first stage led to further trials to include additional propellants, �oo 
,modified cases, and lower temperatures than ambient. 
�� . 1'0 The results of these trials are given in Table 2 ' (Double-base propellants) 
I:! 
:'a�d Table 3 (Composite propellants ) on page 29-9. Each propellant is identified 
i.- ;,,10. . 

:by its calorimetric value in kilojoules per kilogramme, rate of burning (Rb ) at 
� .. 
L� 

.,,: 
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10 MPa prebsure and 20 oC, and its true strain at maximum load, e * (at a true r 

-1 m 0 _ . 

strain rate, R*, of 1 minute ) for each test temperature. Note that strains-,: 
for CMCDS at -6 and -11 oC, are probably 15%-20% higher than the true figures!� 
as this propellant was tested before the use of a photographic method to . ':.11 

measure elongations. The propellant temperature and the strain at maximum load 
have been plotted against the violence of response (on a vertical scale which is 
purely arbitary) for each propellant (Figures 9, 10, 12-15). 

The blast output was measured at 1 metre in front of and behind the target 
(attacked MSM) and the maximum blast output given in the tables is the greater 
of these two. 
3.2.1 Effects of Propellant Characteristics and Temperature 

An initial trial with the composite propellant used in Stage 1 (designated 
H TPB/1) indicated an increase in violence due to lowering of the propellant 
temperature. Further trials were then carried out with this propellant (plotted 
in Figure 9 )  and three types of double-base propellant (plotted in Figure 10), 
which showed the significant increase in violence of response which occurred 
when the propellant temperature was below a certain value, which can be related 
to the glass transition temperature. One result of a test at room temperature 
on the hard EDB propellant was plotted on Figure 10 for reference. 

The glass transition temperatures ( Tg) of these four types of propellant 
have been measured on a Rheometrics Mechanical Spectrometer2 by Stenson3,4 and 
are given as -50 oC, -58 oC, -60 °C and -83 oC, for CDB, CMCDB, EMCDB and HTPB 

- -1 propellants, respectively, at unit strain rate (min ). However, his results 
show that Tg is strain rate dependent and high extrapolation shifts these values 
to -20 oC, -28 oC, -36 °C and -56 oC, respectively (indicated on the graphs by 
the broad arrows) at the strain rate occurring during fragment attack (of the 

6 -1 order of 10 min ). Frangibility of the propellant is considered to be an 
important factor and at the Tg a propellant becomes brittle resulting in 
increased violence of response. 

For EMCDS and H TPB/1 propellant the change in response occurred about the 
shifted Tg but for the others the change occurred at temperatures higher than 
the shifted Tg. This was thought to be because HTPS and, to a lesser extent, 
EMCDB were more extensible than CDB and CMCDS in the temperature range 
approaching the respective Tg values, as shown in Flgure 1 1 .  Following this 
a more flexible H TPS propellant was tested and the results (Figure 12) showed 
a more or less steady lncreasing violence with a lowering of temperature. As 
the elongation of this HTPS propellant (HTPS/2) was over 50% greater than that 
of HTPS/1 at room temperature and the response at that temperature was only MPS, 

a link with elongation at maximum lOCld (e *) was suggested. m . 

... : 



.vC Plots of vIolence of response agcllnsL straIn at maXImum load seem to f�nfirm this relatIonship but the results carl still be split into two groups: 
" ,,'I' " figure 13, for the composite propellants, shows a minimum response of mild 

'"":W'" ��essure burst (MPB) at 38% straIn whereas Figure 14 for the double-base 
��ropellants shows that a mInimum response of 'Burning' (B) was attained at a 

>�train around 1 5�� and above, except for the CMCOB propellant (denoted by CM on 

!-�he graph) which seems to be more HI line with the HTPB strain results. 
," 

o The dl fference between the plots HI Figures 13 and 14 is paralleled, in ... .. -"
general, by a dl fference in propellant energy. The double-base propellants 

:-�xcept the composite modified one, have a calorimetric value of around 4500 kilo 
'
:
�
_joules per kilogramme whereas the composite propellants, including the 

: composite modi fled double-base propellant, range from 6400 to 7500 kJ/kg. How

' ever, this is not a complete explanation as it also appears that burning rate 

may h�ve some effect partIcularly with the high energy propellants: the highest 

response for a given straIn is obtained with CMCOB propellant which is among the 

�highest in energy and burning rate. 
, Another factor which may affect the VIolence of response is the propensity 
��.' 

of parti�ulate filled propellants to de-wet when maximum elongation is reached 

causing separation of binder and filler and vastly increasing the surface area. 

At the high strain rates experienced in an attack 'shock' de-wetting may occur, 

ie almost instantaneous partial separation of filler and matrix, which may 

account for the generally more violent responses of HTPB and composite-modified 

propellants. The existence of this phenomenon, and the energy factor, could be 

fchecked by trials on a higher energy unfilled propellant or, preferably, a lower 
I" I � energy (around 4500 kJ/kg) HTPB propellant. 

: 3.2.2 Effect of Type of Motor Case i f A final factor considered in these trials was the effect of the type of 
, 

tcase. As previously explained, most of these trials were carried out using 
,-
:the standard tube (MS and LA) but some trials have been carried out using Kevlar 
i" Loverwrapped tubes (MS and LA) with HTPB/1 propellant and EOB propellant 

� (i�trial) "Figure 15 shows the dramatic reduction in violence of response for 

rHT�B/1 pr�pellant when used in Kev lar overwound tubes, both MS and LA, for 
t�.�mperatures down to below -50 QC. These cases were weakened by the cutting 
tOf the Kevlar by the fragment and the remaining thin metal wall then eroded t�:::' " -��uIckly enough to confine the response to 'burning'. The graph also shows �m�ch more clearly the abrupt increase in violence of response which occurred at 

�
�rnear the shi fted glass transition temperature, as already discussed in the 

�
��eVious section. Note that although the violence seems to be reduced above 

fthis temperature there is no mitigation below it; the violence of response from �� : t;.';,;",.: " 



'.t,::t..: 
· '-:.?l 29-8 _�fJ. ' :�I bo th ;�:n:�:d t :::1 0:: :�o��:, t�::: i:: i:� t t:: :::: . t empe r a tu re, showed t he ��;��,�1 

overwrapping reduced the violence of response only one category but furthe;-;;i�{I 
could be carried out over a range of temperatures to see if that reduction can :'�� 
be maintained down to low temperatures. <\: :!�� 

.... i�cf� 4. GENERAL CONCLUS IONS ' � -, .� 
(1) To minimise the violence of response to fragment attack the propellant ;

,
�'1� 

must be extensible and maintain that extensibility down to low temperatures. )�� 
.. ' Ii� (2�e strain rate adjusted glass transition temper

_
ature of the propell�><;�� is �he lowest temperatureatwnlcn-ininimum -violence of response occur? and for ;,� : .. r��L:{� some propellants, which have poor low temperature strain capabilities, thiS

"J
,

'
:
"
,
\
,
:
�,

�
,

'

,
" 

temperature is much higher than the strain rate adjusted glass transition ,'_ 

temperature. - Ij:$( 
-,·r::::·: 

(3) The energy of the propellant seems to influence the amount of extensibilit�? 
" J ':':1 

-. "' , required for a given response in a Model Scale Motor: the more energetic the 
propellant the higher the required elongation. However this effect may be due, , . 

. �; 
to' 1shock1 de-wetting, ie rapid separation of filler and binder, in the composite) 
and composite modified propellants. Further work with high energy unfilled 
propellants is required for conclusive evidence. 
(4 ) Use of a case designed to give rapid venting to an attacked charge will 
greatly reduce the violence of response. 
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TABLE 2 DOUBLE-BASE PROPELLANT 

Case Propellant 
temp, DC 

Response 
Category 

CDB: Cal Val 4495 kJ/kgj Rb 
MS 

, MS 
MS 
LA 
LA 
LA 
LA 

A B 
'-6 PB+ 
-11  E 
-6 MPB 
-10 PB+ 
-22 PB+ 
-34 E 

Strain Blast 
at max at 1 m 
load,% kPa 

20.5 mm/s 
35 
1 1  
5 ! 
11 
6 
3 
1 

150 
160 
60 

2 10 
55 

1 10 I 
EDB: Cal Val 4520 kJ/kgj Rb 2 1.0 mm/s 

FrS I K/MS 
A t  
A � I·; I 

EMCDB: Cal Val 4640 kJ/kgj Rb 16.0 mm/s 
MS 
MS 
MS 
MS 
LA 
LA 
LA 
LA 
CMCDB: 
MS 
MS 
MS 

A 
-33 
-37 
-41 
-22 
-34 
-43 
-48 

B 
B 
B 
E 
B 
B 

ME 
ME 

no 
28 
20 
10 
50 
26 
8 
2 

Cal Val 7460 kJ/kgj Rb 24.0 mrn/s 
A 
-11  
-6 

P8+ 
E 

ME 

38 
2 1  
25 

390 
1 15 

160 

140 
55 

80 
130 
120 

TABLE 3 COMPOSITE PROPELLANTS 

Case i Propellant 
temp, DC 

Response 
Category 

Strain Blast 
at rnax at 1 m 
load, �� kPa 

HTPB/1: Cal Val 7070 
24.0 rnrnls 

kJ/kg; Rb at 10 MPa, 

MS 
MS 
MS 
MS 
LA 
LA 
LA 
LA 
LA 
LA 

K/LA 
K/LA 
K/LA 
K/LA 
K/MS 
K/MS 
K/MS 

I 
HTPB/2: 

LA 
LA 
LA 
LA 

A 
A 
-34 
-53 
A 
A 
-34 
-51 
-62 
-70 
A 
-35 
-50 
-70 
A 
-52 
-7 1 

PB+ 
PB+ 
PB+ 
ME 
PB+ 
PB+ 
PB+ 
PB+ 
ME 
ME 
B 
B 
B 
ME 
B 
B 
ME 

Cal Val 6400 kJ/kgj 
16.9 mm/s 

A 
-31 
-42 
-60. 

MPB 
PB+ 
PB+ 
ME _ 

23 
23 
19 
15 
23 
23 
19 
16 
14 
12 
23 
19 
16 
12 
23 
16 
12 

150 
125 
130 
160 
110 
85 

115 
85 
70 

110 
3 

20 
20 
56 
16 
24 

140 
Rb at 10 MPa, 

38 60 
27 160 
23 120 
16 120 

N 
'-D 
I 

'-D 
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