\\\\\\\\u\\ o \i“
; \ i x\\\

NN sO \\

\\\\\\ i i \\:\\\\\\0 : i

\\\\\

S
\\\w\“ i i N M«n.&an“
”\\}\\n \\\\\\\H\

\\\\\\\\:\\ i

\\\\w\\\\m v\\\\\:w\\vs\H\o\“\\\\\ L : :
e L L .
e i : \,\\\\\\\\\\\\

\ \\\\\

\Q\\\‘\\w L

\\\\‘\\ i
1\ 0 \
S \\o\\\\ i \\”

\\\\

s\\\\lu\ v \\\
& \\\\ i

\‘\\\\\ : \\\\\

i \\ \
E \\\\\

i \\\ v \\\w\
R

”\““ \\\ i iy i \1\\ N
S L

\ PRy o \ \
. : . : ’ i \wim\\

\\\ &

L i \;\\\\\H\\\\\\\m\\
R \\\\\u B

i NG i

\\\:\\“\“ \
DA i
O \\\;S \\\\

i \\\ i
o \ \\m\w\\s\\ S
S S
TN
BN w\ G
: B \0}:\ \I\\\f‘f\“;\s\f\\s \\Q\:\\ i
; \\\m\m\\ i :\m\\\\\\)\\ B \\\“
i \‘::\\\\\Q\\:\\\}\\\\\\\\\o}\:\\ \\\\ A i - i
\\\\\\Q\il\\\ B \\\\\\\\\\\\\\\\\\\\\:o\\ \m\\\\\\\\\\ \\\ \\3\3\“ \\\\\\

\\is ?c\\\s\\s\i\\ e i

\\\ i L G
S
R

L
\\\ B \“\\\\\‘\“\\“m

R

i SRR : L \
\ L \\\\w” R G i S B H\: i
! e
i Bl .

0 \\ Q \\ i
\\\‘H .
¥ 1\\“\3\\3\9\:\:\\\\ i

3+ \1\@1\\“\\
i

i =
\\\\ . \\ i \_\\\

\ L i \\\

i R i
\\\w\\\\\\\\\\ \\ i \\:\\\ i \\\\ \\\\\‘ e -
Han

\\‘;‘\\\\\\‘

0 \\\Q\lsx\\\\\\:\\\\ L \\ \
. L

§
i

\\\\\\\
N

i o s\ | \\;\s:\\\:\\ N \ \
. L . m vn R PUBLI c:mz

\\*\M\\\ s\\\\ e \H\ - L \ L
T i i i 0 1C RE

i

i \\ i \\u

i \\{\\\:9 \31\\
L v\w\ i six \

i
\m\\\

S
”\\ \\“N\\ A \ \\\\\\
. \H - .
ik \\\\\\\ :
g \\\\\gs\\\\ i i i \\\”\\\\

\\\\\ “\ \\\ i i \\\s\\\ b

m\\xx\\\ W
A \\\u
n\\\\;\\m\\m i

A

5 3:2:231;

\\\\\\\\\\\ i

e
N
RS

R A
D A

o
i \s\s\ i

\ b \\\\\

¥ \\3:\ S
G

AL
i \\\ \\\\

i i
\\\\\ i

u“\\ \ MWV G \WMM

PR
L

A
S \;y\\\\\:\s i
BRI ko S AN
S it V“\\:\\\m\\\ (B
B i

\ m “ ?\ ne

et

i \{«\.u.%\l
Ww‘“““‘f‘\"‘““\‘“ ‘? wi\w-m\\»\mmm L % ; .
\M\ i \\‘\\Q‘

L

Y \\\\\\Q\\i\\

\\ i
i

9\\\\\”\\\\\ \ \: i

o \\s\\\

Q \‘\\‘

\\g\y\:\::v

A

: “\5\\\\\\\\\\ .




REPORT DOCUMENTATION PAGE

Form Approved
OMB No. 0704-0188

Public raporting burden for this collection of information is estimated to average 1 hour per response. inciuding the titne for reviewing instructions, sesrching existing deta sources,
gathering snd meintsining the dats needed. and completing and reviewing the collection of information, Send comments regarding this burden estimate o any other aspect of thia
coliection of informaton. including suggestons for reducing this burden, to Waahington Headquartars Services, Directorate for Information Operstions and Reporrs, 1215 Jefferson

3 REFORT DATE

April 1993

1. AGENCY USE ONLY [Leave blank}

3. REPQRT TYPE AND DATES COVERED
Final- ~ Sep ol - Jul 92

4. TITLE AND SUBTITLE

Propellant

5. FUNDING NUMBERS

A Uniaxial Nonlingar Viscoelastic Constitutive Model with Damage for M30 Gun PR: 1LI161102ZAHA43 ~

G. AUTHOR(S)

George A, Gazonas

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESSIES)

.5, Army Resedrch Laboratory
ATTN: = AMSRL-WT-PE
Aberdeen Proving Ground, MD'. 21005-5066

8, PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAMES(S) AND ADDRESS(ES)

US Army Research Laboratory
ATTN: AMSRL-OP-CI-B (Tech Lib)
Aberdeen Proving Ground, MD 21005-5066

10,.SPONSORING/MONITORING
AGENCY REPORT NUMBER

ARL-TR=115

11, SUPPLEMENTARY NOTES

12a. DISTRIBUTION/AVAILABILITY STATEMENT

Approved for public release; distribution i$ unlimited.

12b. DISTRIBUTION CODE

13. ABSTRACT {Maximum 200 words)

and “"ballistic-like” strain histories are also provided.

The nonlinear viscoelastic mechanical response of a conventional tank gun propellant; M30, 1s modeled using a "modified
superposition integral” which incorporates the effects of microstructural fracture damage. Specifically, a linear, .
time-dependent kernel is.convolved with the first-time derivative of a power-law tunction of stress-and a damage

- "softening". function which accounts for damage evolution by a microcrack growth mechanism.. The microcrack damage
function is a master curve formed from shifted isothermal, compressive, uniaxial constant strain rate (.01 1/s to 420 1/s)
data on-solid, right-circular cylinders of M30 gun propellant. An-attractive feature of the model is its ability to predict
work-softening behavior under conditions of monotonically. increasing deformation.. Time-dependent predictions of stress
versus time, failure stress versus failure time, and failure stress versus strain rate, quantitatively agree with experimental

. results from constant strain rate tests-on the propellant. Theoretical predictions of time-dependent stresses. for Heaviside

14. SUBJECT TERMS

viscoelasticity, uniaxial compression testing , viscoelasticity, continuum mechanics

15. NUMBER OF PAGES

constitutive modeling, M30 gun propellant, continuum damage mechanics, nonlinear 36

16. PRICE CODE

17, SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19, SECURITY CLASSIFICATION 20. LIMITATION OF AESTEACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED _SAR

NSN 7540.01-280-5500

Standard Form 298 (Rev, 5—89)

Preacribed by ANS! Std. 238-) 28B-102




INTENTIONALLY LEFT BLANK.

i1




51

6.1

10.

TABLE OF CONTENTS

LIS OF FIGURES o iviietiesiomsve s sescsborsse iutesivsstomnivassnssseseissesmeininss
CLIST OF TABLES........... brebaaaein b i el s e n s e

INTRODUCTION o -

THE CONSTITUTIVE THEOR Y ..ccoiiiin v,

Predictions for Constant Strain-Rate Compression Tests..............

EXPERIMENTAL RESULTS. oo oeoeeeeees oot iesesesoon

“DETERMINATION OF MODEL PARAMETERS .,

DAMAGE FUNCTION COMPARISON TO OTHER FORMS.....
S‘igni‘ficance of Parameter D: Fracture SUrface Aea...........o.c...

CONSTANT STRAIN-RATE COMPRESSION ...t

More Complex Input HiStores.... i i i, o
CONCLUDING REMARKS. ...t serssonsiesostotsie e siebensistnin
REFERENCES ... oot eeiee e s et

'APPENDIX A: DERIVATION OF GENERALIZED %
DAMAGE FUNCTION AND DAMAGE PARAMETER............. ‘

DISTRIBUTION LIST:...ccciviniinnnt e e s e

iii

‘p. ‘

10

11

13

L



INTENTIONALLY LEFT BLANK.

v




Figure

3b.

- da

4b.

6.

9,

LIST OF FIGURES

‘Axial Stress versus Time at Various Strain Rates ‘
in M30 Gun Propellant..... o i it bbb s

"' Damage Function versus Damage Parameter as a Function

of Strain Rate for Arbitrary Material Constants......cciiiiiiiinimiiii

"Master” Damage Function versus Damage Parameter Formed from
Shifted Constant Strain Rate Test Data..... oo it i

"Ellipsoidal" Damage Function.........viun NN SN AP AR

“Comparison of Damage Functions versus Time for M30 (symbols),
Ice (+) (Harper 1986), and Oil Shale (0) (Grady and Kipp 1987).............: ‘

Comparison of Damage versus Time for M30 (symbols), -

[ce (+) (Harper 1986), and Oil Shale (0) (Grady and Kipp 1987)........0.. -

Overlay of Observed (symbols) and Theoretical (solid)

Stress versus Time Curves for M30 Gun Propellant........ciiinins ‘
Stress at Failure versus Time to Failure.. i, it

Stress at Failure: versus SIrain RATE. oo it sivinirmser s et ramustvnmsiion oie

Predicted Stress versus Time for Two-Step Input History, Constant
Strain Rate Followed by Constant Straifi....c. o,

Predicted Stress versus Time for "Ballistic-Like" Input History, Constant
Strain Rate Followed by Order-of-Magnitude Increase in Strain Rate.......

LIST OF TABLES

Chemical Composition and Nominal Specimen Dimensions of

M3 Gun Propellant. ...l i e L

16

16

16
17
17

18
18

18
19

19



INTENTIONALLY LEFT BLANK.

vi




1. INTRODUCTION

' ‘The uniaxial compressive mechanical response of M30 gun propellant is well documented
over the temperature range from -40 to 60 degrees Celsius, and strain rates from quasistatic to 10*
sect using drop weight (Lich 1989), split Hopkinson bar (Lieb et al 1989), and servohydraulic
(Gazonas 1991; Gazonas and Ford 1992) test apparatuses. Uniaxial compression of right-circular
‘eylmders of M30 induces fracture damage consisting of axial cracks that grow and eventually coa-
lesce to torm maeroscomc con]u&,ate shear fractures at 1arge strains. M1cr0graphlc evidence reveals
that microcracks initially form betwcen the subax1ally onented mtroguamdme crystalhtes (energetm
filler) and the nitrocellulose (binder). The stress-strain response of‘M3O is slightly nonlmea_r prior to
the maximum steess level (Failure stress); the propellant subsequently work-softens until ultimate »

failure or rupture occurs (Gazonas and Ford 1992).

Despite the large body of work that documents the mechanical properties of gun propellants,
studies related to their constitutive characterization are scarce. A recent study characterizes the
viscoelastic response of M30 propellant and shows that the propellant exhibits nonlinear (strain-
dependent) power—law relaxation over the time interval 10 to 10** milliseconds (Gazonas 1991). A
omplete cnmntutwe desenptlon ot the solid propellant phaqe is critical for accurate de‘%Crlptl()Il of
combustion in numerical models (Gough 1990) of the mtenor balhsuc (IB) proceqs bccause the rate
of mass generation of the gaseous phase during combustion 18 prepomona} to phe amount of exposed
propellant surface area (see Military Explosives 1955). Early models of combustion assume that
time-dependent surface arca is only a function of the differential changes in the initial propellant
~geometry caused by deflagration. - These models do not account for an increase in surface area due
1o deformation and fracture of the propellant. Subsequent 1B numerical models incorporate the
effect of enhanced mass generation rate due to fracture by using surface area "multipliers” (Keller

and Horst 1989). It is anticipated that the constitutive and damage characterization of single-grains



‘ ot' propellant will provide insight i‘nto the physics g‘oﬁerning“the bol_kkdefo‘rmatio‘n of granular propel- -
lant beds.
_This paper emiploys a uniaxial specialization of a general three-dimensional constitutive
theory for viscoelastic materials with damage (Schapery 1981). Several features of the constitutive
- theory make it an attractive candidate for modeling the constitutive behavior of M30 propellant.
First, the theory can predlcl the observed work- sottemng behavior in M30 under monotomcally
‘ mcreasmg defi ormatlon M1croeraek1ng matenals that exhibit work-sof temng behavmr pose special
problems for constitutive modelers since it can be argued l‘.hdt "shear" fracture planes that develop in
many materials in compression are structural or geometric features that corrupt detection of the true
material respon‘se of ‘the material as it work-softens. ‘Additional‘proolefﬁs eS‘SOciated with a loss of -
“hyperbolicity of the wave equation in damaged, work—softeni‘ng‘materials‘ haVe recently been
addressed using a nonlocal elasticity approach (Valanis 1991). - Secondly, the constitutive equations
can be transformed to those of nonlinear elastic materials through correspondence principles. The
 transformation facilitates the solution of boundary value problems encountered in the theory of
nonlinear viscoelasticity.” Thirdly, microcrackirig in M30 is oharactefized with a fdama‘ge fonciion

that is related to time- depende“lt surface area evolutlon in the propellant ThlS relatmn couid be

incorporated into IB numencal codes for more accurate predlcnon of surface area evolutlon and
- mass generanon rate during propellant combusum Finally, the theory 18 general enough to success-
tully descnbe the nonlinear wscoelasnc response of a vanety of other materials that include: marine
sediment (Schapery and Riggins 1982), rocket propellant (Schapery 1982), and ice (Harper 1986;
Harper: 1989) Thus, material constitution and damage evolutlon in a variety of materials can be

- compared within the framework of a single theory.

Even though "material" damage is treated herein as a scalar-valued quantity, predictions of
stress versus time, failure stress versus failure time, and failure stress versus straif rate quantitatively
agree with observations from mothermal umaxml constant stram el te compressmn tests on the

prOpellant Itis %hOWn that mxcroera(,kmg in M30is charactenzed by an “elhpqmda:’ damage ‘




" function, formed from shifted isothermal constant strain rate test data. The form of the “ellipsoidal”
‘damage function is compared with damage functions that have been developed for other materials.
such as, ice in compression (Harper 1986), and oil-shale under dynamic blast conditions (Grady and

Kipp 1980).
2. THE CONSTITUTIVE THEORY

The uniaxial nonlinear viscoelastic constitutive equation for materials that possess a random
or regular distribution of microcracks can be written with-a so-called “modified superposition inte-
gral” (Schapery 1981; Schapery 1989). The uniaxial strain € in a material subjected to a uniaxial
stress o can be written as

t
ey = B J‘ D(t-7) df dt e (]

dt
Tht.. mteoral in (l) 15 also known as-an hcrudltary mtegra] or asd convolutlon of the functions D and
f.~Material nonlmcanhes and damage are usually mcorporated in the tunctmn t, where

f = (.S, (2)

o)
In (1), E, is an arbitrary constant referred to as the “reference’” modulus with units of stress. Elastic.
behavior is obtained when D = E . D(t) is the linear viscoelastic creep compliance if all material -
" nonlingarities are incorporated into £. The cre¢p compliance is defined as the strain response nor-
malized to the unit stress input (i.e., D(t) = e(ty/o,, with 6(t) = 6, H(t); and H(Q) is the Heaviside
functiori defined as, H() = 1 for {> 0, and H() = 0 for § < 0). In (2), the S, are k, time-dependent
damage pdrameters Lhat influence the time- dependcnt strain in(1): The cs~subsc,npt in (2) refers to
damage parameters dcveloped for Stl‘eSS*hISIOI'y mputs The damage parameters S, are used for

* strain-history inputs. In (2), f is written in product form with a power-law stress tuncuon g anda



damage function g _as
= g, (0)¢ S\' Mospnie) 3)
f=g(0)g, S = (g—) e sgn(o) - :

“where o, I and A are posmve constants, The stress- h1story dependent dama;,c parameter is denved

(%ehapery 1981) by mtegratmg the relatlon belwccn crack-tip velocuy and the J-integral and is given

by

where ¢, and q are positive constants, and | | denoies the absolute value of the quantity. A damage
parameter similar to (4) is derived by Wnuk and Kriz (1985) by integration of the "Kachanov"
“equation which relates the rate of damage growth to a power-law function of the net-section stress.

The functions g, and g,,-, and the above constants may be different for characterizing material behav-

ior in compressmn versus tension or for unloadmg atter s1gmﬁcant plasumty The general leldlty of

the theory can be verified 1f the above constants and funcnons g, and g, , are unique for a variety of
stress-history inputs in (1). "The signum function in (3) is defined as sgn(c) = 1 for compression in
this study. f, is a "crack-tip material coefficient” which can depend on time and temperature and
material aging etfects (Schapery 1981). In the present study f, = 1. The damage function 2,.(S,) in
(3) reflects material damage due to microcracks. The exponential form of 2, was-originally pro-
~posed by Schapery (1981) and was later used to model microstructural damage in ice subjected to
* uniaxial compression (Harper 1986). - Later, it is shown that the exponential damage function which
characterizes damage in ice does not satisfactorily characterize damage in M30 propellant. Instead,
an “ellipsoidal” damage function is dtilized that is directly determined from the test data. From (3)
_we see that in the absence of damage S - 0'and g.= L and ( 1) then predl(,tb etram ina nonlmear
vxscoelasnc material wuhout damage Matcnal bymmetry changeq due to damage induced anisot-

ropy are not addressed in this paper and damage is treated as a scalar-valued quantity. More discus-




sion-of this topic and Higher¥order tensorial descriptions of damage can be found'in the papers of

| Krajcmovu, (1987) and Weitsman (1988).

| Equatlons (1) lhrough (4) are su1table for characterumg damagu and a material’s strain
response lf a.tru.s i8a wntrolled mput for the test. Howevu‘ if strain is a (,()ntrolled mput tor the

test, then these cquations must be inverted in order to predict stress as a function of strain history
o(t) = o,eg (S)sgn(E). ‘ (5)

where g, (S,) =g, (S, and the pseudo-strain £° is related to strain history by

t
0 ‘ -1 S ‘ ‘ . ‘ ‘ ‘
g = E | E(t-1)dedn . (6)
0 e dE
where E(t) i is the relaxation modulus. Schapery (1982) pomts out that the ut111ty of pseudo»stram as
a slram measure, lltS in that fact that SLress versus pseudo-stram plots are Smglc»valued or “elastlc-
like™ for cychcally-stra;‘ned materials.. However, the e=¢° transformation in (6) does not produce a

single-valued curve for materials that work-soften.  The damage parameter S, is obtained by substi-

‘tution-of (5) into the time-derivative of (4). Rearrangement and integration of the result leads to

O gk
Se = | 236(5,) 45 S
0
or ‘ 047 | - sy
S¢ = (02/0'1 J.E f, dt . (
! i R o

The tower limit-in (7) is zero, which conesponds to-a no-damage c,ondmon at time t= 0. If an

exponent1a1 torm £..(S, ) ero s used in (7) then thu damage funcuon becomcs

g, (S)=(+AgS 0 EN ()



]
|
|
|
- The derivation of a morc general damage function is obtained if one assumes a product form for fas : J

given by (3).. Substitution of the first time-derivative of (4) into that of (3) results in a nonlinear - - ;

differential equation (Bernoulli equation), solvable for stress, which can be linearized and integrated

using a power-law function of the pseudo-strain as an integrating factor (Appendix). The identity;
=g , (10)

is used in the derivation and is obtained if ﬁ D=1, where E and D are the Carson transformed

relaxation modulus and creep compliance respectively. A generalized form of the damage function

is then given as

Sy =egSmt (1

and the generalized damage parameter is

o a ardg b |
SE - ((&/0'1) I 80 dSZG —y—l-- dt i ‘ (12)
‘ ) ‘ o ‘!’26

If 2,,(S,) = €"%in (12), then dg, /dS_ g, ~! = A, and the more general (11) reduces to (9).

a

2.1. Predictions for Constant Strain-Rate Compression Tests. This section provides expres-.

- sions for predicting stress and damage functions for constant strain rate tests. For a constant strain -

~rate € input,

CEM = EtHE e S(13)




Substitution of (13) into (6) with the power-law relaxation modulus of M30 detérmined earlier

(Gazonas 1991), E() =E t", (typically 0 <n< 1), and E =E, yields the pseudo-strain

(1-n)

EM=¢€t /l-n | (14)
~and for the damage parameter,
Ll ght ,
= E Ly 1
e g, (I-n) %o | (13

ref

where o = (1-n)g/r + 1. The constant o, 1s replaced by the reference strain rate, i;ref, with the rela-
1/r ‘ ‘
tion o = 52 E;ref. Substitution of (14) into (5) prOVides the time-dependent stress

o) = 62( n) gze(S)sgn(S),‘ g

where sgn(e®) =1 for monotonically increasing functions €°.

3. EXPERIMENTAL RESULTS

Experimental results for isothermal uniaxial compression of M30 at four strain rates appear -
~in Figure 1. Each stress-time curve is a composite curve formed from the average of five tests.” The
compression tests are performed utilizing a servohydraulic test apparatus (MTS 810 High Rate Test
Systcm) that is described in more detail elsewhere (Gdzonas 1991) The maximum plston velocﬂy 18
on the ordt,r ol 12 m(,t(,rs/sec (39 4 ieetlsec ) (and thlS hnuts the axlal Lomprcmve stram rate to 500
sec’! m 25 4 mm (1-inch) long specimens.  Constant strain rate tests are performed by computer
control of the piston velocity via feedback from an extemally mounted transducer, linear-variable

differential transformer (LVDT), MTS Model 244.11. Force is measured with a 60 kN (13.5 x 10°



~1b), quartz-piezoelectric force transducer, Kistler Type 9031A, which is mounted on the upper
" ‘moving piston. Specimen displacements are corrected for apparams‘di‘stor.tion which has a measured
stiffness of about 91:9 kN/mm (52.4 x 10* Ib/in). Specimen stiffness ranges from 4.5 to 14.0 kN/mm
‘over the strain rates 1nvest1§,au,d Tests are conducted at a room Lemperature ot 22+ 1 degrees
Cclsms | | |
‘Right-circular cylinders of M30 gun propellant (Radford lot # 128 B) are prepared by cutting
specimens from six-inch; solid, stick propellant using an Isomet, double-bladed diamond saw. The
inert lubricant, molybdenum disulfide, MoS,, is sparingly applied to the specimen ends to reduce end
- friction effects and test variability (Gazonas and Ford 1992). The chemical composition and nomi-

nal specimen dimensions of M30 appear in Table 1.
4. DETERMINATION OF MODEL PARAMETERS

Constitutive response predxctlons from the nonlinear theory dcscrlbed above are made by
f1rst dctermmmg constants, G, n, 1, g ¢ and q, and the damagc function g, in (14) through (16).
The material constants are determined from a limited set of experimental data (constant strain rate

“tests) for prediction of material response under more general input histories.

The damage function and constants are obtained by plotting log,, g..(S,) in (16) versus log,, =
S, in (15). Experimental cr('t)‘data are used-in (16). Damage curves for a set of arbitrarily chosen
constants, o, r, n, and g, appear in Figure 2. However, if two curves, taken at the strain rate ex-
tremes (.01 sec” and 420 sec’') are shifted, a “master” damage function is formed with an appropri-
ate choice of comtams‘(detéﬁnir‘ie‘d by trialéand-error see Figuré 3a) which are: o, = 670 MPa (97 2 -
X106 pm) r=1. 2,1=0. l q= 9 and & o =01 sec’’. The master damage tuncnon takes an “ellip-
| smdal’ form (SOlld lme in Flgurc 3b) in logarlthmlc coordmates and represents the “softening” effeci

of the microcracks:



Logjg22e(Se) = -L5(1-y/1-8) - (D
-~ where : ém logw (Sg) / log)o (Scma‘x)‘ ‘

and the microcrack “saturation’ "level is at logw (S y=10.

&n mx

5. DAMAGE FUNCTION COMPARISON TO OTHER FORMS

The, damag fum,tlon devcloped herem tor M30 propellant is u)mpared to damage functions
‘usud for dwcnbmg mmrocrack gmwth in ice in compremon (Harper 1986) and dynamxc blaet and
fragmentation of 011 -shale (Grady and K1pp 1980) (F1gure 4a) Thc damage tuncuon f()r iceis based

~on an exponential form and is unsuitable for M30 propellant since the slope of the tunctlon g.(S)in

. logarithmic coordinates is linear and proportional to -1/q (see¢ (9)) whereas experimental data for

“M30 in these coordinates are nonlinear (Figure 3a). The damage function for dynamic fragmenta-
tion of oil-shale, -
| e Mg g S 5
B Do U ‘ 18
gzg‘lD“l‘ae‘“ (1%)
18 mxcrostruuurally denved trom a'two- paramuer Welbull cra(,k dlsmbuuon tunctlon (Grady and 5
Klpp 1980) and ha@ bee,n @uucessf ully us(,d to predict fragment size: and the tracture stre:sq depend-

Cence on strainrate
o) = Bet(l-D) FERRERR ¢ 2}
- Damage is defined here as a scalar quantity, 0 < D < 1, and D = 0 corrésponds to a no-damage

“condition, whereas D= 1 corresponds to complete material failure. In (18); a and m are constants,

and in (19), ¢ is the strain rate, t is time, and B is the intrinsic elastic modulus. Numerical values




: tor thc comtants ursod to plOL (9) and (18) in thuro 4acan be found in lhe or1g1r1al referenccs |
: (I-Ltrper 198( Grady and Klpp 1980). The ultimate utility of the damage function lies in its ability -
to accurately model material behavior, regardless of the method used in its determination: HoWever,
~models developed from microstructural considerations are intrinsically more appealing than those

developed from empirical data fits. -

5.1 Significance of Parameter D; Fra& mm | Smag gA xee;‘A‘ number of authors have ettﬂb? ‘
uted microstructural srgmfrcanco to D Wthh is asqumcd to be proporttonal to 1) Lhe ratxo of the
microcrack area to total area, A/A (Schapery 1981 Lemattre 1985) 2) ratio of defect densuy toa-

| saturatton" defect densuy, d/d (Rouseeher 198 l), 3) the rano of the -'adms ofa smglc sphencal
‘ mrcrocmck to the volume of a representatwe umt cell, a¥/V, (Budmnsky and O'Connell 1976), and
-4y statistical distributions of the ‘ratto of the number of broken bonds irt“"'bundle"“models to the total
number of bonds, n/N, (Bolotin 1969), to name a few. For reasons of relative simplicity, most.
microstructural models are developed for cracks which grow normal to an applied tensile stress field.
- For materials in compression, mixed mode crack growth and interaction considerably complicates
both the development of microstructural models and the functiouul rel‘a‘tion‘ between crack speed a‘nd
stress mtensrty factor (Costin 1987). Tt is not the intent of this study to develoo a microstructural
model for microcrack gt‘owth in M30 in compresmon However D Could be expressed in terms of -
the ratio of microcrack area to the "saturatron mch'OCl‘aCk area, A, /A (motrvated by the form of g,
~in (17)) thure 4b compares D Vs Logw Ttme for M30 1ce and oil- shale The time-rate of change

of D increases with strain rate, i.;e. dD/dt = f€).

Observations indicate that the amount of damage (fracture surface-area) in M30 propellant is
relatrvely insensitive to strain rate from 10 sec’! to 100 sec’t. Over this strain ratc range, fracture
surtacc -area productton is pnmartly dependent on the amount of axial specnnen strain (ie. D =

~g(e)) and secondarily dependent on the deformation temperature (Gazonas et al 1991). However,

10




‘theorencal predlcnons of lra;,mem size in oil-shale subjected to dynamic loading indicate that

lraement size deereasu; as strain rate increases (Grady and Kipp 1980). Furthermore, fragment size

B m Dll ehale decreaees lrom 0.1 to 01 meters as strain rate increases in the moderate loading rate

: runrne lrom 10 su, . 10 100 sec’! The damage function and material constants determined in this
"study may not appropnately model the constitutive response of M30 propellant under more dynamic
loading conditions. ‘Additional malenal data obtamed at larg,e dynamlc slram rates are needed to
accurately predict material behavxor over lhe w1de speetrnm of strame and loadmg ratee exponeneed
by the propelldnt in the gun during firing. The next qecnon compares data and consnmtwe predle-‘

tions of time-dependent stresses in M30 in order to verify the theory and 1lluetrate 1t5 gencral utility.

6 CONSTANT STRAIN-RATE COMPRESSION

| Time- dependent stressee for con:,tant strain rate deforrnanon of M30 are prcdlcted by solvmg
(17) tor £.(S, ) and subsntutmg the result into (16) %tress versus time predlcnons are plotted in -
Figure 5 (solid lines) for the strain rate extremes at whxch the damagc tunenon is defined. Expen-

“mental data (symbols) are also plotted for compamon thh the theorencal predlcnons Superpoeed
curves dt intermediate strain rates (0.9 sec’ and 89 sec” S rcﬂect the predlctlve capablhty of the
lheory since g (S )18 determined from data shifted from the st.ram rate extremes. The theoreneal

: expressmn in (16) prov1des a ;_,ood approximation to actual stress- nme data obhnned at consmnt

strain rate.. A (.ursory mqpocnon of the supenmposed stress vereus time curves reveals that the -

theory aceurately predlcts maximum or “tallure" stresses, fmlure t1mcs and the Work»soltenmo

: eharac,lcnsnee of M30 propellant A closed-form expn,smon for the failure time (lime at maximum

stresq leVel) is oblamed by settmg the 5Lrees—rale in (5) equal {0 7610, (doldy=0)1.e.,

do_ olr dg,) L, e e, M 20)
T dt “2e dt B |

1




»

E Usmg the chain rule 0fd1tfuenu.1t10n for the first term in (20), d(g,)ldv= d(g, )dS, a’SE/dt and after
“some aléebrmc mampulahon the prmc1pa1 result is. that at the maximum stress, § = Eat failure=

N (.OHSIHJ][ e,

G [ =% (2D
where B = 1 Sar /(logm (SFM ) (I-n)). Since §=1log,, (S,)/ log10 (S, ), the damage pammeter at -
‘the failure stress is constant, te.,’S (&) = 10, The time rcqmred to reach maxnnum stress, or
failure time, is determined by solvmg (15) for t subject to condmon (21)

. e gl T e ; :
b= GG EALmMEN a) @y

The failure Siress is obtained by substitution of (22) inito (16) to obtain
R ¥, T |
‘ O“(tf)j_-‘ 0'2 ‘ef‘(tf) ng(éf) R : (23) o

‘ ‘The log taﬂurt, stress versus log failure time is plotted in Figure 6. The pred1ctxons (sohd symbols)
compare well with observed failure stresses and observed failure times. (open symbols) Thc, failure
- stress'is also observed to monotomcally increase with strain rate (open symbols in Flgure 7) Thc

-monotonic increase in failure stress with strain rate is also predlcted by (’73) (sohd symbols) and the

‘weak strain rate dependence is gwen by G =59 : 0093, The fallure stress is insensitive to strain

‘ ‘rate if n<<lin (2:2) and (23) The theory predmts that the stram at faxlure

12




is independent ol strain rate in materials if r = nq (Harper 1986). This result is deduced by substitut- -
ing (22) into (24) with r = ng. The strain rate independence of failure strain is also predicted by the
theory in materials if = 1 and n< < 1, as in linear elastic materials with damage. Both constraint -
condmons are apprommdtely true tor M30 material comtdnts, and this rnay explam why measured
yield strains (apprommately ¢qual to fallure strams) in M’%O are mscnquve (o strain rate (Gdzonaa
1991; Gazonas and Ford 1992).  In addition to being strain rate mdependcnt the fallure stram m seen
o take on 4 constant value since the slope of failure stress versus failure time curve (Figure 6) and

the slope failure stress versus strain rate curve (Figure 7) are equal in magnitude, but opposite in

sign.

6.1 More Complex Input Historigs, - Closed-form analytical expressions for time-dependent -
stresses are determined if the product of the relaxation modulus and the strain history in (6).is-an
inteerable function. Strain histories of arbitrary complexity can be approximated using a large
numbor 01" constant stram rate ramp tunctmns As an illustration; an mput h1story that consists of

two, succewvc constant qtram rate ramps is expressed by
e =€ tHO + ¢, - eg)tHE-ty -~ @)

wl*xerefsl and éz are the constant strain rates of each ramp and t, is the time of application of strain .
rate‘éz. Time-dependent stresses are determined by substituting (25) into (6). Two examples that
illustrate such ramp inputs include: 1) time-dependent stress predictions for stress-relaxation of M30
after a period of constant strain rate straining appears in Figure 8, and 2) a “ballistic-like” input,
_simulated by a concave-up, two-ramp, input history, with the strain rate in the second ramp an order
ol magmtudc 0reater than the strain rate in the hrst ramp (Flgure 9) A comparlson of the constitu=
tive response 01 M’%O under a.variety of mput hmomes, such as those gwen in this se,cuon, will

histories that are similar to those experienced by the propellant in Lhe gun during ﬁring.

13




7. CONCLUDING REMARKS

- A'nonlinear lhéoly of viscoelasticity with damage has been shown to accurately model the
pl)nstituliae‘ reaponse of M3O gun propellant in uniaxial, isothermal compression. The exponential

H damage function e***originally proposed by Schapery (1981) and used to describe uniaxial deforma-

~ tion and failure in ice (Harper 1986) was found unsuitable for describing deformation and failure in ‘

M30 propellant. Instead, an "ellipsoidal” damage function was detemlmed du*ectly from the data, -

which accurately predlcted worksoftenmg behavior under monotomcally m(,rcasmg deformation. In

addition, time- depcndent prcdwtmm of stress versus time, and fallure stress versus failure time, and'

failure stress versus stram rate, quanmauvely agree with experlmental results trom constant strain

| ‘ratc tests on the propellant Thc observed 1nsem1t1v1ty of failure strains to strain rate in M30 -

(Gazonae 1991 Gazonas and Ford 1992) is a result that is also derivable from the theory. Future

| ‘work is planned to verify the generality of the constitutive model under more complex mput histories
~such as those described in the previous section. However, signiticant p_lastic deformation that is

~ observed in the propellant after unloading may pose difficulties for the model, An extension of the

model to include temperature-dependent behavior with reduced time vanables is also currently under

development.
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Figure 1. Axial Stress versus Time at Various Strain Rates in M30 Gun Propellant.

" Table 1. Chemical Composition and Nominal Specimen Dimensions of M30 Gun Propellant

Component ‘ %

- Nitrocellulose 28.0
% NC Nitration 12,6
Nitroglycerin-~ 22.0
Nitroguanidine 48.0
Ethyl Centralite 2.0

Length (mm) 254
Diameter (mm) - 12.3
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- Bernoulli form, -

9. APPENDIX A: DERIVATION OF GENERALIZED DAMAGE FUNCTION
H AND DAMAGE PARAMETER

 The-derivation of the generalized damage function and parameter given by. (11) and

(12)in the main text begins by taking the first time derivative (dotted quantity) of the function fin

3

rmeE L Ry
and colleéting terms to o‘btai‘h,‘ |

B g, L

“Since g,=g,(o) and g2=g£(S§); ordinary derivatives of these quan‘tities‘ are,

¢ =% (A-3).
1 de dt ‘

| aind -
LBy dSy C(AA4)

&y = &S,

Substitution of (A.3) and (A.4) and the first time derivative of the damage parmeter S_ given in (4)

- -from the main text into (A.2) yields the following nonlinear ordinary differential equation in o, of

podg o™ o
GE::__zg_.___l__+Gr S ~ (AJ5)
PT®B, e

o, 2

where; f = £,(t). ‘Achange of variables in (A.5) using,
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‘ el : ST
u“'@l : (A.6)

cand o | I g o o yo | (A7)
A
%

results in the following linear ordinary differential equation,

@+ ptu=hey : T (A.8) | o i
where ‘
: q )
_Iq q S d,h CAS
p(t) = T and h(t) = " (El") ——-dsc*;g-: . (A9)

;
P(t) Jp(t)dt S_J.f_dt=9_.1n|f|+c , (A.10)
f r
" hence
p() = + PO = 2.0 % (A1)
For ¢ =0 in (A.11), asolution to (A.8) is obtained for u given by,
o qdg, £,
fq/ru:ij/{q(_z)n—%nm}dt + C = ; TR (A12)
GI dsc 2

Substitution of (A.6) into (A.].:Z), using the identity (10), f=e¢°, from the main text, and letting

¢, =1, one arrives at the generalized damage function (11) and damage parameter (12).
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