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ABSTRACT

(Distributi n Limitation Statement No. 2)

A new experimental technique was developed for determining loading and unloading
stress~volume paths directly from gage measurements; theoretical models were
formulated for stress relaxation and the Bauschinger effect; Hugoaiot informe-
tion was generated from impact cxperiments uu aluminum alloys, titaniwm alloys,
and & woven quartz-phenolic; and the new experimental technique und Bauschinger
calculations were applied to the aluminum alloys. The new experimental technique
provides for measurement of complete loading and unloading paths (in ¢ stress-
particle velocity and stress~volume planes) rather than the discrete H.,oniot or
relesse points previcusly obtained. The technique is applicable to the examina-
tion of nonsteady-sctate, nonisentropic flow, yield point phenomena, strain-
hardening, the Bauschinger effect and strain-rate (or stress-relaxation) effects.
The technique f{s based on the entire stress or particle-velocity records obtained
from a series of gages embedded in a specimen. Four stress relaxation models
were isplemented in the SRI PUFF wave propagation cols, and computations were
umade to obtain representative results. Criteria were suggested for selecting a
model based on ‘the precursor attenuatior and separstion of precursor and main
wave., The Bauschinger model implemented in the SRI PUFF code exhibits the
smooth unloading adiabat and high rarefaction velocity observed in our experi-
ments on 6061-T6 and 2024-T8 aluminum alloys. The marked differences between
the wave shapes and attenuation rate from the Bauschinger model and those
obtained with the usual elastic-plastic model makes use of the Bauschinger

mode] imperative if unloading sand attenuation are of interest. Experiments with
T4-50A, Ti-6A1-4Y, and Ti-13Cr-11V-3Al titanivr served to map Hugoniots from 15
to 750 kbar, indicate Hugoniot elastic limits, and show an alpha + omega phase
transfomation at 50 kbar in Type 50A. Preliminary experiments on a three-
dimonsional woven quartz phenclic resulted in Hugoniot data from 10 to 200 kbar
md indicsted a shock-wave structure that ‘s very different from t*.t observed

iv homogeneous solids.
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SECTION I
INTRODUCTION

1. Scope

The gross features of shock wave propagation in solids appear to be
fairly well understcod. These features generally include an eliastic
precursor, a main (or plastic) shock wave, and a rarefaction or unloading
wave., The simplest and most common model incorporating these effects is
the model of ideal plasticity. For precise quaantitative prediction of
these waves, however, theoretical celculations based on the model
of ideal plasticity are inadequate. The behavior of real materials is
modified by stress-relaxation (time-dependent) offects, Bauschinger
effect (difference in load and unlcad response), a nonlinear transition
from elastic to plastic behavior, strain or work hardening, etc. (These
terms are explained more fully later in this chapter.) Each of these
effects is important for some meterials. Each leaves its iaprint on
some portion of the weve profile and leads to s modification of the

attenuation of a short-duration shock pulse.

The main obj.ctive of the present program was to develop methods
for characterizing materials by their shock propagation behavior. These
characterizations fall into two major categories:

. Rate dupendent: stress relaxation effect.

. Rate independent: Bauschinger effect on unloading and &

nonlinear transition from linear elastic to plastic
behavior on loading.

Specific objectives were to:
. Study the nature of stress relaxstion effects in suack waves.
. JInvestigate unioading or Bauschinger effects.

. Relste shock properties to quasi-static and scoustic msterial
properties.

+ Improve methods to experimentally study rate-depenient and rate-
independent effects.

. Develop or improve theoretical models for both rate-depundent and
rate~independent effects and implement them in a wave propagation
computer code,

. ,—*1‘;.5: &
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. Develop guidelines for ascertaining the relative imnortance
of the several elfects studied.

These objectives were pursued in an experimental study of three
materials: aluminum (2 alloys), titanium (3 alloys), and a woven
quartz phenolic. The theoretical study, which was directed mainly
to the aluminum, led to the exploration of five computational models,
which were incorporated irto the SRI PUFF computer code.

The two main developmems of this program are the theoretical
mode. s implemanted in the SRI PUFF code and the development of a new
methad for obtaining complete loading and unloading paths from experi-
mentally racorded stress-time profiles. These two topics occupy the
Sectiont II and III of this report. Sactions IV, V, and VI contain
descriptions of each material stwiied. 1In the materisls sections the
sxperiments ave described, the dats analyzed, and comparisons are made
with the theoretical models.

2. Material Behavior Under Study
The kinis of behavior studied in this program fall into the two
broad categorieas: rate-dependent and rate~independent. The rate-

dependent phenonena =re azsociated with an apparent softening of a
loeded material with tise. I1f the material is loaded with a stress

that reaains at & constant level for some time, there is an instantsneous
atrain followed by a gredually increasing straip as long as the load
remaing: this response is called m.. Aiternatively, one may dbeerve
that the instantanesous stress required to produce a constant strsin in
the material graduslly decreases with time: this respoase is called
stress relsxation., When the material is loaded at different strain
rates, the successive states describe different stress—strain paths:
this behavior is referred to as strain rate effects. Stress mlmtmd.
creep, and strain rate effects are just different (but relatively ..ter-
chsngesble) descriptions of the bamic time-depsudent plencmens.

% The term 'creep 1s usually sasocisted with very loog time intervals
and flow lewding rates. Howewer, the concept 0of tims-dependent in-
cressing strain ai constant stress is also applicshle to shock lomding
rates. Ip fact, sowme anaiytical crecp functions (such as Gilmen {(Ref. 5))
bave bheen successfully used to predict time-dependent phenomens in shocks.




These time-dependent phenomena lesd to predictable variation. in the
shape of shock waves. A common affect is the attenuation of the amplitude
of a flat-topped vave or a precursor with distance. Another effect is the
variation of wave front shepe with propagstion distance, perticularly a

» broadening of the shock front and general rounding of the stress-time
profiles. While the presence of this latter effect may suggest time-

dependence of the materisl properties, this effect is not conclusive
evidence of time-dependent material response. Time-independent material
properties cen also cause such an effect tc occur.

Time-independent phenomena of perticular interest are work hardening,
the elastic-plastic transition, and the Bauschinger effect. The term
work hardening (or strain harxdening) retfers to the temdency of the yield
strength of a miaterisl to increase as the material is strained. The
hardeniag is often characterized by a work-hardening modulus relating
the yleld siress to the strain. The elastic-plastic transition refers
to the region of the streass~strain curve where the material behavior is
not linearly alastic nor purely plasgtic but is a mixture of nonlinear
olastic and plastic. In a mamterial such as aluminum in which no sharp

vield point occurs the elastic-plastic transition describes the “gradual
yieldang" observwd. This transition region is convex upmard on the strees-
volume plane ard therefore leads to dispersion of compressional waves, &n
apparen: decrease ir. the Hugoniot elmstic limit*(HEL) with distance, aad a
nonsteady transitior region Letween & precursor and a main wave. (These
are some of the same effscts usually attributed to time-depencent materis]
proverties.)

The Bauschinger effect refers to s change in the strogs-atrain
relations that occura when the sign of the stress is reverset after
partial losding. Ususally thia effect is interpreted as sisply & _
re wction in yield atrength, although hulk and ghosr modull say aleo he
affected, The present study of shock wave propagation has indicated that
in fact, the entire shapes of the stress—-s“rain relations say chany * when
unlosding occurs after shock comprewsion. Becauss the Beauschinger effect
comss inte pilay only on unlosding in the present case, it does not modtyy
wave fronts. Instead the effect modifies the arrival tise of rarefaction

waves, the attenuation rete of stress wauzs, ux! the shape of the “back "

* The REL is the maximum sxial stress that the metear.al csn support {(is
uniaxisl strain and umder shock loading conditions) with » limesrly
elastic response. Buch a limit of elastic behaviar umder ststic test
conditions is reforred tc as the “proportional limit.”




or unloading portion of thc waves.

Hugoniot data may be considered part of the tise-independent
phenomens of interest to us on this project. A Hugoniot point is the
final cquilibrium state (hence, time—indepersdent) of & material that has
been traversed by a steady-state shock wave. For convenience, we have
sdopted the common practice of gemeralizing the definition to imclude
any approximately steady-state stress wave, such as the gradually rising
s~ress waves seen in porous materials, composites and rate-dependent
madia.

Real materials exhibit complex behaviar that is a mixture of time-
dependent and time-indepondent phenusena. Hence, some materials may
show a cosbination of all the above effects.

3. DMaterials

Three mmterials were used in this study as the basis for theoretical
model development and :.veatigation of shock properties, The primary
material was sluminum, «ith preliminary studies being performed &lso on
titanium and & woven guartz phenolic.

Two alloys of sluminum—-6061-T€ and 2024-T8--were selecied especialiy
‘to study stress relaration phenomena. On the basis of earlier work, it
was expected that the 202478 would show significant stress relaxation
and that S061-T6 vould not. In addition, we planned to investigate an
detai. the unloading behavior of these alloys because nf its relevance to
saperimental studies . other msterisls. Considerable informmtion on the
losding behavior of these alloys was available so thet we were able to
deal ijmmadiately with unloading ghenomena am! precursor decay.

The preliminary study of titanlus was undertaken to map the low-
pressure (umder 300 kbar) Hugoniot, tc luok for possible high-pressure
phase tranaitions, to investigmte strain-rate sensitivity, «nd to study
release waves . attenuation. Three titanium alloys were selected: Ti-
BOA, commercidlly pure titanium all in the alpha phase; Ti-8A1-4V, sn alloy
with mixed alpha and beta phases; saad Ti-13Cr-11V-3A1, an alloy tha! is
sutirely beta pwse. The Ti~8A1-aY alloy was selected because it is a
mterial of rractical importsnce that has sireatly been studied st
interasdiate stratn-rates, where it ex“ihiled strain-ralc sensicivity.
The T4-50A and Ti-13Cr-11V-3A1 alloys were chosen to study independently
the behavior of each of the constituent phases of the Ti-8A1-4V alloy,

4




The quartz phenolic was supplied to SRI by the Air Force Weapons
Laboratory for a preliminary investigation. Although the effort witl

this material was moch more limited, the purpose was easentially the

sare: to perfor. a series of experiments and attempt to establish

wh.ch shock phenomena are important.

4. Background on Stress Relaxation Madels p

Early work on stregs-relaxation was presented by Malvern in 195i (keof. 1).
He derived basic relaxation equations that are essentially the same as
those c1 "rently used. His formilation, which is for 2 rod witn stvess-

free sides, is

%% = gi—g - go,€) 1) f
wheve
0:;€ = stress and strain in the direction oi the shock wmotion
E = Young's modulus '
4 = the relaxation function :'
t = time

Mzlvern solved a simple impsct problem using

g =k g~ £{0); (2)

where k 168 & constant. This model is one form of the standsrd
linear anelastic model described by Zener in 198 (Ref. 2). In Mglvern's
mode]l the relaxation time is proportionsl to l/k, @ copmtant, ssd is
there’ re independent of stress lev 1.

In 1963, Taylor (Ref. 3) perforwmed a Sor:ss 2f impect e-.poriments on
Armco iron., The results showed that relaxatior wss very rapid st high '
strosses and slower at low streszes. The varistion of precursor swplitude »

#ith distance of travel was independent of the initial impact stresus

except for distances less than 2 sm. These experiwental data did not
correlate well with predictions ¢f ihe gtandurd model that uses & coastant
relaxation rate imdependent of initial strees lovel. Taylor constricted
2 siress~relaxing woile]l by making k in KEqg. 2 s fuaction of the square of
the impect velocity. The predictiors of this model were in reasonisbie
agreement with his data,

In 1984 Lubliner (Ref. s), preseated a gomersl diccussion of sothats

for solving wave propagstion problems in rate-depewdent and rate~-indespendent
5
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materials, He noted that characteristic lines are usually curved for
1ate-dependent materiais, and for both types of materials there is a

discontinuity in slope beiween loading and unloading characteristics,
7. 1965 a basic paper on the formuiaticn of a disiocation model for

stress relaxation was presented by Gilmen (Ref. 5). The model of the
stress relaxation term i- presented as ? , the plastic shear strain

rete, He introduced

¥ = bNv 3
where
N = the number of dislocations per square centimeter
b = the Burger's vector
v = the dislocation velocity

and then derived equations for N and v from the evailable experimental

data, These equations are

- - By
N=(N +My, e (4)
v=yv e"To/T {5)
o
where
No = the number of initial dislocations
= the maximm velocity
¢ = the shear stress

M, 8 anu T, = constants

The model was intended to be applicable to both creep and shock front
behavior. Computations showed that, saccorsding to the model, there is an
incubation time during which dislocations multiply but no significant
yieldiug ocours., Subsequently, the yieldin, occurs rapidly for a time

and then reaches a third, or equilibrium, state when yieiding ceases.

Taylor (Ref. &) reanalyzed his data of 1963 two years later with the
aid of Gilmen's model above. He .ugmented the model t include work
hardening, using

y = LNv = LN +ay) ve r, + /7 )
where

y = the plastic shear strain

T, = constantg

9 = a work-hardening coefficient

6
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The constitutive equastion for the material was written in the form

g=0 +2)¢é ~8/3uy )}
where
A, = Lame's constants
0,€ = stress and strain

The first term on the right-hand side represents elastic strain; the

second is the plastic strain. With the use of Bq. 6 for ¥, EqQ. . became

a stress-relaxing constitutive relation, With this equation for o , the
relaxation time decreases exponentially with stress and therefore has

the gppropriate form to f£it Taylor's data on Armeco iron., Taylor conhidered
only the rate of precursor decay, not the changez in tue entire wave form.

In 1965, Dorn, Mitchell, and Hansen (Ref. 7) presented a summary of
cu.rernt information on athermal, thermally activated, viscous, and rela-
tivistic effects associated with dislocation mechenisms. For each of the
first three effects they suggested several posaible micromechanisms, It
seems likely that at relatively low strain rates (< 100/sec) themmally
activated mechanisms govern disiocation velocity. But at higher strain
rates the velocity is proportional to the excess of ahear stross above
the static limit: this proportionality suggests a viscous demping mecha-
nism. While it was theoreticelly predicted that dislocation velocities
could approach but not exceed the shear wave velocity, there was no axperi-
mental evidence to support this view. No dislocation velocities had yet
been measured above half the shear velocity.

Maiden and Green in 1966 (Ref. 8) reported results of an expsrimentsl
study of rate sensitivity in 6081-76 and 7075-T6 aluminum, annealed Ti-
6A1-4V titanium, and several other materisls. The testing rates ranged
from 10"3 to 1041n./1n./sec. A comparison of stress-strain curves derived
from tests up to 103 in./in./sec showed no rate sensitivity in either
aluminum alloy but considerable rate sensitivity in titanium. In the
titanium, the strain rate effect was described by equations of two forms:

¢ -g, =k, log (é/és) (8)




P+
¢ -0, =k € {9
8 1
where 3
o = s8tress at a given strain
as= the static stress at the same strain
. R € = the strain rate 1

é = the "static" strain rate
n,k = const. ats
The data fit the second form best, with n = 1/5, The corresponding

forms of g {see Bq. 1) are

g =k e 0o, (8a) ; %
2 ‘
!
i
o g=k o ~g) (923 3
a 8 !

where the k's ond Oq are constants. Both of these forms indicate a

relaxation time which is very short for high stresses, longe:r for low . :
stresses. Equation (8a) is reminiscent of Gilman's model, (Eq. 5), while i

Eq. 98 exhibite a time constant inversely proportional to stres. to the

: fourth power. i
i In 1966, Ahrens and Duvall (Ref. 9) reported some stress relexation

; studies in Sioux quartzite. They derived a complex form for g from

; their data. The precursor appeared to attenuate linearly with distance

in the rather narrow range for distanceeg which they used.

Butcher snd Munson in 1967 (Ref. 10) conducted tests on 1060 aluminum
and 4340 steel, both of which are known to be rate-sensitive. Results
showed precurscr decay esnd separation of the precursor and main wave. In if
several stress-time records there was a dip in stress between the two N

waves, The attenuation appesred to he approximately exponential with

distance. Approximate theoreticul computations of precursor decay were
mede using several possible reiaxation models. Best resulty were obtained
using Gilman's model with plastic shear strain rate in the form

G =bNv=bN (+mle Ty e (10)




In 1966 Johnson (Ref. 11) investigated three models: the standard
snelastic modol, Gilmen's model, and a model suggested by Band (Ref. 12).
Johnaon provided a derivation of each model and modified them appropriately
for =2pplication to a material with aAspécified static yvield strength. His
basic equation, corresponding to Eq. 7, for one-dinensional flow is

Qz: = 4/3 E-QE - 8/3 4 91 (1)
ot p ot at
where
o’ =q -~ p, the deviatoric stress
p = the density
[} = the shear modulus
Yy = the plestic shear strain

The form of Eq. 11 emphasizes the fact that only the deviatoric stress i3
being relaxed; the pressure component followg an elastic, rate-independent,
law. Johnson showed that for many forms of ¥, the precursor decay could

be found simply from

L--y3u a2
where |
o = the stress at the precursor
t = the arrival time of the precursor

b 4 = plastic shear strain evaluated from the unshocked state

In the modified Gilman model presented by Johnson, dislocation
velocity is

v=v exp (- To/(f - Y/2) ) 13)

where Y = the static yield strength, Band's model, as presented by Johnson,
has a form identical to the modified one of Gilman, except that the number
of mobile dislocations is given by a set of simuitaneous equations. These
equations express rates of growth, pinning, and annihilation of mobile and

total dislocations.




In 1967 Anderson et al., (Ref. 13) conducted impact experiments on 2024
aluminum and polyethylene and measured precursor attenuation in the «

gluminum, The experimental results were compared with predictions based on
four models: the three treated by Johnson pluz & nevw two-parsweter model, .

The new moijel was based on the congtitutive relations

R R |
ot k() ot T a4)
1
ar":l . ai L
Pyl (15) ;
2 P Y
3
where g |
T, T = relaxation times |
1 2 i
}
K{p) = the elastic modulus function ‘
01 = the Hugoniot elastic limit, a function of time ,
ao = the Hugoniot elastic limit after complete relaxation, ’ '

This wodel was formulated to provide both for the phenomenon of precursor

decay and for separation of the two waves.

In 1967, Wilkins (Ref. 14) described several possible stress-relaxation

svunctions. He presented typical results from one-~ and two-dimensional

wave propagsationi calculatioas.
Ristorically, the first ..atter of interest wap the rate of precursor

decay. This could be measured quantitatively and was clearly an indication 8
of strain rate effects. Stress-relaxation models from various other

applications were brought in to explain the decay. As more information

became available from dislocation dynamics, more appropriate models were
developed to predict precursor decay, Interest was then kindled in
describing the entire wave front: precursor, main wave, and region “etween
these waves, At present, models are just being developed to represent all
these phenomena,
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5. Background on Rate-Independent Models

Attenuation of shock waves occurs when the unloading or rarefaction
portion of the wave overtakes the shock front., Therefore, the relative
magnitudes of the shock velocity and rarefaction velocity gerrn the
attenuation. Early studies of attenuation considered only'a hydrodynanmic
model. JIa later studies, which are discussed below, it was presu. od that
the rarefaction behavior is a function of both elastic and plastic effects.

The groundwork for comsidering elastic-plastic behavior of materials
was laid by Morland (Ref. 15) with his analysis of wave propagstion in rods.
He used the ideal plastic model for his work.

In 1960, Al'tshuler et al., (Ref. 16) used plate slap experiments to
study rarefaction velocities up to pressures of 3 Mbar. They employed the
stress attenuation rate as a means of measuring the rarefaction velocity.
Even at the highest stresses, they noted the presence of initisl elastic
rarefaction wvaves. However, thei disregarded these waves smd concentrated
on the slower-moving plastic rarefactioas.

Curran (in 1963, Ref. 17) conducted a series of plate slap experiments
at lower stress than Al'tshuler et al. used to study specifically ti.z elsstic
rarefaction waves, His results showed clearliy that el stic-plastic effects
led to mich higher attenuation rates than predicted by hydrodynamic models.
He was able to match ¢ e attenuation rate ‘n computations by assuming a
large (tenfold) increase in yield strength during ccupression.

Barker, lLundergan, and Herrmsna (Ref. 18) used plate slap experiments
up to 20 kbar tu determine the loading and unloading stress-strain relatiom.
They noted s small strain rate effect during loading and a -lgntfiéant
Bauschinger effect during unloading. Even at the low stress of 10 kbar,
the elastic rarefaction velocity was scwme 5 percent higher than the initial
loading velocity. Under static loading, the Bsuschionger effect in aluminum
had bsen well documented by Buckley and Entwistle irn 1956 (Ref. 19). In
the static work there was an elastic unloading to sero stress. Heloading
in the opposite sense followed a stress-strain relatiom with a such
yroduced llopo: The shapes of these static relcading waves appeared to he
geometrically similar for differen. yield astrength levels.

11
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Jones and Holland (in 1964) conducted plate glap experiments with SAE
1018 steel in both the annealed condition and with 20 percent cold work
(Ref. 20). The precursor (and hence the yield strength) was about half as
large ir the cyold-worked material as in the annealed: this was interpreted
as svidence of a strong Beuschinger effect.

Purther evidence that static stress-strain dats are pertinent to
dypamic studies was gained by Butcher and Canon (Ref. 21) in 1964. They
performed plate impact tests on 4340 steel to determine the loading stress-
strain relation. There were important effects of work hardening and some
stress-relaxation effects, but the authors concluded that the static and
dynanic constitutive relations could be taken as identical without serious
error.

In 1967, Erkman and Christensen (Ref. 22) conducted plate slap experi-
mants on alumimum at 110 and 340 kbar to study unloading v:locities and
atienustion. Calculations were made with the ideally plastic model and with
an lastoplestic model in which shear modulus and vield strength varied with
density. The best correlastion with experimental attenuation rates was obtained
by resuming s yield atrength that increzved threefold. A sharp step in the
unloading wave (which is predicted by the elastoplastic model) was not
observed in the experiments.

In 1968, Barker (Ref. 23) presented a discuvsion of plate slap
exper. .ments in which 2 more refined resr-surface mecssurement technique
was used. The data led him to the formulation of a Baugchingar model in
which there was an initisl elastic release to zoro deviatoric stress.

Theu for contanved unloesding, the yield stress was sllowed to increase
gradually according to the expression

Y = 4/37 a - e'mp) (16)

Y £ = the initial yield strength
‘p = the plastic gtrain component

Calculations with this model compared well with experimentally recorded
wave shapes.

The bistory of attenuation studies shors a gradual realization of the
complexity of rarefaction waves., First, hydrodynamic calculations were

12
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used, found inadequate, and replaced by ideally plastic models. The
next step was to construct ad hoc models that would exhibit some type
of Bauschinger effect. In this report we present a Baugchinger model
in a general form that should be applicahle to a wide range of materialg.
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BECTION II

THRORETICAL MODEL DEVELOPMENT

1. Introduction

Four models for stress-relaxation and one model constituting »
Bauschinger effect are outlined ‘n this section. All of the models are
sufficiently complex that it is necessary to implement thes in a wave
propsgation computer program to study their effects. The medels were
inserted into the BRI PUFF code, an artificial viscosity code originally
developad for the study of porous materizls. These o ~dels affect only
the computation of deviatoric stress; sc the basic progras remsins un-
affected. As background for the intreduction of the medels, the nature
of the code is presented in this section; the medels are then descrited.

2. Nature of the SRI PUFF Cosuuter Cede

a. Introduction

The BRI PUFF code is a pregram for snslyzing cao—-dimensions]l wave
propagation caused eithar by the deposition of refiation in the materiasls
or by the impact of twec msterisls. The code contains s novel intsgration
scheme for solving the governing equations ¢f motion. The squations of |
-tnﬁ for solid, porous, liquiu, and gasecusr msteriesls sre provided.
In the pressnt project, the svailable squation of state routines were
augmente? to include stress-rel xstion snd Sauschinger effarie.  As
background for the discussion of the:s efiects, brisf descriptions of the
intogrstion procedure and of the squstion of =~tate for s solid sre given.

Bb. m-_um Scheme

The solution procedure fov the governing squations of mion is
called the method of artificisl viscosity. With this wethod no @lscor-
tiruous shock fronts wocur, but a shock s repressuated by o stress wewve
fremt aprosd ower 3 to 5 cells. Heuce, the sguriions of coatiavous fTiow
sre spplicsble throughout the flow field. |

The ¢ tinuous flow equstions are the cae-dimsusicasl lagrsngisn

agustions of motion. These squations are reduce! to a form in which euly
{irst-arder derivstives occur. To improve sccuracy sed stebility, incegral
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statements of the eguations are used in preference to differentisl

equstions wherever possible.

The following set of Lagrangian equations are merely presented:
thesy were derived by Richtmyer (Ref. 24) and many other authors.

xl =X +1/2 (U +U) At (velocity) (17)
[+ o l
U, =0 4+ 4R At (momentum) (18)
1 () D BX
= Z (mass) (19)
Dl X+ 88U 2t
El - Eo + R (lf'Do - l/Dl) + Erad (energy) (20)
lll = F(Sl , D1 A | (equation of state) (21)
whare
X = coordinste location
U = coordinste velocity !
D = desnsity
£ = intarnal unergy
R = total mechenical rtress
Au = (d/ox) BX
t = time

E = jintarnal energy added htw radiastion
Z =« coll mase (D B X)

Sudbacripts 0 snd 1 refer to time:s toond to= ot 4 A t. The ncnsubscripted
R snd D velues appesring in the equetions wre choven to provide an

acocurate represantstion of the consarvution laws.

For conwvenisnce in visuslizing the prnei-mn aof the computstion,
snd distance—-time (X-t) plot with coordinste points, cells betwoen
coordinaten, sad time stepe is shosd in Fig. 1. The computstions procaed
from left to right, one coordinste st a tise, updeting coordiunste
Jocstion, welocity, deosity, etc., Lo the new time t.. (Ordor of the

1
compitetions is given w the nuwmbers in Fig. 1.) The intcerstion schewe
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follows:

and U with the coordinzte points and to sgsociate the cansity, enoxgy.

O CODRDINATE POWTS
| QIMBERS DHOW ORDER
ceL ) OF - COMPUTATIONS
T DINIE NS ON
w |
"+ F o o) ) ) D~—FULL STEP
2 a 3 s u
! 3 ) 7
° » ® ® -~ NALF STEP
- © ° o ° O—— 10N STATE o
DEPTH N MATERIAL —X st

FIGURE 1 A DISTANCE (x)-TIME {1} DIAGRAM SHOWING COURDINATE
LAYDUT AND ORDER OF CALCULATIONE IN THE SR! PUFF CODE

used in the BRI PUFF code is s mixture of the leapfrog method npropossd
by von Neumsnn and kichtmyor (Ref. 25) mnd the two-step Loc-Waudrr'f

method (Ref. 24). }

In the leapfrog scheme the basic camputaticn cyrcle procveads &s

X ™) SE R U =X
o n n » < o
Thst is, density is computed {rom the coordinete position, enargy
snd stress from deusity, velocity from stress, and coordinntion loce!‘om
froe velocity. The cycle is then repestsd in succoeding time stape. The

nutursl procadurs, as used in the lesptrog scheme, is to assoviste X

snd stress with the midceil’ points (hence, the subscripts ¢ and ® 4n

the cycle notastion). The mideell quasniities are siso usociatod with a
time 172 &t uhead of the X snd I values. Thus the midcell gusntities
sre evalusted st the " alfatep iocstion. ~'\‘tlw X-t plot of Pig. 1. In
the two—rtep lax Wongroff wethod, all quaniities are computed st both

the coordinate sud widpell points. Quantities om;urnn st courdinstes

R e



(snd full time steps) are treated as primary; the halfstep (midcell)

quantities are secondary and are computed by more approximate equations.

In the SRI PUFF code the basic Xc - Dm - Rm - Uc - Xc cycle is
treated as primary. In addition a subsidiary cycle xm - Dc - RC - Uﬁ -
Xh is used to generate wvne other quantities so that all quantities are
available at both coordinate and midcell points. The main advantages of
th method are {1) eliuination of an iterative solution for stress
usually required with the leapfrog scheme J(therecby decreasing computation
time),and (2) diminution of the oscillations in the stress at shock fronts

that commonly occur with the Lax-l:endroff method.

. Equation of State

The «yuations of state considered here relate the stress in a
material to its internal energy, density, and the previocus state. The

*
material may be in scliid, liquid, or gaseous states.

For ctuvenience in formulating the equatiore of sitate for both solid
and porous materials, thke stress tensor will be defined as the sum of a

pressure and a deviator stress “ensor. The pressure is defined as

r=2 6 + s +s ) (22)
3 11 22 as

where the S's are stresses on any three mutually orthogonal planes. The

deviator stress is the v riation of any normal stress from the average:

= - = 9
SD, , Si4 P 1=1, 2 3 (23)
For the one-dimensional strain case to be ti~ated here, the stresses can
be conveniently taken in the directions of principal stresses, so that
only normal stresses occur. Furthermore, the deviatoric stresses are
simply related as follows

SD = SPD S SD {24)
22 aa 2

* The code also provides for materiels that are initially porous. Spalli.g,
separation, and recombination, und ‘hermal strength reduction are also

hariied by the code. These provisions, which are not of direct interest
bere, are discussed in Reference 26.
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so that the only stress quantities to be computed are SD11 snd P, The
pressure is computed as a function of two or more of the other thermo-
dynamic quantities. The deviator stress is computed from a streass-strain
relation. The stress is ther found as s simple sum of SD:: and P. With
this separation of stress in.o two compoments, the development of an
equation of state regquires the construction of two relationships, one

for pressure and one for deviator stress.

{1) Pressure

The equation used here for pressure is of the form

P = P(E,V) (25)

which says that pressure is a function of specific internal energy and

specific velume only. The thermodynamic quantities entropy and tempera-

ture are not censidered explicitly. Equation 25 defines s surface in

E~-P-V space.

An equation of state represents equilibrium states. Therefore as
& material undergoes gradual changes, such &3 heating, compression, etc.,
the successive states des.ribe a path on the equation-of-state surfezce
if there is no heat concduction, stress relaxation, or other nonequilibrium
process occurring. If the material is compressed by passing through a
steady-state shock front anmd the initial and final states are equilibrium
states, then these states lie on the equation-of-state surface. These
initial and final states are connected by a straight line, the Rayleigh
line, which lies on or above the surface, for the usual, concave~upward,
surfaces. The states of transition within a shock front are not states

of thermodynamic equilibrium and hence do not necessarily lie on the

surface.

Shock experiments lead to the determination of a Hugoniot or
Rankine-Hugoniot curve which is a line on the equation~of-state surface.
This line is the locus of final states that can be obtained by a steady-
state shock transition frvom a given initial state, 4 common form for =

presasure-volume Hugoniot is shown in Fig. 2,

19
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During compression thei . is some increase in internal energy, so

that the Hugoniot does not lie in a single P-V plane.

As a reminder of the role of stress in the compression of the solid,
consider the stress-~volume Hugoniot of Fig. 2. During campression the
stress is greater than the pressure; on unloading, the stress decreases
rapidly to yielding and then follows a stress adiabat below the prassure
adisgbat. The unloading adiabat lies to the right of the Hugoniot for
materials that expand during heating. For such materials less internal
energy is‘released by the adiabatic decompression (expansion) than was
absorbed during the shock compression,

The preésure equation of state for a soiid and the subroutine for
calculating it in SRI PUFF are essentially the same as those in PUFF 66
(Ref. 27). The equation of state is described by two analytical equations
(one for compression and one for expansion) and is bounded for negative

stresses by a spall criterion.

The equation used tc describe compression is the Mie-Grineisen

equation
I'w .
P - PREF = (E - “REF) (25)
where
PREF and EREF = a point o amir reference curve at the same

specific volwms V

(V) = the Grineisen ratio.

Equation <% has been derived on the assumption that I' is a functiun
of V only. Equation 26 provides & mweans for extrapolating the informa-
tion of a known P-V relation (such as a Hugonict) to other values of
internal energy. Because the Hugoniot is the P~V relation that is most
likely to be known, the computations are constructed so that the Hugoniot
is the reference curve used. The Hugoniot P-V equation is presumed to

be in the form

Py = Ch+ o’ + si® @n
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The internal energy along the Hugoniot is

E = =

g = 3P, - Yy (28)

H

Equation 28 is based on the assumption that the initigl internal energy
is zero and that the Hugoniot is concave upward. In éeneral, the latter
assumption excliudes consideration of phase changes. Also, the relation
is strictly true only if the stress Hugoniot coincides with the pressure
Hugonict; however, at Ligh pressures there is usually little inaccuracy
introduced by this approximation. With the aid of Eqs. 27 and 28, the
Mie-Grineisen equation teskes the following form in the program:

P= (Cp+Dpf + Sua)*'(l - -g-—h)+ e (29)

In the computer program the Grineisen ratio I; at initial density
18 taken as a constant, EQSTG. Then I’ is treated as a function of
density such that Ip is constant.

At a constant volume, Eq. 29 is a linear relation between pressure
and energy; hence, constant volume lines on the equation-cf-state surface
are straight lines. The Mie-Gruneisen equation 6f state is used for
densities greater than the initial density. Thus on the equation-of-
state surface the straight line V = V° is the boundary between the

Mie-Gruneisen equation and an expansion equation.

The expansion equation, which is unchanged from PUFF 66 (Ref. 27),

meets four requirements:

It joins smoothly to the Mie-Gruneisen equation along V = v
It expands like PV = (¥ ~ 1)E at large expansions (like a gas).

1t provides a linear relation between P and E for constant V.

It accounts for the partition of internal energy into components
for kinetic energy and for intermolecular bond disintegration
{sublimation).
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An equation that satisfies these requirements is

) .
P= p[n + I- H)(-pf) }* £ - Es[l - exp (N (1-p°/o)p°/p).] (30)

4 4
where

= density

= initial density

= Grineisen ratio

= ¥y-1= Cp/Cv - 1 for expansion at low densities
= c/(IESp%)

= sublimation energy

= coefficient in Eq. 29, the bulk modulus at low pressures

z m e® B
]

w

0 m
|

In the PUFF 66 manual (Ref. 27) g value of 0.25 is suggested for H.

The sublimation energy as defined there is the difference betwesn the
internal energy of the solid material at ambient conditions and the
internal energy of the fully expanded vapor at a temperature of ahsolute

Zzero.

{2) Deviatoric Stress

The deviatoric stress equation takes a simpler form in the
PUFF formulation than does the pressure equation. The deviatoric stress

for a perfectly plastic material is

0
4 ap I <2
SD-sfu 5 for SD' 5 Y (31)
‘5
otherwise
Isnl. 2y (32)
3
where

# = the shear moculus
P = the density
Y = the yleld strength
Stress relaxation and Bauschinger effects modify the deviatoric
stress computation., These quirications are dealt with in the following

subsections. .
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3. Stress Relaxation Models

a. Introduction

Materials subjected to shock stresses resgpond in a manner somewhat
different from materisls subjected to quasi-static loading. We have

attempted to understand and to characterize some aspects of the shock

behavior through the use of time-dependent, theoretical models. Attention

was focused on materials with no phase change in the stress range being

studied. When & shock wave whose amplitude is below a critical over-

driving stress traverses such a material, it generally is assumed to

proceed initially at the elastic sound speed as a single shock front. As

the wave progressss, it breaks intc two waves, an elastic precursor and
a siower main or plastic wave. The amplitude of the precursor may
decrease a8 the wave proceeds, eventually reaching a steady-state value.
The thickness of materisl through which the shock w. e progresses before
the precursor reaches its steady-state velue varies from material to
materizl. For some meterials the thickness is so small (less than 1 mm)
that experimental observation of the effect is difficult; for others it
is very lurge.

Three time-dependent phenomena of the shock front were of concern:

® Attenuation of precursor amplitude as a function of distance
into a2 material.

Degree of separation of main and precursor wave.

Attenuastion of the stress wmplitude of the main wave and

modification of other state variables.
It wes assumed that thess effocts are csused by time-dependence of the
yield strength or deviatoric stress gnd that there is no time varistion
in the relationship between volume and hydrostatic pressure. All of the
theoretical models we employed sre based on the assumption that the
deviatoric stress may exceod two-thirds the static yield strength for
brief periods of time. Following the passage of a shock front, the
deviatoric stress gradually decays back to its static limit.

The four models sre introduced by first considering a model with a

sufficiently genersl form to encompass all of the others. This model is
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a2 specification of the stress relaxing function F in the flow relation
presented by Johnson (Ref. 11)

3sp 4 3
® s (33)

SD = the .Jeviatoric stress

where

4 = the shear modulus
0 = density
F = % u-g% , the relaxstion function
Y = plastic shear strain
SD
6 - [8D1

In this genersal model F is given by

2
F = Al(e) + A, @ (t- ta) + A3(£)(t-t.) e e (3¢4)

= 0 for t <t
a
where

= |SD] - % Y, the excess of deviatoric stress above yielding
the yield strength
= functions of £

= time

ot et B> < oyn
fl

. = arrival time of the precursor shock¥ froat

With the formulation of this rodel we can ROW discuss some genersl
results obtainable with all of the models. The devistaric streas may
initially exceed 2/3 Y in the shock front and then decay gradually from
the high elastic value to the static value. Because of the decrsasing
deviatoric stress, the amplitude of the e¢lastic precursor also -ttinn-tal
28 the shock vave proceeds into the meterial. The first term of Eg. M
provides for uttenustion of the precursor. The second snd subsequent
terms provide for separation of the precursor and mein waves, and for
details of the wave shapes. The simple ideally plastic model can be
represented by the function F with A, = A_ = ... = 0 and

1™ 4
4p 9 1 .
A, = Bpagt-t' 5)
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Becsuse Al ig zero there is no precursor decay. With A2 as in

Eq. 35, there is @ clear separation of the wave fronts.

Many physical mechanisms hgve been proposed as & basis far the
formulation of the function F. Among these are the standard snelastic
solid wodel (Model 1), several dislecation models, and a varying yield
strength. The dislocation mod:ls considered here are those of Band
(Model 2) and Gilman (Model 3) as modified by Johnson (Ref. 11). The yield
strength model (Model 4) was muggested by Anderson, et al (Ref. 3). We
will first discuss Model 1, then Model 4, end then turn to Models 2 and 3.

b. Model 1

The first and simplest ~tress relaxatica model is that o the
standard anelastic solid. It is basically a one-parsmeter mathematical
wodel in which the devistoric streas 8D is allowed to relax to its
static value 2/3 Y exponentially, with an adjustable time constant.
Examples of its development are given by Zener (Ref. 2}, Kolsky (Ref. 28),
Jamson (Ref. 11), and Duvall (Ref. 29). For this model the deviateric
stress sstisfied the relations

W 4 : {sp}- 2/3 v

Y‘ 3 ‘g %"5‘-71:-1;——-—- for 'SD]>2/3Y (36)
and

. 9,

-g;s-‘—’ "‘5%{ tor Jsol sa/3 ¥ 31

where Txlx is the deviataric stress decsy time parsmeter and the
derivetives are tsken at Lagrangiasm coordinstes. In Egq. 36 the first
torm on the right gives the elastic value of the deviatoric stress, sod
the second term provides for relaxstion to the static value 2/3 Y. For
this wodel the yield strength iz assumed constsnt and Trlx is the only

adjustable parsmoter in the model.

The current value of the devistoric stress at esch coardinste is
computed from Eqs. 38 snd 37 in the PUFF code. The finite difference
spproximstion to Bq. 36 for the csse where [SD|> 2/3 Y and /0t 1s
comstant throgghout the time interval is:
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t rix rlx
(38)
where
SDO = deviatoric str: 3s at beaginning of the time step of
durstion At and density change AP
SI):t = final deviastoric stress
psvg = pverage d:nsity during time interval
1f |SDj becomes less than -§ Y or changes sign during the time interval,

then the SD - t path must be broken into segments. For each segment the

carrect equation (Eq. 36 aor 37) is used.
An alternate physical derivation of the standard anelastic solid cam

be given from the point of view of dislocation dynamics. For this
purpose Eq. 36 is rewritten to emphasize that the third term represents

the plastic shesr strain rate ¥ :

sD 4y 8 . .
3 T3 p%"i“”a (39

The plastic strain rate is related to the number of mobile dislocaticus e

the velocity of *hese dislocations v, and the Burger's vectewr b by

¥ = bl (0}

The model assumes that the dislocation welocity is governsd by phonon
viscosity, so that

993(7'-?'”) )

B = the dis’ocstion damping coefficient
T, = Y/2, “he lattice stress that must be sxceeded hefare

dislocations cap move

T = 3/4|SD}, shear stress

By combining Bgs. .. zis.agh 41 we obtain

s ua'x
4 » 2
&*'3%%'—1—(”-3”’ (a2)

27

2 g - At rix ) _Ar
SD-§6Y+(8D°-36Y)exp(-T )-&snav‘bt [lexp( T )]

!
i
)
i
i,




Comparison of Egs. 42 and 36 shows that the two formulations of Model 1

are equivalent if

T. e —B_

2
21 Nm

(43)

Model 1 is the only one of the four relaxation models for which the

precursor amplitude can be obtained snalytically in closed form from

the various relsxation parameters. From Zener (Ref. 2), the precursor

wvave smplitude O decays in time according to:

At
a:Um-o- (00 UHEL) exp(— o )
rix

wvhere

O = injtiel amplitude of the precursor

44

o
Y[(K 4
Om - 2( B + 3) , the Hugoniot elastic limit or final amplitude
of the precursor.
Aw 2u/3
\ K+4pl/3

K = bulk modulus

4 = ghear modulus

Using the relstionships

R g tx Kegl/3 .
®CRE ™My J~3‘L .~ Oy

which is the elustic shock velocity, the s»quation far the precursor

amplitude decay ih distasnce csn be shown to be

=0 + {0 -G )6!;!(“ix)
© T

HEL HEL
rix

where

X = distagce into the msteriesl Trowm the impact interface

———

AT _2_5: N+ 4735°

From sither sguat.on, it is evident that decressing the parameter Tr

will hasten the decay of the precursor.

(43)

(46)
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c. Model 4

The next model to be discussed 18 ~ twc—parameter model similar to

that of Aaderson et al. (Ref. 13). It ‘. identical to Model 1, except that

the yield strength is sllowed to vary (the yield strength is constant in

Model 1). Under rapid loading, the yield strength reeches a high elastic
value and then decays e..ponsntially in time until it reaches its initial

value. It is governed by the following equatinn

Y = ¥ until’SDI:gY
o 3

then
Y - Y
¥ # |23l o > o/ of 20
® - 2% 5€| - —-;;- for|SDl 2/3 Y and sx,h ’é't' « SIGN (8D)
Y-y \
S — for]sr)l > 2/3 Y and sxcx(-af « - SIGN (SD)
T Ji
y
= 0 for |Sp| £ 2/3 ¥ (a7
where
Y = static yield strength

Ty = yield sirength time parameter

Moanwhile, SD obeys Ef. 36 where Y in that squation is noe the
current value of the yiold strength calculs.od from Bg. 47, instead of the
constent value &8 ik Model 1. In Model 4, therefoare, there are two
adjustable time parameoters, one directly governing the deviato™te .iress
decay rate (T }g and another governing the vield streongth decay rate
(Ty)' the Latter also innira&tly affecting the deviatoric stress de ay.

In the computer program, Egs. 36 and 47 are usad to calculste current
values of yield strength end devistoric stress. Those squations cannot
be sclved simultancously in closed form sc we aspproximate a solution to

Bq. 47, tor|SD|> 273 ¥, during & time increment At

Y : t L ipdpo., Bt

.‘! - ‘old (‘old Yo) T o+ D {2 T ) {(48)
¥ ¥
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T Ty TG Fe

where
¢ = onstant = L if SIGN (A py = SIGN (SD)
Ao T 0 1f SIGN' (A = SIGN (SD)
Ygld = yield sirength value at beginning of time step t0
Yf = yield strength value at t = At + to

In this solution we have used the approximation

At, ~. At
exp (- T =1-o— (49
y y
which is valid only At < Ty (which is the case in all of our PUFF

calcvlations). Inserting Y, from Eq. 48 into Eg. 38, we obtain the

f
approximate solution fcr the deviatoric stress at the end of the time
step:
2 2
D, = 3 L %_ + (SDo -3 8Y ) exp (‘ Eri )
Ve ave rlx
4“ Ap TZ"‘»X / At - )
o e—————wmaretmna 1 ~ exp(_ T (:)0
3 o At rlx
where
1
Yavg - E'(Yf + Yold)

Models 1 and 4 are implemented in the subroutine RELAX. The barfic
scheme of RELAX is as follows: a tentative value for the deviatoric
stress is obtained by using the nonrelaxation Eq. 37. This tentative
value and the initial value ara compared with 2/3 Y to determine if the
cdeviator is outside the elastic zone. If not, the subroutine returns
this tentative value as the new deviatoric stress. Otherwise the t.ae
during which the deviator remains outside the elastic zone is calculated
and this time value is used to relax the yield strength (for Model 4
only) aand to calculate a new deviatoric stress using Eq. 38. This new
value for the deviator i3 again compared with 2/3 Y to see if the

relaxation has caused tuo deviatoric stress to reiter the elastic zone,
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in which case a revised relaxation time is determined and used to re-
calculate the relaxing quantities. The subroutine then returns with the
new value of the deviatoric strez< and, for Model 4, the revised valuc

of the vield strength.

The results of a series of representative computations for Model 1
in the SRI PUFF ccde are shown in Fig. 3. HModel 1 yields no distinct
separation between the precursor and the main wave until after the
precursor has 'relaxed to its Hugonict elastic limit. As indicated in
Fig. 3, there is a gradusl rise in stress from the precursor to the
main wave peak. The precursor decay curves in Fig. 3 are obtained
explicitly using Eq. 41 and they appear to closely matck the precursor
amplitudes from the PUFF calculations.

20 u T 7 T T
= PREDICTED PRECURSOR WAVE AMPLITUOE i ""'_____“‘ ggﬁ"“ﬂq
——— 0084
6 COMPUTED STRESS PROFILE g ——— 0626
b N ~— - . —— —
a —
9
-5
12 -
%
w 8
@
s
L
4
)
) 0.5 1.0 1.5 20 23 30

OISTANCE INTO MATERIAL — c¢m GA-L736-2¢

FIGURE 3 STRESS PROFILES FOLLOWING IMPACT IN A MATERIAL REPRESENTED
BY MODEL 1 (Simple Anslastic)
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The two-parameter varsiable yieild strength model (Model 4) exhibits
a distinc® two-wave structure, and a noteworthy result of the model is
the decrease in stress immediately following the precursor and before the
mein wave front. Although it has not been possible to derive a closed-
form sclution for either the precursor amplitude decay or the depth of
the trough behind the precursor in ferms of the parameters Trlx and Tv,
the following qualitative information can be obtained from Fig. 4: For

a fixed T’_ 8 large Ty will produce a slowl: decaying precursor ampli-

1x’
tude and a deep trough behind the precursor. Decreasing Tv will speed

up the precursor decay and decrease the depth of the trougiu {see curves
2-5 or 6-7 in Fig. 4), until at Tv = 0 {i.e., the yield strength relaxes

instantaneously to its static value), the model is identical to Model 1

25 T I I I r T
CURVE | Tox® 0626, T, = 0.626
CURVE 2 mumeer o ncommeen 0313 0628
CURVE 3 wormes » o 0.313 0.156%
CURVE 4mwmmme  O}3  0.0626
20 +— CURVE § = 0313 0.0313 _|
CURVE 6 === e Q.1252 0.125¢
D 2 - 01252 00626
15 b —
- ]
5 ]
1= 1.0usec L 25 .
o ! | | | ! |
0 0.5 1.0 L5 20 2.5 30 35
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FIGURE 4 STRESS PROFILES FOLLOWING IMPACT IN A MATERIAL REPRESENTED
8Y MODEL 4 (Two Parameter!
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and Eqs. 44 and 45 are valid. If, on the cother hand, Ty is held consicnt

and Tr veried (compare curves 1 and 2 or 4 and 7 in Fig. 4), the results

Ix

show that a decrease in Tr x will speed up the precursor amplitude decsay,

1
but have little or no effect upon the general shape of the shock front.
Because no exact equation for precursor attenuation is available,

it is not known how much of the precursor decey was caused by the finite

difference nature of the calculations.

The two-parameter varying yield model exhibits some of the effects
desired of the general two-parameter model described by Eq. 34, but not
ali hf them. In Model 4 the effects of the two parameters asre not
separable: both affect precursor decay and wave separation. We believe
that a more sultable two~parameter model can be generated. The basic
purpose of the model is to represent a material with two important stress
relaxation mechanisms. In resl materials there will generally be &
number of mechanisms operating and any two-parameter model will be a
simplification of such beh avior, inisided to represent only the two most

important mechanisms.

d. Models 2 and 3

The remaining two mcdels were described by Johnson (Ref. 11) and are
based on dislocation dynamics. Model 2 (the modified Band model) and
Model 3 (the modified Gilman mode}) both use Eqs. 39 and 40 of the
alternate derivation of Model 1, but then depart from Model 1 when
relations governing the dislocation velocity and the number of mobile

dislocations are considered.

For dislocation velocity, the following equation applies for both
Band and Gilman models:

3 1
vV oexp (-B/(T - Tb)J = v exp [-B/(Z|SDl- 3 )] for lSDl> 2/3 Y

&

where

B = a constant

maximum dislocation velocity

0 for |sn| < 2/3Y | (51)
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The mobile dislocations begin to move when the shear stress exceeds
Tb (defined following Eq. 41) and increase in velocity as the shear
stress increases. As Seen in Eg. 40, the velocity is directly proportional
to the relaxastion rate of the deviator. From a nhyst -~1 standpoint, the
movement of these dislocations relieves the excess shesr stress in the
material, and the dislocations will continue to move until the shear

stress decreases below the lattice strength or until they become pinned.

The differ 1ce between the Band and Gilman models arises from the
manner in which Nm' the number of wokile dislocations per unit volume is

calculated (see Johnson (Ref. 11), pp. 27-33, for detailed derivation).

In the Band nrodel, Nm is obtained from the simultanecus solution

of:
dN
m 1 1 v
3T =g & (N - N) G +5) N — (52,
1 2 m
and
dN
t 1 v
 m EEW ) - Ny =
2 m
v ere
Nt = total number of dislocations (mobile and pinned) per unit
volume
4
£« leo|-23v=5 -1
Tx’T3 = adjustable time constants
€, B = other constants

In Eq. 52 the two terms on the right side represent the rate at which
mobile dislocatioas are created (from pinned dislocations) and destroyed
(by being pinned or migrating to a free surface or void), respectively.
Similarly, the two terms on the right hand side of Eq. 53 represent the
rate at which all dislocations are being created by a Frank-Read multi-
plication mechanism and destroyed by migration to a free surface .r void. -

To use this model, the initial dislocation densities (Nmo and Nto) must
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be specified, as well as Burgexr's vector {b), the maximum dislocation
velocity (vm), and the adjustable parameters (T,, T,, € g, and B).
Then for every cycle of the PUFF - code calculation, Nm and Nt are

incremented for each cell in the material by:

N m® N + [g gavg (Nt N) (T1 + Ta) N v Jat (54)
t - - - .]; .Y_.
Nt_Nt+E£g€avg(Nt N) Tgnv]At (55)

where

N' and Ng = values of Nm and N st t=¢_ + At

m t

[ = 1/2|SD' + SD|- 2/2Y = lSD + 2 E£9 l—2/3 Y
8VE 3 p avg

~§

Lt
bt

SD' = value of SD at t = t, + At

which is a valid solution to Eqs. 52 and 53 provided that Nm and Nt

change by only a small fraction during one time step.

In the Gilman model, Nm is determined by

N, = Nmo (1 +Cy) exp (- 8 %) (s6)
where C and # are constants. The mobile dislocation density is
increased in proportion to the total plastic shear strain (¥), which

can be obtained from

. p _3(Sn-2/3V)
y = 1/2 [1In 5 "1 ] (57)

(o]

where o, = initial density (before shock wave). This equation holds

only during initial compression. Nm decreases at a rate proportional to
itself, to account for loss by migration to a surface or pinning. To use

the Gilman model, one must specify the mobile dislocation density (Nno)’
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Burger's vector (b), the maximum dislocation velocity (vm) and the adjust-
able constants (B, C, and §). The plastic shear strain is initielized at
zero for all cells, and thereafter, wheneverISDi> 2/3 Y, the plastic shear
sirgin is increased during a time stop by:

A 34 Sp 3 |4 i ]
by = 12| 22 - !=-—-f- - 4 sp (58)
Fbvg 4 Bul 3 f%vg l

Rote that the term im thc parentheses on the far right hand side is

just equal to the amount by which the devistor has been relsxed during

the time step, since with no relaxation, ASD = % E’-’% , from Eq. 37.

Therefore the total plastic shesr strain at azny time is just equal to

3/(8y) times the total stress relaxation in that cell up to that time.

This value for ¥ is used in Eq. 56 to calculate Npp» which is then i
used iz Eqs. 39 and 40 to obtain the relaxation for the following cycle, ; :
which in turn is used to update ¥. The accuracy of this iteration is |

contrelled by the shortness of the time step.

Both Models 2 and 3 are implemented in the subroutine BANDRLX, p
which operates in a manner similar to that of RELAX insofar as the
determination of the location of the stress deviator (in elzstic or
plastic zones) and calculation of the time during which stress relaxation
takes place is concerned. Because of the iterative nature of the Band
and Gilman schemes, a feature has been instituted in BANDRLX which enables
each cycle of the PUFF calculation to be brokea into several shorter
time steps and a calcuiation to be made for each of these smaller times,

with a resultant increase in accuracy.

The Band and Gilman models are both based on dislocation dynamics,
and unfortunately, this is a field in which 1little is known quantitatively
under the loading conditinns of interest. There is little or no experi-
mental dats for determining the value of the verious (lilslocation
perameters (such as vy, #, C, g, etc.), some of which like Nto and Nmo’
undoubtedly depend upon the history of the material specimen. Therefore,
there is et this time no sound resson to expect that the Band or Gilman

models will describe the shock phenomena more accurately than Model 4,

for example, whose parameters sre without real physical basis.
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The attenuation rate cf the precursor can be predicted analyticaliy
for these two models, and in fact, the same equetion pertains to both.

The equa’ ion .as derived by Johnson (Ref. 11) as

ds

4 3
5T 3 b VmNmo exp [-B/(z SD - 1/2 V) ] (59)

This eaquation car be integrated numerically *to obtasin tbe precursor
gv;plitude. Obviuvusly, only those parameters thet enter Eq. 59 can
influence the attenuation rate.

Models 2 and 3 exhibi: a fairly distinct twe-wave shock front,
<pending to a large extent on the rate of dislocation multiplication
in the mater._.al. For the case where there is no increase in the number
of dislocations (C = O for the Gilman model, g = O for the Band model),

t.e shock front is similar to thaet of Model 1 (see Figs. 5 and 6): @
gradual rise in str.ss from the precursor to the main wave, with no
significant change in slope. But when the dislocations are allowed to
increase in number (C > 0 for the Gilman model, g ® 0 and Nto > Nmo
for the Band model), the shock front behi'd the precursor flattens out
to some extent before the arrival of the main wave, and thus the two-wave
pattern emerges. For the PUFF calculations upon which all of the curves
in Figs. 5 and 6 are based, the following values for the : irious relaxs-
tion ;arsmeters were used, as suggested by Johnson (Ref. 11,. For the
Band model:
€ = 0.9

T1 = 1 Msec

T2 = 4 Jsec
For both Band and Gilman models:

B = 1 98 x 10*° kbar
vm = 3.22 x 10° em/sec

bN = 5 cm-?
mo

The values for the other parsmeters are shown in the figu.es. In
addition to the effect of the parsmeters C and g on the shock front
sppecrance, the graphs show that incressing Nto (in the Band model) will
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FIGURE 8§ STRESS PROPILES FOLLOWING IMPACT IN A MATERIAL REPRESE!'TED
&Y MODEL 2 (Band)

increase the separation of the two wgves (this is reasonable, since

Eqs. 52 and 53 show that the dislocation multipl. ation rate is also
dependeat upen Nt - hm), while an increase in @ (for the Gilman model;
will have the opposite efiect (¢ governs the rate of decrease of the
mobile dislocation density). Qualitatively, the Band and Gilman models
exhibit a nearly identical shocl. froat sppesrance.

For both of these models the finite difference calculations have =
serious effect on the amplitude of the precursor. A~cording to Johnson s
simplified unalysis (Ref. 11), C and @ in Gilman's model and Nto'

Tl, 12, €, and g in Band's :odel should have mo effect o1 the precurser
decay. In Figs. 5 apu 6 1t is evident that there is un effect, presumably

caused by the srtificial viscosity snd the finite size of the cells.
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FIGURE 6 STRESS PROFILES FOLLOWING IMPACT IN A MATERIAL REPRESENTED
BY MODEL 3 {Gitman)

e. Implementation in the Code

In the current version of the SRI PUFF code listed in Appendix I,
all {our stress relaxation models as well as the Bsuschinger model
{(Model 5) are set up to run through the entire cycle of sany impact-
induced shock wave: compressive loading, unloading, tension, aad
reloading. The models are also available for use with shock waves
caused by radiation deposition, slthough no verification test run has
been mede. A condition indicator is assigned to each cell in the PUFF
cal~ulation, to keep track of whether that ce'l is currently outside of

the elastic zome ([SD|> 2/3 ¥), and hence undergoing relsxsation, or within

39




e s 2

the elastic zone (|SDIS 2/3 ¥), where relaxation is not applicable. The

stress relaxation parsmeters are read in for each material along with
all of the other material properties, 80 that different stress d.viator
models, including the elastic-plastic model, the Bauschinger model, sand
all of the relavation models, can be used in the same calculation for
different materials. 1In addition, two significant parameters for each
model are selected and printed out in the periodic time edits and

histories, along with the other shock parameters.

The subroutines for calculgting the deviatoric stresses for the
five models do not containa any COMMON declaration: All required informa-
tion is brought in as formal parameters in the calling Statemen:t. Thus
the subroutines are readily transferable to other types of artificial

viscosity codes.

For each of the stress relaxation models, a series of test runs has
been made with the SRI PUFF code. These runs are identical within each
ser.es, except that one or more of the relaxation parameters for that
nodel sre varieo to determine the effect of the parameter on the calcu-

lation.

The results of the test runs show that all four model are similar
in that there is an approximately exponentisl asttenustion in time or
distance iato the impacted material) of the precursov wave amplitude. .
But beyond that, there are significant differences among the various
models, in the sepsiastion between the precursor snd the main wave, add

generally in the shape of the wave front. b

f. OCriteria for Choosing 8 Stress Relaxation Model

The {espture of most prominence in studies of stress relsxation often
is precursor attenustion. If this is the festure of main interest the
model should be chosen first on the bazis of the type of precursor stten-
uation it provides; that is, first choose the form for Al(f) in Eq. 34.
The form for Al(i) may be chosen onn the bagis of messurements of precursor

decay or from hypothesized dislocation mechanisms. For the latter

crizeris, 1t may be noted that only the varistion of uislocstion velocity

with strese levei appesrs to influencr precursor sttenuastion. Some comoeor

forms for A ({) sre provided in Models 1, 2, snd 3.
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For Model 1, Al(ﬁ) is proportionsl to £ = SD - 2/3 Y. The relaxa-
tion time is independent of stress level. In Models 2 and 3, Al(ﬁ) varies
as ehl/ﬁ 80 that large stresses decay at a much faster rate than low
stresses. Other possible forms for Al(é) may be found in Lhe literature

cited in Section 1.4.

After the form of the precursor attenustion has been selected, then
the wave shapes and separation csn be considered. They cannot be
predicted analytically; therefore, they must be determined by trial
computations. We suggest that the first trial should be made for the
no-separation case; that is, with Ag(§) = AS(E) . ..=0in Eqg. 34.
This is the sutomatic form for Model 1. In Band's model this can be

= 0 and by making T

sccomplished Ly letting € =g = N and T2 very

large. For the same =f{fect in Gilign's model, let C = ¢}- 0. Tris

first calculniion provides & landmark with which to compare the desirasd
resylts. If these computed results are inadequate, then the arbitrarily
set parameters in Band's or Gilman's model can be give. more reslistic
vaiues., Some estimstes of the influence of these parameters were prasented

in the previcias discussion of our computed results.

4. Bauschinger Model

The Basuschingey effect refers to a change in the stress-strain
relations which occurs when the sonse of loading is reversed arter
initisl loeding. For our purposes the effect csuses s coatinucus
variation of vield strength and shess modulus {rom the point 4t which

losding sons¢e hanges to the next change of sense.

#. Construyction of the Model

The recorded stress histories derived from plate impact oxperipents
have usually disggroed with calculeticns bamed on the 1deslly plastic
model n three ways: {1) the sharp vield point from the computatioms
is quite gra wl in the oxperimental dats, (2) the rlarp atep in the
computed unlosding of the siress history is almost entirely absent in
the experimental records, and £3) the stiecnustion of peak stress is
significantly fsster in experimontsl observstion than § predicted by

computed histortes. These discrepsncies led us to the form lation of e
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Baus<thinger model to account for the most significant effects. The model

is a strain-rate iadependent, elastoplastic model with an unloading
stress-strain relation that can be very different from the leoading relation.
Specifically, the model provides for computation of the deviatoric stress
(total stress minus pressure) using a shear modulus that varies smoothly
from some initial value down to the strain-hardening modulus. The values

of initial modulus, strain-hardening modulus and the manner in which the
modulus varies between these two are not necessarily the same for loading

and unloading.

In coustructing the Bauschinger model it was desirable to produce
a form that would he general enough to be applicable to many materials
and would be readily usable by other investigators. With these needs
in mind, the following guidelines were adopted as requirements for
development of the model:

[ As far as possible, the form should be comparable to those

developed by other investigators.

e The form should be extendable to other stress levels.

@ The data should be closely represented.

[ A physical basi- or interpretation should be available for

the parameters in the analytical relation.

The data of Buckley and Entwistle (Ref. 19), and the analyticel form of
Barker (Ref. 23) and of Erkman and Christensen (Ref. 22) were useful in
constructing our model. To make the model equations extendable to other
stress levels it was necessary tou sSeparate the stress-volume relationship
intoc pressure-volume and deviatoric stress-volume equations. Only the
deviatoric stress equations were modified by the Bauschinger effect. For
selecting the particular equations of unlcading stress vs. strain and
the loading transition at yielding, we closely followed our data of
Section 1V for 2024 and 6061 aluminum. The parameters required for the

model are mostly moduli and yield strengths and hence are eacily inter-

preted physical quantities.
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The pressure volume relationship is given in the usual form for

the PUFF code:

P = Cu Dif +8° (60)

where

4 =Vv/v-1
) 0

The constants C, D, and S are represented by EQSTC, EQSTD, and
EQSTS in the code. The stress deviator SD is given by

Py
Sh = 8D+ % M 9%%- (61)
P
where
SDO = the value of deviatoric stress at the time corresponding

to the lower limit of the integral

M = a shear modulus

If |SD| exceeds 2/3 Y, then |SD| is set to 2/3 Y. The form of the
requi~ed function of deviatoric stress versus volume is shown in Fig. 7
for 2024-T8 aluminum used on this project. This form was achieved by
varying the shear modulus M and yield strength Y according to the
following relations:

Nl
M=M + o > /39“\ (doading) (Ve
= ; [ T o g —— [E VP o / Ve
0 1 o \2\1 )
dP
Y = Y1 + 2M1 Er (loading, efter yielding) (63)
yield
N2
M=M + M, -~ M) 1 _ 38D (urloading) (64)
2 3 2 2 4Y2
4P
Y=Y + 2™, 5 (unloading, after yielding) (65)
yield
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FIGURE 7 RELATIONSHIP BETWEEN DEVIATORIC STRESS AND SPECIFIC VOLUME
OBTAINED FROM 50-kbar TESTS IN 2024-T8 ALUMINUM

where
Yl’ Y2 = yiecld strengths at yielding on loading and unloading
Y2 = the final value of Y from Eq. 63 before unloading begins
Mo, Ml’ Mz, M3 = shear modulus at zero stress on loading, strain-hardening

modulus for loadinz, initial unloading shear modulus,
and strain-hardening modulus during unloading
Nl' N2 = constants.

For N = ® the relations of ideal plasticity are obtained. Rounded

8D~V relations comparable to those obtained from experiments are obtained
for N between 1 and 10.

b. Implementation in the Code

The Bauschinger model is included in thc SRI PUFF code as Model 5.

The specisl parameters and yield parameters used in the model are related
to the parsmeters sbove as follows:
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MU = M
YADD = 2M /(p, + p)
MUUN = M,
YADF = M,/M,
YO = Y
XPO = N
) XP = N,

For simplicity in the program and in preparing the data, YADD cen be

calculated from
YADD = ~S—ere (67}

where subscripts 1 and 2 refer to the yield point and beginning of

unloading respectively.

The Bauschinger model reflects considersiile detailed knowiedge
about the loading and unloading character of a material. Therefore, it
is probably only worthwhile to use the model if the loading equation of
state is well known and some information is available about unloading.
Then the moduli can be estimated as follows: MU should be known. YADD
can be estimcted from static data such as Bridgeman's or Jynamic results
such as Curran's on work hardening. MUUN ig *“e principle parameter
uegrermining the raorefaction velocity; hencz it should be carefully

determined. The rarefaction velocity CR i.

3
c+(2p-cT Yy + (35 -20') u 2
2 m m
C =
R o,
v Xocu o sy’ 4 3 MUUN (68)
s} m m m 3 »
m m
where P
Moo= E; -1

p = density at pesk stress

I = Grineisen's ratio (a constant)
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and the other parameters are defined following Egq. 60, YADEF may be
estimated as 1.0 in the absence cof detailed information on the material.
The exponent quantities will probahly be between 1 and 2 for unloading

and abcut 10 for loading.

Our approach in developing a set of parameters for o material was
ty calculate as many as possible (i.e., YO, MU, YADD, n~ni MUUN) and then
to determine the others by trial. A small computer program was written
to compute the stress deviator-volume curves for loading and unloading.
The computed values were plotted and compared with the experimental
curves. Exponents ana YADF parameters were altered until the computed

curves were judged satisfactory.

Several computations have been performed with the Bauschinger model
to simulate impacts with 2024 and 6061 aluminum. Examples of the cutput
of these calculations arc given with the data correlation work of the
n~xt section and with the test runs in Appendix I. The results have
shown that the model does accurately represent the material behavior.
The transitiorn region near the yield point is not required for computations
with an artificial viscosity code: the smoothing is caused automatically
by the viscosity, Hence XPU should he set 2 100. The unloading portion
of the calculated stress waveeg i¢ generally smooth, simulating well the

appearance of recorded stress histories.

One defert has appeared in the present model formulatic... The
fundamental shear modulue MU o8 lead in ue v constant (which might be
obtained from static tensile or compressior tests). In reality, MU
should vary with density probably somewhat like the variation in the
bulk modulus. In fact,it may be appropriate to write either

2
MU = Mu0 + MUlu + MU (69)

or

MU = (MUO/EQSTC) K (70)

where
K = the effective bulk modulus provided by Eq. 1
MUo = the initial shear modulus
1 and MU2 = constants
46
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Equacion 70 reflects the finding of Curran (Ref. 17) that shear modulus
appeared to increase in proportion to bulk modulus. Either Eqg. 69 or

70 could be used to make a smooth transition from MU to MUUN, the un-
loading shear modulus. Such a transitic 1is certainly to be expected on

physical grounds in place of the jump in modulus from loading to unloading.

Our work with the Bauschinger model and review of the computed
results reveal the great importance of correctly computing the rarefaction
velocities. Any attenuation corpututions made without the Bauschinger

model for a material with significant strength may be misleading.

Peak rarefaction velocity, i.e., = ve velocity of the leading edge
of the rarefaction fan, as a function o1 peak stress level can be useu
to determine the correct form of the MU function. Our review of the
rorefaction velocity data przsented in Section IV.2.a has shown that MU
increases more rapidiy with stress than does the *:1lk modulus. Hence,

Eq. 69 may be preferable.
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SECTION I11
EXPERIMENTAL METHODS
1. Theory of Data Reduction for Multiple Embedded Gages

An experimental technique has been developed to measure complete loading
and unlcading paths (in the stress-particle velocity and stress-volume planes)
rather than discrete Hugoniot or release points. The shock or compression
need not be steady-state and the release may be nonisentropic. The technique,
which requires a spccial experimental configuration and a corresponding data
analysis method, is especially suited to examination of yieli point phenomena,
strain hardening, the Bauschinger effect, and strain-rate effects. The impact
experiments cmploy 2 target instrumented with a series of stress and/or
particle velocity gages embedded at several depths. During the experiment,
stress and particle velocity histories are re-~orded. The data required from
the records are the apparent velocities of propagstion of stress and particle
velocity states from gage to gage. A rigorous derivation of the theoreticsal
basis for the data analysis procedure follows.

In one-dimensional flow the quantities stress, density, and particle
velocity are functions of one cartesian ccordinate, x, and time, t. The
gage analysis is based on apparent wave velocities associated ith constant
stress or particle velocity states as measurvd on records from successive
gages. We consider two ., as in the . - l.ac. 8 path of constent stress
or particle velocity, snd o path with a spea. equal to the particle velocity
(the path of the gage).

In general, for an observer traveling at velocity £ , the total change

of 0 and u with time will be given by

g—g-g-tig (71)
-g-‘;‘-%‘z+¢§ (12)

Now consider a path of constant stress in Eq. 71, and s path of constant
particle velocity in Eq. 72. In this csse £ ir defined as g({o,x.t) and

W(u,x,t) respectively and the total derivatives in Eqs. 71 and 72 are zero.
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U and W are the velocities of portiors o the

respect to the fixed or Eulerian coordinates.

(74)

pulses with

Hence we have a relationship

between the partial derivatives with respect to time and space at a point.

Now consider the change of stress or particle velocity at the gage, that is,

along a particle path.

and

Substitution of Eq. 73 into 75 and Egq.

which apply along a particle path.
is necessary to replace th.

can be done using the equations of motion and countinuiivy.

where { = density. Substitution of Eqs. 79 and 80 into Egs.

yields the following set of diferential equations:

and

Then € = u, and

4w 2
N
'y _ du AL

dt  at 3x

g _ X
gt = -V %
du du
el (u - W) =

20 du
R

do . _ .y du
gt sl a) oy

du (¥ - u) de

L e

dgt e At

74 into 76 yields:

(motion)

—_—c - P %E {continuity)

(76)

(78)

In order to integrate Egys. 77 gné 78 it

partial derivatives by total derivatives. This

(79)

(8O

77 and T8




By writing Eqs. 81 and 82 in differential form, using the relation V - 1:¢,
and combining *ie second equation with the first, the following rel.‘ions

bectween @, u and V are obtained.

a0 = p(U - u) du (83)
du = =p(W - u) dVv (84)
d0 = -p“ (W - u) (U - u) dv (53)

The corresponding differential relation for interna! energy is derived from
the adiabatic relation, dE = - OdV. With the aid of Eq. 85 the relstien for
energy is

dE = gdo (8¢6)

P2 - W) (W - W

Equations 83 through 8° are the desired 0 - u, u - V, 0 - V, snd
E - O relationshins. The next step is to show how the quanitties p(U - u)
and p(W - u) are derived from Zage records. Consider the case of two thin
o1l stress or particle velocity gages located in the unstressed material
at x1 and x . If the time at which a particular stress level reaches gage
is ti(ﬁ) ) then we may defiue » fictitious (but resdily meusured) ruge

velocity D us
2 X - x

b T T -t @ (87

Similarly, for a perticulsr porticle velocity, we definc the fictiti~us

gage velocity Bg .

X - X%
¥ S S
Be T T (88)
< 3

To relate D gnd Bg Lo sacturl velocities we mapke use 0f the conservation
of mass belseen the geges. The mass traversed slong sny psth with elope
dx.dt, within the (v ~ t) plane ig given by

t

M (‘“ H
. e g1
Y 4t i

o
st
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where dx/dt is a velocity with respect tc the coordinstes and (dx/dt - u)
is velocity relative to the material. .. particulsr, if dx/dt = U, the
velocity associated with a stress ¢, and t and t are times at which the

1 2
stress reaches the two gages, then

t (D
2

M p{U - u) dt

t (o
1

Because mass is conserved bztween the gages,

t (@
!‘2
M= po(xe - xl) = p D, (t - tl) = P(U - wdt (89)

t (@)
1

where the definition cof D , Eq. 87, has also been employed. Evidently
14
poqg is the time average of the quantity p(U - u) between the gages. A

similar reiationship holds between Py B and p(W - u).
g

Berause po is known and D and B are measurable quantities, we now
g B

are nble toc integrate Eqs. 83 through 86 to obtain the result:

g
, 40’
o g
(¢}
o
u
. du’
V(u,x) = \u /. B (a0 (91)
og
a
o
[+
Vo, 0=V - dg (82)
p 2D (0',x) B (g',x)
c ° € g
o

P e e b 1 AR b
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E(0, x) = E + - . — (53)
o Di Dg (c',x) Bg(c , X3

0'o

Eqs. 90 through 93 are the relations scught because they provide the
-y, w~-V, 0~V and E ~ @ paths during shock and ravefacti " regsrd-
less of whether the system is steady state or not. As long as suitable

| gages are available the applicution of these equations is straightforward,
requives no special sssumptione, and is capsable of determining the entire
shork and release paths r.cessary for computation or propagation and
attenuation. In addition the release path meszured does not depend on
prior knowledge of another material so its accuracy is as gcod ss that

of any Hugoniot cxperiment.

If we consider only simple waves {(nc wave interactions or rate-
dependence) then a line of constant stress is a line of constant particle
velocity, and U = W. In this case Dg = Bg and the average compression
and release paths may be determined with either stress or particle

velocity measurements alone. For simple waves the above equations

simplify to:

(4
- 1 !
e = 5T f‘%— 9
> (94)
u
1
Vlu) = V = = f du’ (95)
e
o
Vi) =V - f ;32’- (96)
Do 00 g€
a
1 L L
E(o)=no+"'f0:0 (97)
Po Uo Dg

b ey ey
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The carves “efined YLy ﬁqé, 20 to 97 do not necessarily lie on the
aquaxion of state suarface bé:euse no steadyv-~state or aquilibrium condition
is iwplied by tié equations. The computed loaGiug path for s shock follouws
the Rayleigh line #nd thevefore lies abdve the equation-of-state surface.
If rute-dewendence is important, the equations may lead to a series of

noncoincicdent pothg {one path Yur ezch pair of gages) for the same material.

The ﬁorégwing set of squatione readily reduce to the more usual
foras when the sppropriaste siapliifying sssumptiong are made. For example
in the case of isentrcvic floe {(as in ideal ralease behavior) the quantity
{U < 1) ia equsl to the isentyropic sound velocity C. Thus FEquation 94
becowes tho Ricmann integrzl sincs in this case PP =~ p (U - u) = p <,
Tor gteady state shock the wave profile measured by the gage is un-

changing in time. Therefore the messured At between gsge recards is

" eonstant ard hence D = B = constant. Since in general D = £ (U - u),

[+}
we cen evaluate D a+ rero cirecs and D 1s therefors eqgual to (U - ug,).
By making this gubstitution Egs. 94 sad St ‘mplify to the equetions for
the Rayieigh iine in the G‘- u and O - V planes respectively. If
in this simple 2ase 5gs. ©¢, 95 nd 096 are integrated across the shock

front, we obtain:

-0 =p (U=-u (u-u). (98)
[+] (o] o
- u « Uup X
1 - Qo/p = U._——-u_o_- (99)
- 2 - 2 - '
0-g =-~p° W uo) 4 vo) (100)

Integration of Eq. 97 and simplification with *the aid of Eq. 100 leads to
X
E-E =-3 @+ c'o) (v vo) (101)

Equations 98, 99, und 101 are the usual Hugoniot relations.*
A sample application of the multiple-goge analysis procedure is

presented in Section IV for aluminum.

m——

#Petersen et al., to be published in Geophysical Reszarch.
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2. Experimental Techniques

a, @Gas Gun Experimental Techniques

The SRI iight gas gun described by Linde &nd Schmidt {Ref. 30) is used
.or impacting samples with flying plates {(thin-headed projectiles) to
produce plane stress shock waves below 1060 kbar traveling ianto both the
target and flyer plate. The projectile material and velocity may be
selected for each experiment so that, for example, the projectile head
may be of the szme materisl as the target. This "symmetric impact”
conf’zuration is often used becaunse it offers a guarantee that the
particle velociiy in the target at the impact interface will be exactl&
one haif the projectiie velocity. If the target exhibits steady state
flow, its Hugoniot state is usurlly determined by measuring the projectile
velocity (and thus particle velocity) and the shock velecity in the
target and by applying the Rankine-Hugoniot conservetion equations {jump
conditiong) to celculate the other variables,

Figure 8 illustrates The experimeutal arrangement used in the present
study to investigate loading and atﬁenuation in 2luminum and titanium
alloy at streases below 50 kbar, The fliver plate may be honded directly
te the projectile o may be supported by a foam materisal in front of the
projectilie as in Fig., 8, with the foem backing, the pilate behaves
approximately as a free flyer and thersfore can be used in attenuation
studies. The bonded plate configurations are used for shots where only
loading is of interest.

ffhen very thin fiyer plates were required, a foam bhacking surrounded
by & tubulay aluminum extension was auded to the projectile fo suppori
ar. alumingm flver plate {disk) et its sircumference. The cavity behind
the flyer was filled with a rigid, low-density, nigh-strength poly-

urcthane foaum to ensure that the flyer remained flat while the projectile
was acceierated, Tesus using an optical flat and a monochromatic light
source rhowed that the foam &id not expearnd when subjec.2d to ty-ical

barrei vacuums ansd the flyerz remained flat to better thun thrae sicrons,
The shock impedance of this fosm could be neglected compared to that of

aluminum although this assuaption was not regqnired in the dvta sialysis.
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The stress history at the back face of the metallic specimens was
measured by means of manganin trausducers embedded in glass. For the
shots with aluminum targets, a soda-lime glass was used with the
trans‘ucers because this glass has a shock impedar-e only slightly
below that of the aluminum alloys investigated. Therefore, to f good
approximatienr, wave interactions caused by reflections at the aluminum-
glass interface could be ignored, To mirnimize target-gage wave interactions
in the tests vith titanium, a lead oxide glass was incorporated in the
transducers in place of the soda-lime glass, This glass has an impedance
only slightly lower than that of titanium, The manganin transducers

are discussed further in Section III.3.

L. High-Explosive Experimental Techniques

In the present, study, specimen stresses between approximately 100
and 700 kbar were generated with high-explosive (HE) driver systems.
The three driver svstems employed (Table 1) are of one or the other of
the two types shown in Fig. 9. The first system propels a thin, high-
velocity flyer fov attenuation studies. The second, and simpler, type
of HE system is used in experiments which require measurement of the
loading state but not of attenuation or other unloading properties.
Both types of system employ an 8-inch-diameter plane wave generator
{P-80) to initiate a plane detonation wave in a cylindrical pad of HE,
which either directly or indirectly (see Fig. 7) accelerates the flyer
across the flight path to the target. Specimen shock state measurements
are made electironically with manganin gages or optically with g smear
camers or with a combination of these twu techniques.

The first HE system {(Fig. 9, System E) was developed by Erkman and
vhristensen (Ref. 22} to accelerate thin, higl.-velocity, relatively stress-
free, unspalled {lvers, Such flyers are requirc.’ to study shock attenuation
and stress release in shocked material resulting from the trailing
rarefaction fan originating at the back surface of the flyer (see Fig. i0)
Christenzen found that when the plane wave generator was in direct

contect with an 1/8 in, thick alumirum flyer, the flyer would spall during

the experiment. To avold f{lyer spalling, the air gap, buffer plate,
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Table 1

PARAMETERS OF EXPLOSIV™LY LAUNCHED FLYER PLATE SYSTEMS

Priver
Free-Surface Driver ParticleT
*
Explosive Flyer System Velocity Shock Stress Velocity
r Ypg o u
' (mm/usec) (kbar) (mm/usec) T
System B
P-80 + 4 in. HMX +1/16 in.
air gap + 1/4 in., 2024 Al 4,8 £ 0,1 550420 2.340.1
flyer + 1,0 in, flight +
; 3/16 in, 2024 Al driver$
{
i System D
1. H
b pP-80 + 2 in. Baratol + 1/16
| in. air gap + 1/2 in. 2024 a1 | 22 £ 0.1 200410 1.1£0.1

‘ flyer + 1 in, flight + 3/16 in.
; 2024 Al driver$

System E

P~80$+ 2 in., Comp. B + 1/2
in. air gap + 3/4 in. Al .
P buffer + 1/8 in. sheet 3.1 + 0.1 310415 1.540.1
§ explosive + 1/8 in. 2224 Al :
| fiyer + 1 in, flight + 3/16 in. ]

' 2024 Al driver$ ’

: S
! All dimensions are uniform within ¢ 0,001 inch and s (aces of all
' components are flat and parallel within 4 0.0005 inch.
! ¥ The tolerances denote the range within which approximately 80 ~2rcent !
! of the measurements fgall.
¥ Plane wave generator 8 inches in diameter.
§ The driver thickness and material were varied in some of the experiments.
L1

In one experiment the buffer thickness was 1/2 inch,
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AND RAREFACTION WAVES CAUSED BY IMPACT
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and sheet explosive (providing suoporting stress at the back of the flyer®
were added by Christensen and Erkman (Ref. 22). The resulting flyer velocity
is approximately 3 mm/usec, with planarity {simultaneity of arrival) of
0.04 to 0,06 usec across a 4~inch~diameter impsct surface. The vacuum
sy ‘tem shown in Pig. 9 is employed to eliminate the air shock which would
otherwise precede the impact. A typical experimental configuration using
System E ig shown in Fig. 11.

The second type of HE system, represented here by Systems B and D
(Fig. 9), is characterized by the fact that the high-pressure detonation
products act directly on the flyer (usually much thicker than flyers of
System E) to accelerate it across the free run gap into the target. Systess
B and D were demonstrated not to spall by letting the flyirg plates impact
manganin stress transducers and examining the resulting stress histories.
The planarity of the shock frent in the target obtained using these systems

is of the same order of magnitude as that of Sys’ a E.

“he objectives of t. 2 HE experiments in this study were to measure
Hugoniot states achieved in tie Specimens, and in the case of the thin
fiyer attenuation ahots; to record the stress history during loading and
uploading. 1In all the HE experiments Hugoniot states were determined using
optical techniques f{Ref, 31,32), and stress histories wore obtained
eieétronicallg using meogacin C-7 strass transducers (Ref. 33).

Hugoniot state deterzinations in the HE experiments were simplified
by the observation that ihe study materials (with the exception of the

~three-dimensional weave msterial) supported a single~froat, steady-state
 shock. Tuerefore, the Eankine-Rugoniot couservation equatioms apply and

the impedance match teéhn!que (Ref. 34) is valid. Under these conditions

‘measurement of twe shkock varisbles allows the determination of the

spoec tmon Rugoniot state. In the present experiments the two varisbles
seasured vore the driver free-surface velocity (or equivalently the flyer
vo)ocity),and the specimen shock velocity. Since these velocities are
const:at.ﬁuraac the experiment (steady-state flow), they weres determined

from time and distsnce measuresents. Back surface sirrors were positioned




FIGURE 11

Lo 34 R 2

SYMMETRICAL IMPACT CXPERIMENT (HE Systan E) TO DETERMINE
HUGONIOY DATA AND SHOCK WAVE PROFILES
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at the planes of interest (e.g., the front and back surface of the

specimen) and illuminated by a relatively long-duration, shocked argon
light bomb., These mirror: were monitored by & time-resolving high-
speed streak camera which recorded the relative times of the events of
interest (e.g., the chock frent arrival at the front and back surfaces

of the specimen) by the very rapid (occurring in < lo-ssec) changes in
mi~ror reflectivities that resulted. With such optical methods
velocities can be determined to within 1 percent in a typical experiment.

To determine stress histories in HE evperiments, manganin/C-7 gages
(Ref.33) were mounted on the specimen. These gages record the entire
stress history in C-7 resulting from the shock transmitted across the
specimen C-7 interface, Ideally these experiments would employ a
transdu. es medium which closely matched the shock impedance of the
specimen, to minimize the waves reflected back into the specimen fronm
the specimen-transducer interface (see Fig. 10). However, manganin/C-7
gages were used in the HE experiments (in spite of being of lower shock
impedance than the study materials) because the manganin/C-7 gage is the
only one which has been calibrated st these high stresses., It is there-
fore fortunate that in all HE experiments the study materials support
only a single front shock (no elastic precursor or phase transitiom
wave), so0 interpretations of the gage experiments are not complicated
by interactions in the specimen between the rarefaction reflectel from
the interface and & complex plastic shock fiont. However, in the region
where the rarefacted waves reflected from the gage-target interface
irtersect the rarefacted wiaves from the f{ree surfare of the flyer (Fig. 10},
the stress will become tensile and the zpecimen may spall. The stress
release seen in C-7 is therefore characteristic of the fnteraction of
the two rarefaction fans,

In 211 EE experiments the transducers sere standard 4-tersinal l1-ohm
gages (Re?.33) with the mangsnin element (0.002-inch-diameter wire flattened
to less than 0.001 inch to minimize response time) set 0.010 inch inio the
C-7 from the specimen/C-7 interface. It was poted that when this particular
sanganin/C-7 gage configuration was shocked to ~'45 kbar peak pressure
in C-7, & 60 to 70 mv signal, coms~uly ermed a polarizstion signal,occurred.
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The gignal apicared 30 to 40 nsec before the main pulse, correspording

to the shock transit time through 0,008 to 0.012 inch of C-7, dropped

to k2 to 20 my as the shock entered the manganin element, ang decayed

to zero ayproximately 1/2 u-~c later. The signal is believed to be
generated by the leakage of induced charge in the C-7 through the actiive
manganin element to ground. In the data analysis this sig"zlbwas sub-
tracted from the transducer record to obtain the true stress history, 1%
compensate the gage hysteresis during stress release, the observed relstive
resistance change of the mang 1in w.re is assumed tO> depend linearly &n
axial stress (as during loading) but with the proportionality constant
decreased during unloading by 12-1/2 porcent for peak stresses between

130 and 160 kbar (Ref.33). Thus whea AR/R, the relative resistance change,
has decreased to 12-1/2 percent of its peak value, it is assumed that the
axial stress has been completely released.

The shock front arrival and planarity at the transducer-specimen
interface was monitored optically by locking through the ground and
polished t.p surface of the C-7 transducer at the pclished specimen
below using the streak camera., For the study of nonmetallic materizls,
the gage front surface was aluminized. This combined electronic-optical

instrumentation proved highly successful and is recommended when detailed

shock planarity information is needed in conjunction with stress trans-

ducer information,

Ce Manganin—ig;g}ass Gages

ety At

The manganin-glass gage consisted of four terminai 7 network 3
manganin elements (manganin ribbon 0.0005-inch thick and 0,025-inch wide , i
was used) wil' mercury-silver dental amalgum leads made b, back filling
1/16~inch hoies 1. 1/2-inch-thick glass g&ge blocks., Aluminum foil disks
(0.0004 inch thick by 3/16 inch diameter) were pressed onto the dental
amalgam-manganin ridbon juncture and a 0,003-inch-thick cover glass was

* -
bonded over the face with C-7 epoxy. The aluminum f£o0il disks extend

* C-7 resin with 6 percent activator A by weight, from Armstrong Products, . ;
Inc., Warsaw, Indiana.
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the recsr&igg time {typicarly 2 usec) of these *ranslucers by nsintzining

goid eleatrical contact at the ribbon~lsad joint during snock losding.
Fanganin trsusducors in sxkis-lire giassx were caiiorated for pe’™

stresses up to 43 «bar by impacting test glass gages zncorporating

. g ok
manganin ribbon elements st (wo different depths, with sither lucalox

or Aluminum flyevs. Measurement of ghock tranait time between the

gage~ vields the skock velocity in the gless, Since the Hugoriot of the
proiectile material was known, the paak sireszs conld be determined by
the impedance match iethed, The plezoresistive responsse wme=sured in
these tests was li.ear and sgual to 0.902%2 (/iykbar, identicsl to that
previously obtaired iu O-7 epexy.

The Hugouiot and unlcadirg characteristics of the soda-lime glass
were also detormined SFrom these experimentc. The resistisce~time
records generated by plate impacts revealed that iane stress wave in
glass was steady state for both the comprsssion and relzase portions
and that the shock velocity was cousteii up tc 43 kbar. The conclusion
was that the Hugoniot and the unloading isentrope ar2 a single stralght
line in the stress-particle velocity 'ane, The glass shock impedance
measured in these experiments was poU = 14,9 1 C.1 g/e® mm/usec., It is
interesting to compare this result with th2t of Fuilsr and Price {Ref.35)

‘who investigated a soda-lime glass witk a density of 2.46 gm/cm®. The shock

impedance of their glass was some 1Q.peréent lower than that of the glass
used in this work and tneir glass displayed strong dispersion of the
compressive wave, This indicate: that density is not an adequate indicator
of dy:zamic properties in different sods-lime glass. Indeed, discussions
with glass éupbliers revealed that the composition of soda-~lime glass can

vary considerably from batch to batch, even from the same supplier. Conge-
quently, all glass used in this work was taken from a single sheet, with

the exception of the 0,003~inch-thick cover nlass,

Soda-lime glass (#-incn-thick plate window glass), P, = 2.52 g/cc.

*k
A polycrystalline alumina (Al 0 ) prcduced by General Electric Co.,

Laay Glass Department, Los Angeles, California,

65

R N




i
i

AR

JEE——

e D e

v s e

E
5

Giage hysteresis was measured by impacting test gages with Lucalox
fiyers, The ixpedance mismatch between glass and Lucalox causes a series
of reverberstions in the Lucalox flyer. If all stresses are below the
elastic limit of Lucalox, tae reverberating waves remain nondispersive
and the glass release gtates are well-defined, this providing a release
calibration of the manganin in glass transducer., The results of release
calibrations for peak stress up to 43 kbar are summarized in ¥ig. 12
which shows that ithe percentage drop in gage resistance lags the vercentage
drop in stresc during releasge; i.e., the gage exhibits considerable
nysteresis. The recorded stress histories were corrected for release
hysteresis according to this curve.

For tests with titanium 2 lead oxide glass callied Hi-D* was used.
The shock impedunce of Hi-D is slightly lower than that of titanium.
Hugoniot measurements (Ref.36) on Hi-D glass have been performed in this
laboratory, and the glass used in these gages came from the same source
as that used fo: the Hugoniot measurements. The Hi-D glars Hugoniot is
a straight line up to 150 kbar with poU = 20.7 g/cm® mm/usec. The
previously measured piezoresistive coefficient of the manganin in Hi-D

glass transducer, is 0,0024 (V/(i kbar. (Ref.37).

89 percent PbO glass, p, = 6.2 supplied by Penberthy Instrument Conpany,
Seattle, Washington,
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SECTION IV
STUDY OF ALUMINUM

1. Introduction

For the study of zluminum the ovbject!ves were to investigate stress
relaxation, unloading effects, and stress attenuation. The design of the
experiments was based on the data analysis technique outlined in Section
111, a technique which was £till being developed. Aluminum was a partic-
ularly good choice for the experimentsl program because many of its
properties are well known, and even its unloading characteristics have been
studied (Erkman, Christensen, and Fowles (Ref.22) and Barker (Ref.23)).
Stress relaxation effects have been observed in some aluminum alloys.
Based con results of experiments at low strain rates, it was expected that
2024~T8 would be strain-rate-~dependent while 6061-T6 would be relatively
rate-independent. Another reason for choosing aluminum was its high
experimental reproducibility, a property of special'importance in any

basic investigation.

The two aluminum alloys selected for study, 6061-T6 and 2024-T8,
were 'supplied by Kaiser Aluminum Company, Department of Metals Research,
Spokane, Washington. All sheets of each alloy (from 1/16 inch to 1-1/4 inches
thickness) were supplied from a single billet to guarantee uniformity.

The hest treatments, ageing, asnd rolling work hardening were those specified
by the standards for T6 and T8 (Ref.38, 39). Table 2 presents a

sumery of the alloy properties obtained from quasi-static and acoustic
measurements. A description of these tests and detailed iosults are

given in Appendix II.
The dynamic study of the two sluminum alloye consisted of:

¢ Fifteen to 20 experiments on each aslloy st four or five
nominal pressure levele between 13 and 500 kbar, including
two series of impact experiments at stress levels of 50
and 300 kbar with specimens of various thicknesses.

e .eduction of the experimental data to obtain s complete
stresa~volume relation for loading and unloading.

e VWave propagetion calculations to correlate with the
expuerimental stress records.
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Table 2

MEASURED STATIC PROPERTIES OF ALUMINUM ALLGYS

. Notes:

r Vield Ultimate
Young's Strength Strength Poisson’'s
Alloy Dersity Modulus, (uniaxial (uniaxial Ratio,
P E tension) tension) v
(g/en) (kbar} (kbar) (kbar)
2024-T8 2.785 745 4.4 4.9 0.33-0.34
6061~-T6 2.709 710 2.8 3.1 0.32-0.34
i
Dengities are from a seriog of measurements on each alloy.

Moduli and the two strengths are from quasi-static measurements
Poisson's ratio is from both acoustic
and quasi-static measurements of Appendix II.

reported in Appendix II.

2. Dynamic Experiments

Both attenuation and Hugoniot-type impact tests were conducted on

the twoe aluminum g2lloys, 2024-~-T8 and 6061-T6. The gas gun experiments,

which provided considerable detailud information about precursor and

rarefaction waves, are described first; then the HE (high explosive)

experiments are described.

The experi—zntal configurations ard the

Hugoniot data obtained are summarized in Tables 3 and 4 and Figs. 13 and

14'

Seventeen gas gun experiments were performed on 2024-T8 annd €061-T6

Gas Gun Tests

aluminum using 1/16-inch~thick flyers to cxamine attenuation in these

materials.
1/8-1nch—tﬁick flyers to examine shock propagotion without attenuation in
thick torgets.
1/4, 3/8, or 1/2 inch thick.

Fig. 8.

Four gas gun experiments were performed on 6061-T6 with

Targets for both sets of experime'. s were nominally 1/8,

The experimentsl configuration is shown in

A typical set of menganin stress transducer resistance~-time

records for four differeni target thicknesses is shown in Fig. 17. (The

ratio of target to flyer thickness is given ps R in the figure.) The

blanking marks on thesc traces are used for time correlation of stress
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ALUMINUM (606(-T6)

20 kbar
—

-

1 opaet .
32mm SPECIMEN (R:2)  G4mm SPECIMEN (R:4)

12.8mm SPECIMEN (R=8)

96mm SPECIMEN (R:6)

FIGURE 15 TYPICAL MANGANIN TRANSDUCER
RECORDS OBTAINED FROW!
IMPACTS IN 60871-T8 ALUMINUM

gage data with impact tiwme data. A more precise time base is provided
by a2 separate 10 MHz time mark trace (not shown). Aluminum-glass interface
stress-time profiles obtained from transduce: records by correcting for
gage hysteresis are shown in figs. 16 and 17. Because of the good impedance
matck between uluminum snd the glass transducers, the effects of refle-tiors
from the aluminum~glass interface on later portions of the incoming wave ' e
neglected for the multiple-gage analysis used to compute the continuous
stress-volume relstions. (This assumption was not made in calculating
Bugcaiot points nor in th: wave propagation computation of the SRI-PUFP
code.) The adequacy of the impedance match assumption was checked
exparimentally with sn in-material” gsge in one experiment. In that
test & manganin foil gage (0.0002-inch-thick) was .=aviched Dstwuen two
layers of aluminum, using 0.001-joch-thick mica as rasul.liom on each
gi¢~ of the foil (thus producing an "in-msaterial” gage). It is expected
that this sandwiched gage disturbs the flow field very slightly, but it
is uot known how well the gage respruse follows interfsce stresses during
unloading. The record from this "in-zaterial” gage 1s in general agreement
with the glass transducer record as shown in Pig. 18, although there arc
differences, particularly i(an the unloading portion of the wave. These
differonces show that the reflections from the sluminum-glass interface
may ot be entirely negligible.

Tae error bounds of measured impact time were excessive in some
exper iments due either to tilt or distortion of the flyer. Improvesmat
in the time correlation of the stress-time prufiles of Pigs. 1€ and 17
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was. achleved by assuming that the steady-state portions of the wave,
both elastic and plastic, were propagating at constant (but, of course
diffecrent) veiocities. The positioning of the profiles in time by this
method gave elastic wave velocities that were in good agreement with the

longitudinal sound velocity measurements.

Average values of the product p D, (which we shall call instantaneous

impedance) as 2 function of stress were obtained from these profiles

{as described in Section III.1) for both compressive and release waves

and are plotted in Fig. 19. Averaging was accomplished by measuring

pD as a function of stress for every combination of profiles in Figs.

16 esnd 17 and then weighting each P D value according to the initial
distance between gages. This weighting procedure was used since the
muecurement exrror was a fixed time increment, and therefore the percentsge
error should be smaller for the larger separations. These . ata then

provide the required information to integrate the momentum relations
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(Eqs. 100 and 171 of Section III.1) in the stress-particle velocity and

the stress-volume planes. These integrations result in the compression
paths, Hugoniot points, and release adiabats -~ “'ges. 20 and 21. As
expected, both of these figures show a significant ...ference between load-
ing and unloading paths, This hysteretic effect contributes to energy
losses and attonuation.

The messured Hugoniot elastic limits (HFL) for these aluminum alloys (4.3
kbar for 6061-T6 and 5.5 kbar for 2024-T8) are in fair agreement with the
static yield strength from uniaxial stress experiments. According to either
von Mises or tresca yield criteria (with a Poisson's raticn of 0.32), the HEL
should be 1.9 times the static yield strength, if strain rate effects are
negligible.*

*The relation between HEL and yield strength is given in Sec.ion V.2 as Eq. 104.
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While the HEL 's do not =how a strain rate effect, the stress-time

orofiles of Figs. 16 and 17 show a nonsteady-state yieiding zone (elastic-

____ﬁw“-'u‘:]

plastic transition) that extends from the HEL to spproximately 1.8 times

the HEL for both aluminum alloys. The wave propagation in this yielding

zone is dispersive with a time-independent, stress-dependent local

disturbance velocity, a condition which generstes a single distance-

and time-independent compression path in the stress—particle velocity and

stress-volume planes. The HEL is the stress 2t which dynamic yielding

begins (corresponding to the proportional limit of tensile experiments)

and may be measured by noting the maximuom stress for which the elastic

i precursor is steady state. The HEL one obtains by this definition differs

&
little from that obtained by other definitions based on the shape of the

However, this definition provides a more rational

| precursor profile.
: basis for the selection of the HEL :since the slope of the stress-strain

‘5 curve will be a straight line up to this stress, but not beyond. The "'fﬁ
‘ fact that yielding extends over a wide stress range for dynamic loading L
i suggests that rate-dependent phenomena may play & role in the pracursor "";

] formation. However, the HEL did not vary with propagation distance in .

these experiments,probably because of the relstive thickness of the

: targets studied. The HEL would be expected to sttenuate with propagation 1*
The wave o

distance at very early times and over very shori distasncer g

it —- A . o

shape between the HEL and the main wave zan be predicted by » rate-
t e rounded stress-volme relstion in the vicinity

independent mechanism:

of the yield point.

Release adiabats measured with the above~described multiple gage
technique were markedly different from those predicted by simple elastic-
plastic theory. The elastic release modulusa and the yield strength were
both larger than predicted, and no well-defined yield point was obmerved

LT e

{ during release.

: Rarefaction velocities were oltained as a function of stress level

from the low-stress experiments. This computation was possiile because

. of the uvod impedance match between the gage material and the samples.
The rarefaction velocity was obtained by observing the first reduction

8l
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in stress from a flat top in the Hugoniot experiments. The resulting

rarefaction velocities are shown in Table 5 as a function of stress
level. As expected these velocities are well above the zero stress sound
velocities. Considerable judgment is involved in selecting the point

of arrival of the rarefaction wave ,and therefore it is not surprising

thot there is some scatter in the dats.

b. HE Experiments on Aluminum

The HEL was overdriven in all HE experiments on aluminum alloys.
The Hugoniot data from the HE experiments were obtained using techniques
described in Section 111.2.b and the results are presented in Figs. 13
and 14 and Tables 3 and 4. These results are in good agreement with
other Hugoniot dsta on these materials as shown in Figs. 13 and 14.
To allow measurements of the stress histories during loading and unloading,
three thicknesses of each alloy (approximately 3/8 inch, 1/2 inch, and 1
inck) were impacted by 1/8-inch-thick stress-free flyer plates traveling
a* sbout 3 mm/usec (HE system E). The shot configurations are shown in
Pig. 9 and the instrumentation is described in Section III.2.b. Profiles
for each of these thicknesses obtained from the manganin C-7 transducers
are shown later in the section (Figs. 24 through 26 and 30 through 32), in
combination with the corresponding calculated atress histories. The l-inch-
thick target experiments were designed to show psak stress attenuation;
therefore these experiments do not yield Hugoniot data and do not appear
in Tables 3 and 4.

3. c;lculatlona for 2024-T8 Aluminum

Experinental stress records used for calculationsl comparisons of
phock attenustion were obtained at two stress levels in 2024-T8 aluminum:
50 kbsr and 300 kbar. The high stress dats were obtsined with a mangsnin
transducer embedded in C~7 epoxy. The impedance wmismatch between C-7 and
slumir:w is so severe.that the resulting stress records could not be
readily used with the analysis procedure described i{n Section IIl.1l. The
tests at 50 kber employed s menganin gage embedded in glass with an
il?‘ﬂOQCO very aimilar to that of tie sluminum. Therefore, the latter

data were uted to develop the Bsuschinger parameters. PUFF calculstions
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Table 5 1

| ALUMINUM PEAK RAREFACTION VELOCITIES

i

‘ Peak

: I‘“““l* Peak Rarefaction ul

i Material Velocity Stress Stress Velocity

| (mm/ psec) (kbar) (kbar) (mm/ lsec)

| 6061-T6 6.2 45.6 45.6 7.3
‘“ f 6061-T6 45.6 40.0 6.8
; 6061-T6 45.6 30.0 6.1

L 6061-T6 45.6 20.0 5.6

o 6061-T6 45.6 10.0 5.3

; 6061-T6 6.2 17.0 17.0 6.8 :
§ t
| 6061-T6 17.0 10.0 6.2 =
g 6061-T6 17.0 5.0 5.6 .
3
; 2024-T8 6.5 49.6 49.6 7.7

g’ 2024-T5 4° 6 45.0 7.4

j 2024-T8 49.6 40.0 7.0

5 2024-T8 49.6 30.0 6.4
2024-T8 49.6 20.0 5.9
2024-T8 49.8 10.0 3.6

f 2024-T8 6.5 17.5 17.5 6.8

’ 2024-78 17.5 10.0 5.1

. 2024-T8 17.8 5.0 5.4
)

|

i
5 *wave velocity of the compressional precursor at the zero stress lev-',
i (equal to the longivudinal sound velocity). ;

3 - "wave velocity of lowiing edge of rarefaction fen measured with respect

to the msterisl ac that point.
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were then made to compare with the experimental records at both stress
levels. The stress gage data from four low-pressure experiments on
2024-T8 aluminum are shown in Fig. 16 on a common time Lase, with the
impact time at zero. Sets of values of p D were obtained from each peir
of records through the use of Eq. 87. With measurements on all possible
peirs of records, six curves of P D vs stress were obtained for the
2024-T8 aluminmum. The composite p D~stress curves shown in Fig. 19
were the basis of a numerical integration of Eq. 101 to obtain the
stress-volume relation shown in Fig. 22. To guide in the interpretation
of the relation, s computed pressure-volume relation is alas shown. The
loading curve of Fig. 22 exhibits an elastic limit at 5 kbar, but the
Rayleigh line passes between 10 kbaer and the peak stress. Hence,there is
a renge of gradual yielding from 5 to 10 kbar. This effect is more
evident in the plot of devistor stress, Fig. 7. (The deviatoric stress
curves sre taken frocm the difference beiween the stress and pressure
curves of Fig. 22). The S~kbar level is the magnitude o’ the elastic
precursor. The 5 to 10 kbar yield region is associated with a gradually

increasing stress between the precursor and the main wave. The unlcading

T T T T T T T 1
|
IR N N T

S3a2 o34 O34 0348 0360, 02 -84 036 Qs 0360
SPECIC YOUME ~— em® Ay

FIGURE 22. STRESS-VOLUME PATH REOUCED FROM DATA FOR 2004-T8 ALUMINUM
AND A COMPUTED PRESSURE-VOLUME RELATION
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curve is smooth: the sharp unlcading yield poinc predicted by the model
of ideal plasticity is not present. The slope of the unlosding curve

gt the peak stress is noticeably steeper than the loading curve at zero
stress. This incrcased steepness is probably sssocigted with thr larger
(10 to 20 percent) bulk modulus and larger shear modulus st the higher
stress. Near the point of zerc stress after uanlcading, the devisatoric
stresé and hence the yield strength appesrs to be two or three times as
large as they were during the initial loading.

The ten unknowns introduced in Eqs. 60 through €5 for the
Bauschinger model -~ C, D, §, "’o’ My, M2, Ms, Y3, Nj,and N> -- were
determined by matching the experimental load-unload S~V curve with the
anslytical curves. This required a certain amount of tvial and error
and the resuliting set of values is by no means unique. The form of the
modulus variation appesred to represent the deta rery wull: the fit to
the unloading curve is shown in Fig. 7 for N2 = 1.5. The computed values

of the parameters are shown in Table €.

Using the Bauschinger parsmeters from Tablg 6, a PUFF cslculatfon
was made to compare with the experimsental stress records shown in Fig.
16. After several tries we obtained the set of computaed records
shown in Fig. 23. These records were obtisined using the parsmeter values
in parentheses in Table 6. The rarefaction velocity was too small so it
arneared necasssry to sugment the unloeding shear sodulus. In fsct,
there is still wot enocugh attenuation in the camputed records so that
possibly even a higher M3y should have boen used. The curvature Ny of
the tnitisl losding function wss essentislly elimina.ed by giving it a
lsrge value. With N3 « 6000, the function hss @ sharp vield. The
computed stress records, however, show shout the rigl: acunt of rounding
st thce precursor front becsuse of the srtificial viscosity.

The comparison of experimental snd compuited stress records in
Fig. 23 exhibits the following features:

e The arrival (imes are sstisfectorily predicted by the
code computations

¢ Paak stress is overestimeted; sams of the overestimate
is ceused by the owrshooting which is characteristic of
this code, some is caused by an inadequate sttenuation of
stress, and some by ~hat sppears to be too large values of
C, D, and 8.
a8
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Table 6

PARAMETERS 7OR THE BAUSCHINGER MODEL
FOR 2024~TE and 6061-T6 ALUMINGM

Perameter 2024-T8 6061-T6
EQSTC (dynes/ca ) 7.60 x 10*} 6.67 x 10*}
EQSTD (dynes/cw’ ) 1.50 x 10*° (1.0 x 10*?)
M, (dynes/ca ) 3.0 x 10** 2.67 x 10**
ki, (dynes/cw ) 7.63 x 1¢° 3.79 x 10*°
M, (dynes/ca’) 4.45 x 10*? 4.67 x 1t

(4.82 x 10°%)
M, (dynes/ca ) 2.18 x 100° 3.79 x 10°°
Y, (dy.es/ca ) 4.0 x 10° 3.21 x 1
N, 6.0 6.0

{6000) {6000}
N, 1.5 1.0

Note: Parenthetical valuez are the final valuves
obtained by cosparing the PUFF cslculations
with the experimenta: stress records.
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e The unloading arrival is fairly well predicted, and the

shape of the unloading curve is well matched.

Figures 24 through 26 show the experimental data from the 300 kbar
shots and the corresponding computed records. Tho computed predictions
are very close for the thin targets (Figs. 24 and 26) but the computed
stress is 20 percent lbw for the thickest target. These calculations were
made using the same Bauschinger parameters as for the low stress computa-
tions, Hence,it is not surprising that there is some disagreement in

magnitude.

We conciunde then from the comparison of all the results for 2624
that the form oif the Bauschinger model is well-suited to represent
2024-T8 aluminum; however, some changes in the parameters are required to

quantitatively predict stress amplitudes.

4, Calculations for 6061-T6 Aluminum

Impact itests used for calculational comparisons were conducted at
50 snd 300 kber, the high stress tesis with a manganin C-7 gaze and the
low stress tests with a mangunin glass gage. The series at the low
stross level was used in the snalysis presented in Section III.1 to
obtain the Bauschinger and equation-of-state parameters. Then PUFF
calcuiations were made to compare with the experimental records at

both stress levels.

The determinration »f Bauschinger parameters will be sketfched briefly
here: it follows the same procedure as that for the 2024-T8 aluminum.
The series of experimental stress records is shown in Fig. 16. The
plot of ©O D versus stress derived from these records is shown in Fig.
19. The resulting stress~-volume plot and stress deviator plot are
shown in Figs. 27 and 28. The computed Bauschinger parameters are
listed in Table 6. The PUFF computations based »nh these parameters are
shown in Figs. 29 through 32. In general the results of comparing the
computed and experimentai cv..es are similar to the results for 2024-T8
aluminum. There is qualitative agreement between prediction and experi-
ment but attenuation predicted i3 not sufficient; hence,the unloading,

or rarefection, velocity is higher than expected. The differences that
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exist between the calculated and measured unloading portions of the
~&aves indicate that aifferent values of the Bguschinger parameters
should pe mit a better gquantitative match between computation and experi-

ment.

5. Summary of Results

The results of experiments end theoretical calculations with 2024-T8

and 6061-T6 aluminum fall into three main categories:

® Bsuschinger effect: pronounced Bauschinger effect in both
alloys governed the speed of rarefaction waves, the shape
o? the unloading portion of stress waves, and the stress
attenuation rate. The apparent shear modulus was 60 to
70 percent larger for unloading from 50 kbar than for initial
loading. No unloading yield point was observed; rather
a gradual transition from elastic to plastic behavior
during unloading, with a continuously decreasing shear
modulus, was observed.

e No significant stress relaxation effects were observed in
the dynamic experiments with either alloy for the specimen
thicknesses (1/8 inch and larger) studied; this result is
in eccord with the experimental observation that little
difference was observed between the static and dynamic
vield strengths for plane strain. This result does not
preclude the existence of stress relaxation effects at
very carly times.
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A large elastic-plastic transition region in the stress-
volume plane was observed in the vicinity of the HEL for
both alloys. This convex-upward region ‘f negative
curvature leads to a gradually rising nonsteady-state
stress profile between the precursor and main wave.

Errors of 5 or 10 percent may result in calculated Hugoniot
points if this region is ignored and a simple one- or two-
wave structure assumed instead. Fair correlation was
obtained between the stress records and the siress histcries
calcu.ated on the basis of the Bauschinger model in the SRI
PUFF 2 code. The model appears to represent both alloys
qusiijtatively, bui the numerical values of the model
parameters for each metal require further investigation.
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SECTION V
STUDY OF TITANIUM
1. Introduction

The preliminary investigation of titanium alloys was directed
toward establishing Hugoniots in the low stress range, measuring shock
attenuation, examining strain rate effects, looking for phase transitioms,

and observing the stress wave appearance.

For structural purposes; titaaium 1is usually alloyed with other
materials to improve its mechanical proparties. Pure titanium is in the
alpha (hcp) crystal phase at room temperature. Eut with the additionm of
certain alloying metals, the high-temperstu.e beca (becec) phasc can be

retained gt room temperature.

These alloys were selected: type 50A, commercially pure (99.2 per-
cent) titanium, that is, all alpha phase; Ti-6A1-4V {6 percent aluminum,
4 percent vanadium), an alloy with mixed alpha and beta phases; and
Ti-13Cr-11V-3A1 (73 percent titanium, 13 percent vanadium, 11 percent
chromiwm, 3 percent aluminum), an alloy that is all bets phase. The
Ti-6A1-4V plloy was sel:cted because it is a material of practical
importance that has been studied at intermediate strain rates, where it
exhibited strain rate sensitivity (Ref. B). The 50A titanium and T1-13Cr-
11¥-3A1 were chosen to swudy independantly the behavior of each of the
congtitutent pheses of the Ti-6A1-4V alloy.

The titanium alloys were supplied by Titanium Metals Corparation of
America, los Angeles, in thicknesses of 1716 inch to 1-1/8 inches. It d.d
not appear 1o be econamical nor possible within the time requiromnats to
form all sheets 0 an alloy from a single billet. Therefore, the manu-
fucturer selected sheets from Hillets with a nesrly identicsl chemical
composition. All sheets were supplied fully sunesled, and no tewmpering
or workX hardening wag performed at SRI on the theets.

A tabie of quassi-static wechanica. properties of these alloys iy
included here for reference (Table 7). Sowe of the information was ob-
tajined from ocur quasi-static and acousiic messurements listed in Appendix
I1, some from Molchanova (Ref. 42), from Titsanium Metals Bulletins
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PROPERTIES OF TESTED TITANIUM ALLOYS

Table 7

Young's Yield Poisson's a
Alloy Density Modulus Strength Ratio Phase
(g/cm®) (kbar) (kbar)
Type 504 4.597 1070 3.5 G.328 alpha
Ti~641-4V 4.424 1210 9.5 V.314 alpha
and beta
Ti-13V-11Cr- 341 4,839 10640 9.3 0.732 beta

8 Alpha phase is hexagonsl, close packed; beta is body-centered cnmbic.

The percentage of alpha and bet

treatment. Both Ti-4A1-4V a1

in Ti-6A1-4V depends on the hest
£i=13Cr-11V-3A1 are heat-treatable.

(Ref. 47, 44), and from Harman (Ref. 45). The Young's modulus varies
from 1000 to 1200 kbar for all the heat-treatable alloys, depending on
the heat treatment. It is lowest, of course, for annealed allcvs (and
fur pure alpha, which is not sensitive to heat treatment), higher for
solution treated al’oys, and highest for aged and solution treated.
Hence, particularly at low stresses, one would not expect a unique

Hugoniot for a heat-treatable alloy. The Hugoniot for pure titanium is

given by McQueen and Marsh ‘Ref. 46).

where Us and U

U
8

2,779 x 105 +1.088 U

The corresponding PUFF-form for the Hugoniot is

P =1.028 x 1012u + 1.21 x 1019

where 18 pressure in dyne/cm?

100
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+ 2.06 x 101438

(102)

are shock and particle velocity in centimeter/second.

(103)
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2. Dynamic Experiments

Both gas gun and KE impact experim-1ts were conducted on the three
chosen titanium alloys. The experimental arrangement for the gas gun
tests was similar to that used for the aluminum impscts (Fig. 8), excert
that titanium flyer plates were bonded directly to the sluminum projectile
snd mangaiain in Hi-D glass*transducers were used. Configuration B :
(Fig. 9) wiih manganin in C-7 transducers and optical instrumentation
were used for the HE experiments. The Hugoniot data obtalned from these

tests are summarized in Figs. 33 through ‘36 and Table 8.

The preseat data for type 50A titanium agrees closaly with data
from studies of Walsh et al. (Ref. 47) and McQueen and Marsh (Ref. 46).

They used a gap technique that is not capable of resclving multiple
shock waves associaﬁed with phase transformations. In spite of the phase i )
transformetion (described later) beginning around 50 kbar, there is good é:
agreement between our data and theirs. This indicates that the dynamic |
phase transition is associated with only a small oversll density change

and has little effec® on shock velocity,

The Hugoniot points above 100 kbar were obtained with the HE system.

In all HE experiments the elastic wave was overdriven; therefore, a steady-~
state, single-wave analysis procedure (the impcdance match method) was ;

used to reduce the data. ¢

In the gas gun experiments, the maximum stresses were below 100
kbar. The precursor, & second wave associated with a phase change in
the case of pure titanium, and a gradually increasing stress betweer.
waves were in evidence in the stress transducer records. Two of theses
records are shown in Fig. 37. The upper figure shows "the wave
"aused by the phase transformation. These complexities in the wave
front necessitated the use of the integration procedure of Section III.1

to determine the stress-volume and stress—-particle velocity relations.

The results of these integrations are shown in Figs. 35 and 36.

The static yield strengths and Hugoniot elastic limits from the gas

vt o i

gun experiments on the three alloys are listed in Table 9. (Neglecting

strain-rate effects, the HEL and static yleld strengths of an isotropic,
* See Section 1If.2.c
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Table 8

HUGONIOT DATA FOR THREE TITANIUM ALLOYS

% Titenium, Type 50A, p, = 4.51 g/cn’

Final Hugoniot State
Specimen Axiel Particle Specific Shock
Shot No. Driver Systen Thickness Stress Velocity Volume Velocity
g u v U
. (om) (kbar) (on/paec | (ca®/g) (oon/ pagc)
G 589 Gas gun; projectile +
velocity = G.468 mm/Moec 9.93 56.% 0.233 0.211 -
G 804 Gas gun; projectile t
velocity = 0.515 mm/jisec .68 82.2 0.258 0.210 -
13,526* HE system D;gdrlver free
surface velocity = 1.56
=a/lsec 5.08 211 0.835 0.189 5.62
13,527 HE systom B;idrlvor free
surface velocity = 4.85
o/ jmsc 4.83 879 2,14 0.154 7.01

" a
A Titanium, Ti1-13Cr-11v-3Al1, 0 = 4.84 g/

G 319“ Ges gun; projectile
velocity = 0.519 mm/iisec 3.97 70 0.259 0.197 -

13,834 A HE system D:’dnnr fres

surface velocity » 2.04 ’

um/usec 6.76 2N 0.815 0.178 3.94

13,827 EE system B; driver free
! [ surface velocity = 4.83

o/ jivec 6.54 712 2.05 0.147 7.13
@« B Ticontum! T ri-6A1-4v, o, = 4.4? g/ow’
b 6 1 ** |Ges gun shots, average 19.8 1 %4 4
" 8 65.0 0.258 0,216
G 818 Projectile velocity =~ 0,518
% 0,001 wn/jnec 5.72
¢
13,843 HR system D; " driver free
surface velceity = 2.10 m/jmec  8.32 | (aan*** 0.089""" ] 010" | (500"
13,527 NE cystem B; ’dnnr free
surface velocity = 4.85 mm/jec  4.84 712 2.08 0.147 7.13
1

* The following intermediate sntog wore ohserved on Shot G389: an MEL of 0 = 12.8 kber,
u » 0,0404 na/iwec, V = 0,219 cm /g; end » phase transformstion at € = 50,0 kber,
W 0.20¢ sm/Mvec, V = 0.213 ca’/g.

t Taken to be one-half the projectile velocity.

$ In Shot 13,533 a C-7/manganin stress transducer om the Ti specimen recurded a finsl atress
+2 82 kbar. The on-Rugomiot perticle velocity sssoctisted with 82 kber is u = 1.45 wm/jisec.
Thia @ =u stste represents an experimental determimetion of a poiat on the relesse adiabat
on Ti shocked to 211 Xber.

t Se0 Table 1 far description of NE systews.
** On Shot G 819 the NEL was mesaured to be O = 34.4 Rbar, u = 0.1213 sm/Meec, V « 0.303 cu’/g.

't 0n Shot 13,534 the specimen free-surface velocity was obesrved to be 1.9 0.3 ma/Mwec. The

large sxperineatsl uncerteiaty i1s caused by o large shock tilt.
" On Shote G 791 and G 818 the sverago NEL wes determised to be @ = 15.0 kbder, u = 0.0338 sa/jeec,

V = 0.224 cu’/g.

#§ Averaged date from Shots G 79) end G 810

oo Large experimantsl uncerteiaty dus to poor trensit time mirror cutoffo on stresk cemers record.
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Table 9

COMPARISON OF STATIC AND DYNAMIC YIELD STRENGTH IN TITANIUM

i ! Hugoniot. HEL predicted
; ' Static Elastic from static yicld
o Alloy Yield Limit and Poisson's ratio
b (kbar) (kbar) (kbar)
L
b Type 50A 3.5 12.8 6.585
oo
g Ti-6A1-4V 9.5 15 17.5
e
o Ti-ir~11V-3A1 9.3 34.4 18.4

homogeiteous material obeying a von Mises or Tresca-type yield criterion

ey P

are related by

‘ ‘ c 1-V (104)

This equation was used to calculate the values in the fourth column of

; the table.,) The HEL's for the type S0A tit 'nium and Ti-13Cr-11V-3Al

!/ alloys are nearly double those calculated from the static data (column 4
of Table %). By constrast, the ohbssrved HEL for Ti-6Al1-4V is lower

3 than that calculated from static data. In the stress records the Ti-6Al-

4V alloy exhibited a wide yielding zone between the precursor amnd main
{ wave. extending from the HEL to 2.3 times the HEL (an example of such a

' v range 18 shown in Fig. 37b). The otner alloys showed a smaller yielding

zone (in type 50A, the ylelding zone extended only to 1.3 times the HEL).
The extensive yielding zone in Ti-6A1-4V i8 caused by a significantly
rounded yield "point” in the stress~strain curve. This rounded yield

point also helps to explain the occurrence of a low HEL. The experi-~

RTER SE  D R

f , ment -11y measured HEL actually corresponds to the 'proportional limit,"

the stress at which the st ss-strain curve first deviates frow a

e~

lineer relation. Normally, the proportional limit is somewhrt smaller
than the so-called yield strength (0.2% offset definition used here).
For a well-rounded yield point, the proport.onal limit could be wuch

} lower than the 0.2% offset yield point.
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FIGURE 37 MANGANIN STRESS RcCORDS
FROM TEST G588 ON TYPE 50A
TITANIUM AND TES™ G791
ON Ti-8A1-4V
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The disparity in dynamic yield behavior of the three titanium allioys

indicates that low strain rate yield data are not adequate to predict
dynamic yielding in these metals. The large increase in yield strength
for alpha and beta titanium at high strain rates is sowme justif cation
for the inclusion of a rate-dependent yield criterion in wave propagation
calculations. However, attenuation of the elastic precursor (a definite
sign of strain-rate effects) was not observed in any of the titanium experi-
ments over propagation distances ranging from 5 sm to 9.5 ms. This does
not imply that stress relaxation does not occur over distances less than
5 mm. The work of Isbell and Froula {Ref. 48) Ou very thin targets indi-
cated that although strcss relaxstion was important over short distances,
no further relsxation occurred after propagation distances of 7 mm; this

is consistent with our results.

As mentioned above, indication of a dynamic phase transition was
observed in type SOA titanium (see Fig. 37a). Shock loading to a peak
stress of 56.5 kbar caused the plastic wave to split into two waves,
which is the effect produced by transformation times that are comparable
to or less than the wave transit time. The separation of thess waves
was very small even after transit through a 3/8-inch-thick sample, imdi-
cating that the overall volumse change associsted with this transition or
partial transition is small (approximately 0.2 percent). The transition
struss was 50 kbar and the transition was overdriven in subsequent experi-
monts at a stress of 62 kbar. Our observation of such a transition was
subsequently cc ruborated by Isbell and Frouls (Ref. 48). No such
transition wuve was observed in either Ti~8A1-4V or T1-13Cr-11V-3A1
titaniur; however, any such transitiou is expected to occur at differeant
pressures in these alloys, and the easc¢ with which the transition wave
can be overdriven in 50A titanjum suggests that it may take considerable
investigstioc to discover a like tranaition in the other two alloys.

Rarefaction velocities were obtained as s function of stress lewsl
from the low stress sxperiments. These veslocities sre shown in Table 10
as a function of stress lewl. These rarefaction velocities appear to
coincide wath the shock voloo':lty of the HEL (ugcpt in the ceses of the sll
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Table 10

RAREFACTION AND SHOCK VELOCITIES IN TITANIUM ALLOYS

Wave Velocities
Initial
Shot Pesgk Release
No. Material Stress To HEL To Pesk from Peak
(kbar) (em/ psec)
G 604 Type 50A 62.0 6.1 5.05 6.1
G 791 T1-6A1-4V 65.0 6.3 5.20 €.3
G 818 Ti~6A1-4V 65.0 6.3 - 6.3
G 819 Ti=13Cr-11V-3A1 70.0 5.8 - 6.2

beta alloy). Such a coincidence of rarefaction and initial shock velocity
is actusally predicted by the model of perfect plasticity. Hence, this
simple plastic model might be sufficiently sccurate for titaniwe alloys:
the more complex Bguschinger model would not be required. A determination
of the appropriaste model should, however, be mede from a comparison of

computed anki sxperimental stiress records.

3., Initial sand Terminal Observations of Shocked Titanium Specimens 1

Initially, the 50A titanium ('ss-received’’) had slightiv elongated
grains of about 30 U diameter. The average Vickers hsrdness (500 gram :
load) waz 142. Based on the relative intensity of X-ray reflection from s
flat speciments, one may coaclude that there is somo preferred crientation
of the graing, After shocking to 56 kbar, the Vickers hardness of onc
specimen had increased to 200, MNicrostructursl changes are clearly
evident in this specimen. Ncarly sll the grains appear hesvily msrked

with parallel scts of lamellas which, for the most part, campletsly
traverse s grain (see Fig. 1313). However, some grains show addi ional
markings that do not appear to bo twins but which more glmoly ressmble
s transformation structure. X-ray diffrectiom examinmatice of t“e shock-
loaded vample disclosod no evidence of new phases; so any transformation
taking place during the shock sust have reverted to slpha on release of

pressure,
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FIGURE 38 PHOTOM:CROGRAPH OF TYPE SOA
TITANHUM SAMPLE AFTER BEING
SROCKED TO 56 kbwr

Deribas et al. (Ref. 30) have described experiments in which titan-
ium was shock hardened to 400 Vickers. They report a nicrostructure
characterized by ' immense distortion,’ similar to that obwerved in iron ; .f;»é
shocked to pressures in excess of i. ) kbar. They do not specify the B ;
pressure used to odbtajn tiis result; from thei: ll1-**~* Aescription of ;
the experiments, we can estimale that prerssures in the range of 150 to .
400 kbar were ux . While positive ideniificstion of the high-preasure :
phare is not possible, it is presumed 10 be the well-dnown omega ) 3
(hexagonal) phase knowa to exist ror some titaniue and zirconium slloyas.
According tc Jemieson (Ref. 49), the volume change for the slpha-omeyga
transition in pure titanium is sdcut 2 percent at 1 atm. Re reported
thet the omoga phase of titanium cen be retainod at 1 stm, btut that it
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reverts to the alpha structure after prolonged heating at 1100C. Deribas
et al. (Ref. 50) did not reyort the presence of omega phase in their
hardened specimens, and it appears likely that the residual temperature
of the shocked ctitanium after release of pressure was too high to permit

survival of omega in their experiments. i

Our present interpretation of our experimental results is that a

partial transformation of alpha titanium to the omega phase took place

at a pressure of 50 kbar. (Thn pressure required for the static transi-
tion 18 not known). A volume change at the transition of at most 0.2
percent may be inferred from the transducer records. If one assumes
that the volume change for the alpha-omega transition at 50 kbar is
roug.ily the same as the l-atm volume difference measured by Jamieson, it
would appear that about 10 percent of the alpha titanium *transformed in
this experiment. This result is consistent with both the present metal-
lographic results and with the increase in hardness observed. One may
infer from the results of Deribas et al. (Ref. 50) that a large pressure
excess 18 required to drive the tranaformacion to completion in the
microseconds or submicroseconds available in shock experimen‘s. Titanium
thus appears to behave in a manner similar to that of iron (Ref. 51).
Although the transformation of iron to the epsilon phase has been inferred
to begin at shock pressures as low as 120 kbar, complete transformation
requirez a shock pressure of about 260 kbar. In the case of pure iron,
the high pressure phase is not retained on release of pressure. The great
hardening effect observed in shoch loaded iren has been attributed to the
dislocation structure produced by the transformation of epsilon to alpha-
iron on release of pressure. Thus, alpha titanium appears to undergo a
phase transformation initiated by a shock stress of 50 kbar and completed
in the range of 150 to 400 kbar. The extent of transformation depends on
the stress level reached. During unlosding in titanium, the high pressure
phase (probably omega) is retransformed to alpha with s considerably
higher hardness than the original material.

The microstructure of the shocked alpha-beta alloy (T1-6A1-4V) was
indistinguishable from the unshocked material. The virgin material had
2 Vickers hardness of 300 (500 grem load). The shock loaded specimen had

& very merginal increase in hardnees to Vickers 318.
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The microstructure of tre shccked beta alloy (Ti-13V-11Cr-3Al) was
distinguished by the presence of parallel sets of lamellae (see Fig. 39)
presumably twins, which closely resemble the twi : formed by shocxk loading
iron, molybdznum, tungster, chromium, and other body-centered cubic metals
and alloys below any transition pressure. The Vickers hardness of the un~-
shocked material was 300 (500 gram load):; the shocked specimen had the
same hardness. It appears then tihiat no transformations occurred in
Ti-6A1-4V or Ti-13Cr-11V=3A1 during the passage of shock waves with stresses
up to 70 kbar.

FIGURE 39 PHOTOMICROGRAPH OF Ti-13V-
11Cr-3A1 TITANIUM SPECIMEN
AFTER BEING SHOCKED TO
70 kbar
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SECTION VI k
STUDY OF WOVEN QUARTZ PHENOLIC

1i. Introductica

Preliminary experimental and calculational investigations have been i
performed to examine shock wave propagation properties be‘ween about 10 ‘
and 200 kbar for a three-dimensional (3-D) weave quartz phenolic material, |
The purposes of these studies were to obtain preliminary Hugoniot~type*
information for this material, to observe the character of stress waves
that a highlv anisoiropic, heterogeneous material will support, and to
determine how well present wave propagation theory, as incorporated in
the SRI PUFF 2 code, is able to simulate stress wave profiles in an

anisotropic, heterogeneous mater: 1.

2. Material Description ’

The specimen material, supplied by the Air Force Weapons Laboratory,
was a composite consisting of an orthogonal 3-D weave of quartz filament
potted in a phenolic resin matrix. Table II lists descriptive data supplied
by AFWL with the specimens. The orthogonal weave of the quartz filaments
is most easily visualized in terms of a Cartesian coordinate system with
the Z axis in the direction of the axis of the right cylindrical specimen.

The weave was nearly cithogonal because all filaments lay approximately
in the X. Y, or Z direction. 1In the Z directior the ..limen.. wure gisuped
wgether into well-contained, apparently straight bundles of square cross

; section with a 0.025 inch average width. These axial bundlcs intersected

the X-Y planes (cylinder faces) in a square array with a 0.1 inch average
distance center to center. According to Table 11 there were 0.58 x 10® axial
filaments per square inch intersecting the X-Y planes., The filaments in the
;. and Y directions were also arranged into bundles, but of apparently

rectangular cross section, The width of a lateral bundle was approximately

A true Huroniot point refers to an equilibrium state achieved through

a steady-state shock front. In the woven material, the wave front is

- nonuniform and not steady state. Equilibrium between the filaments and
resin requires a relatively long time and is therefore probably not estab-
lished during the recording time of the =xperiment. The Hugoniot-type data
derived from the experiments were obtained with traditional impedance match
techniques, neglecting the fact that many of the conditions for valis
Hugoniot data were not met.
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Table 11

*
DETAILED MATERIAL DESCRIPTION OF 3-D ""JARTZ PHENOLIC

Property

Measurement

Average material density

Average acoustic velocity in

axial direction
Resin matrix

Resin content
Average diameter of

Number of filaments
(X) direction

Number of filaments
{Y) direction

Number of filaments
(Z2) direction

Number of 2ilamwiils
bundle

filaments

in lateral

in lateral

in axial

per axial

Bundle size and spacing in the

Z direction

1.69 g/cm®

0.350 cm/usec @ 1,C MHz
SC-~1008 Phenolic
33.7% vy weight

0.00034 inch

2.30 x 10° filaments/inch®

2.30 x 10° filaments/inch®

0,58 x 10° filaments/inch®

1920

0.025 on 0.1 inch centers

* This information was supplied to SRI by AFWL,

S ey oy s ——
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0.075 inch and the thickness was about 0.025 inch. These lateral bundles
were woven in a 2-D basket weave with, for example, a given X hundle
passing over 1 to 8 Y bundles and under a similar n -ber. The weave

was not perfect but had an average or macroscopic rotational symmetry

of 900 about the Z axis. The separaticn in the Z direction between

parallel lateral bundles was about 0.05 inch center to center.

Acoustic measurements were made to deturmine the longitudinal
velocity in the thickness direction., The velocity associated with the
initial arrival averaged 4.51 mm/usec. This veloc 'ty corresponds with

a longitudinal molulus (\+2u or X + 4/3u) of 3.4 . .J! dynes/cmz.

3. Gas Gun and HE Experiments

The compression states measured in five gas gun and HE experiments
pericrmed in the 3-D weave quartz phenclic study material ar summarized
in Table 12 and Figs. 40 and 41; the results are discussed below. It
must be poinied out that the nacure of the quartz phenolic specimens, as
well es direct experimental observations indicated that the flow was not
steady-state., In this case the compressive "Hugoniot' states reported
in Table 12 and Figs. 40 and ! ~ve characteristic of uniaxial flow shock
wave experiments on 2 to 4-mm-thick specimens, but caution should be
employed when applying them to other experimental conditions., For the
} irpose of describing gross average macroscopic response of material of

a given thickness, we have neglected the deviations from steady-state

flow,
x
Three gus gun shots were fired on the L-D quartz phenolic discs as

received, Two discs were impacted by 1/2-inch thick 2024 aluminum
projectiles to obtrain Hugoniot data (Shots 13,421 and 13,423) and one by
a 0,0186-inch-thick annealed Rluiinum flyer plate (backed by 2 1b/cu ft
polyurethane foam) to obtain shock attenuation information (Shot 13,422).

* These experiments were performed under Contract F29601-67-C-0072,
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Instrumentation on the-e shots consisted of twc 10-~hm manganin wire
gages in C~7 epoxy. (High resistance 10-chm gages are used in low
stress experiments to impsove the signal-to-noise ratio.) In one gage
the mangan.n element was positioned 0. 015 $nch baci. inio the C-+ from
the speciman - C-7 interface; in the other i1t was 0.080 inch back (the
latter distance being about the same as the width of the lateral quartz
fibers in the target). In all three gun shots the gage in which the
element was set back 0.080 inch gave a shorter rise time and a lower
stress for the main wave than the nearer gage., These changes in the
wave appearance may be caused by convergence of the uneven wave front
in the guartz phenolic into a planar wavefront in C7, damping of oscillat-
ions in the C-7, and tendency of the wave to shock up in the C-7. BRecause
of the recorded evidence of nunsteady wave propagatica in the C-7, the
gage with the element nearer the interface was used to determine the
reported loading stote 'n the specimens. Thise states were calculated
by the impedance match method*using measurceasents of the specismen wave
velocities and the projectile velocities, using the known Hugeniot for
the 2024-Al projectile.

Figure 42 shows a post-shot photograph of the recouvered specimen
snd projectile head for Shot 13,421, The lateral quertz filament bundles
appear gs wide, 1{ 11t traces in the photographs of both target and
prujectile, and form a nearly orthogonzl grid. The small, darx sgusares
represent the axial ltamndles. These axial bundles left a deeper imprint
on the sluminuw projectile. The noticeable variation in the imprinit
acroas the impact surface iidicates the sharp diflferences {n short
impedance® among the tirget materials, The wave {n the quartz phenslic
target and at the interfrc. between the target and the C-7 epoxy wiil
not be & sxooth plane shock but will be "dimpled.” As the wave propagates
intc the homogenesus C-7 epoxy, the faster, higher sir.«: portions
that enter the unshocked ma‘erial first ~hould gradusily be dispersed

The use of the term "a-pedance mitch method  is not completely
Justifiable here because the wave is neither planar nor steady state.
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FIGURE 42

RECOVERED 3-D WEAVE QUARTZ
PHENOLIC TARGET AND ALUMINUM
GAS GUN PROJFZTILE HEAD WHICH
IMPACTED IT. Impact velocity = 0.85
mm/pusec, Impact stress = 37 kbar.
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by nonuniaxial flow, The wave in C-7 1s thus expected to bec-me pro-

. gressively smoother as it propagates, which it apparently does (as
indicated by the shorter rise time measured with the 0.080 inch gage).
Further confirmation of the dimpled nature of the shock front is noted
in the HE experiments discussed later.

The "effective" macroscopic average Hugoniot-type data measured by
the manganin gages in the C-7 transducer material are displayed along
with the quartz phenolic loading data in the stress-particle velocity
plane of Fig. 41. It is evident from this figure that the gage stresses
do not represent a reliable measure of the release states for the quartz
phenolic as they should for steady statc shocks, The disagreement is
attributed to stress measurement uncertainties associated with the
dimpled character of the wave impinging on the manganin wire stress gage:

. Local areas of the wire sense different peak stress levels

arriving at different times. Hence, the actual level recorded
at the oscilloscope corresponds tO0 some average of the local

stresses in the shock wave mesh traversing the wire at a given

time.
The resistance change in the menganin due to compressive stress

(causing decrease in resistance) may be masked by local strains
in the manganin caused by stretching of the wire (and an increase
in resistance) as it is traversed in the lateral shock by the
uneven wave front.

In Shots 13,421 and 13,422 there was some evidence of the possible

formation of a precursor in the quartz phenolic with a wave speed of
approximately 4.5 mm/usec and a peak stress estimated from manganin gage
data to be about 1 kbar. The stress record from "he attenuation shot,
Shot 13,422, is shown in Fig. 43. In traversing 9,.. mm of quartz
phenolic, the shock gtress attenuated from abo-+ 30 kbar to 4 kbar.
The recorded rise time was about 1 usec, i.e., longer than the rise time of
the "Hugoniot” shots. The record shows a possible precursor at 0.6 kbar
in C-7 and a reflection of the precursor off the main weve at 1.3 kbar.
Two HE experiments were performed on the gquartz phenolic discs.
The specimens were impacted by a high-velocity ( ~ 3 mm/usec), 1/8~
inch-thick 2024-T8 Al flyer to obtain both shock and rarefaction wave
propagation information, Normal 4-ohm manganin C-7 gages (Ref.”3) ~-(gage

element 0.010 inch into C-7 from interface) were used to monitor the
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stress profile transmitted to C~7 by the quartz phenolic. The high-
speed streak camera techniques described in Section I111.2.D were used
in the same experiments to record the specimen Hugoniot state and the
shock ~'anarity, The manganin gage record, after data reduction,
cbtained for the 2.78-mm~thick specimen is shown in Fig. 44, Note that
in the HE experiment the rise time is about 50 nsec and the peak

v g R B R S LA AR s aaec)

stress fluctuates by more than 10 kbar, while in the low-styess gas gun
experimeat the rise time is about 500 nsec and the peak stress fluctuations
are negiigible. Peak stress variation (with a period of approximately 0.1
psec) which we attribute to the disperzive nature of the 3-D specimens

are apparent and support the previocus observation of nonsteady flow. The
rise time of ~ 0.02 yusec was probably caused by the nonplanarity of the

impact and therefore is not necesssrily associated with dissipation mechan~

BT T s g T T i

isms in the material. The rise times observed in the HE experiments are r
considerably shorter than those observed in the gas gun experiments

because (a) the shock tilt problem is reduced at high projectile velocities;
(b) at the higher stresses the shock transit times through both the quartz é
and the phenolic phases of the target are considerably reduced, resulting |
in less variation in absolute time of arrival along the gage; and (c)
differences in the chock velocities of quartz and phenolic are less at

the stress levels of the HE experiments than at those of the gun shots.

No evidence of a precurscor is seen in the HE experiments. This
observation is consistent with the results of the gas gun experiments,
since at high stresses the observed shock velocity is considerably greater
than the precursor velocity measured in the gas gun experiments. The
quartz phenolic release data obtained from the C-7 manganin gages in the
HE experiments have a large uncertainty (similar to that discussed for
the gun shots), presumably because of the dimpled nature of the wave
front transmitted by the 3-N weave quartz phenolic,

4, Theoretical Calculations

A limited number of calculations were made with the SRI PUFF 2 code
using the usual equation of state for a solid (Eq.29) to model the woven
quartz phenoiic, One computation was made to simulate s Hugoniot shot and

another to model the attenuation azmeriment. The purpose was to compare
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the peak strxess attzimed, the rise time, and the arrival time. The

comparisons were intended to show whether a satisfactory prediction

could be made with the usual equation-of-gtate formulation. 1If not,

the mputed results should indicate the types of modifications required.
The "effective" equation of state of the composite mater..i was

taken from the data of Fig.40 to be US = 2,79 + 1.25 Up (mm/sec) and

cast in the usual PUFF form:

p = 1.273 x 10**L + 2.18% % 10*' + 0.837 x 1022

*x
Yield strength was taken to be zero, and only normal values of

artificial viscosity were employed in the computations,

The first calculation similated the attenuation shot, No. 13,422, The

2024~T8 aluminum flyer was represented by the Bauschinger model with the
parameters determined in Section IV. The computed stress history at the
composite/C-7 interface is shown in Fig. 43 for comparison with the
experimental record. The computed history shows significant attenuation
from the conmdfed impact stress of 37 kbar. The arrival time of the com-
puted wave crest coincides with that of the experimental record, indicat-
ing that averoge wave velocities are correctly represented by the
analytical equation of state. The most striking differences between
recorded and computed histories ere the overestimate of peak stress and
the underestimate of rise time.

The portion of Shot 13,560 with the thinner specimen was also
modeled by a computation., The stress history at the position of the
manganin wire is shown in Fig. 44 tfor comparison with the measured
history. The computed rise {goveranad by cell size and artificial
viscosity) is shout two times #3 lsxge as the measured. The peak
stress is cowmparable to the average but 1s not so oscillato: -,

A normal value of artificial viscosity for a computation is that which
is sufficient to cause the total mechanical stress to follow a straight
compression path (the Rayleigh lirs} during a passage of a shock, 2For
the present computations the coefficient of nonlinear viscosity Co was
4,0 and the linear coefficient Cl was V.2,
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The following are probable causes for the discrepancies between

the computed and experimental records:

1. Computational effects:

. ell sizes used in the finite difference computations were
0.0001 to 0.001 inch, i.e,, considerably smaller than the
scale of inhomogeneity of the woven material.

Artificial viscosity was of normal magnitude, which usually

spreads a shock front over four finite difference cells.

This combination of cell sizes and viscosity used in the calculations

wotild normally lead to rise times longer than those obscrved 2xperimentally
for solids and did produce a longer rise time than that seen in the high-
stress experiments.

2. Experimental effects:

. The wavefront in guartz phenolic exhibited dispersion of the wave
front associated with the variation of wave velocitv hetween
constituent materials. The oscillatory top of the stress
wave at high stresses and long rise time at low stresses are
indications of this dispersion phenomenon,

» Frict{onal diesipation or material strength which increases
with pressure is a possible dissipation mechanism,

« Viscous damping is preseat jin both the resin and tbr filaments
(see ifolsky, (Ref.28) for example).

« Concavity of the C~7 Hugoniot would lead to more rapid steepening
of the shock front at high stresses than low,

» A gagc of finite dimensions has an averaging effect on a stress
field with u spatial variation,

All three dissipation mechanisms--dispersive, frictional, and viscous--
are present and may contribute significantly to the observed behavior.
The marked differenc ° ‘tween the comparisons at low and high pressures
leads one to suspect that some of the dissipation mechanisms are highly
stress dependent. A general model for composite ma*erial should probably
include all three dissipation effects.
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SECTION VII
SUMMARY AND RECOMMENDATIONS

1. Summary

Four models for stress relaxation were selected and irdlemented in

the SRY PUFF 2 wave propagation program. Their characteristics were
compared with those of a general, or standard, stress relaxation model
and discussed on the basis of several computer calculations., Dominant
features of the computed results for all models were the attenuation with
distance of the precursor and main wave and the extent to which these two
waves were separated. Criteria were described for selecting a model and
the model parameters.

A computational model representing the Bauschinger and related time-
independent effects was constructed on the basis of previous experimental
and theoretical resulis and the present experimental data. The model
was implemented in the SRI PUFF 2 computer program, and test runs were

made to indicate the nature of the results obtainable.

An experimental technique and a  ciated data analysis method were
developed for obtaining complete loading and unloading compression
paths in the stress~volume and stress-particle velocity planes. The
analytical method was derived and applied to the present aluminum and
titanium data. The method requires data from stress and/or particle
velocity gages embedded at a serles of locations in the target during
an impact experiment. Valid results can be obtained for both stress-
-elaxing and rate-independent materials during Hugoniot snd attenuation
experiments.

Impact experiments were conducted on 6061-T6 and 2024-T8 aluminum
allcys at stress levels of 15 to 600 kbar. Hugoniot data, release adimbats,
and peak rarefaction velocities were obtained. Peak rarefaction velocities
were considerabiy higher than those predicted by the standard elastic-plastic
thecretical mwxiel; &nd the unloading adiabat was smooth, showing no
break at an unlicading point as predicted by the e¢lastic-plastic no&ol.
Records at 50 kbar and 580 kbar were compared with computaticrns made
with the Bauschinger model. <Conclusions drawn Crom the comparisons
were that the model huas the correct form, although some parameters could
have been chosen more felicitously. No stress rilaxatidu offects were
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observed in the aluminum, probably because the samples were all thicker
than thpse for which time~dependent precursor decay is important.

Impact experiments were made on samples of the common structural
titanium alloy Ti-6A1-4V (mixed alpha and beta phases), type 50A
titanium (pure alpha phase), and Ti-13Cr-11V-3A1 {pure beta phase) in
the range 15 to 750 kbar. Hugoniot data, Hugoniot elastic limits
(HEL), and an alpha phase transformation data were obtained. The HEL in
pure alpha and pure beta was double that predicted from static yield
data, but the HEL in mixed alpha-beta was about as predicted. However,
in the mixed phase material there was a large elastic-plastic transition
ranging from 15 to 35 kbar. The phase transforma.ion from alpha to probably
ome,1 phase at 50 kbar in the pure alpha metal showed only a small
change in shock veiocity and specific volume, and was overdriven at 62 kbar,
suggesting that only about 10 percent of the material transformed at this
stress. No transformations were observed in the other alloys for stresses
up to 70 kbar.

Five impact experiments were made with woven quartz-phenolic to
obtain preliminary Hugoniot data for stresses from 10 to 200 kbar. The
records show wa uneven wave front, oscillation in stress at the top of
the wave, questionable release adiabat data, and a very thick shock
front at the lower atresses. An attenuatjon shot with a 0.47 mm aluminur
flyer yielded a stress reduction to 18 percent of the impact stress on the
9.46 mm quarts phenolic target, and & rise time of 1 usec, A theoretical
prediction for the attenuation shot based on a normal 30lid model gave
much less attenuation ~nd a steeper shock front. Bvidently, highly
eftective dissipative mechanisms are op~.ating in the woven materiasl
vhich have not yet been modeled thecietically.

3. Recommendations

The calculations with the i:nnch;n;nr model have led to significantly
improved results for attenuation and unlosding wave forms in two aluminum
alloys; the wmodel should be used whenever sufficient materials data are
available for implementation.
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The presently formulated Bauschinger model should undergo further
development to make it more adaptable to other materials and for a wider
range of stresses., Specifically,

., more experimental data should be obtained on rarefaction
velocities and unloading adiabats over a wide range of
stresses in materials of structural and experimental
interest, and

. the model formulation should be expanded to include a shear
modulus and yield strength that are functions of specific
volume aund internal energy.

Testing should be undertaken in two areas which were only considered
briefly in this report:

. impacts on preheated specimens to map the equation of
state and unloading relations at higher temperatures, and

. reverse phase transition during unloading Jn materials
undergoing phase transitions during compression. The
~ltiple-gage analysis should be particularly useful in
such a study,

The standcrd impact experimer s in woven mcterials do not yield
strictly valid Hugoniot data because of the nonequilibrium states reached
during the shock. The nature of the states achieved should be studied
theoretically to indicate how to use the Hugoniot-like data for analytical
pred.ctions,

Experiments should be conuucted to map the pseudo-squation-of-state
surface for a woven materisi as a basis for theoretical predictions., The
data could be obtained from impacta for & large range of stress levals,
and with samples which have been

» preheated to increase initiel intsrnal energy, and

« manufactured wilh substantisl porosity so that very large
internal energies would be created during impact.

Stress levels used should include those required for vaporization.
An equation of state for voven materials should be formulated and
implemented in u PUFP~type wave propagation code. The formulation should

include frictionsl damping, viscous damping, dispersiomn caused by adjacency

of materials with different wave velocities, snd a delay mochaniem such as

stress relaxation.
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APPENDIX I
TEST RUNS AND LISTING OF THE SRI PUFF 2 COMPUTER CODE

1, Introduction

This appendix presents test routines and results that can be used to
validate the use of the SRI PUFF 2 computer code on computers other than
those at SRI. The code was developed to run on the CDC 6400 st SRI. It
is a modification of SRI PUFF 1 to include stress rzlaxation and Bauschinger

effects.
Any ditficulties encountered in using the code on othLer machines will

probably arise from differences in interpretation of sowe FORTRAN state-
ments or possibly in running new types of problems. Usually these
differences will trigger machine diagnostic statcments or they will
result in catastrophic errors, 1In the case of diagnostics, the error

is located by the machine, and it can then be corrected. For catas-

trophic errors, the programmer needs some assistance in locating the source
of the errcr. We have tried to provide this assistance in two ways:
inclusion of data for test runs that will exercise all major portions of
ne code, and insertion of prints from each subroutine., The test runs
include impact and radistion deposition problems and rezoning probdblers

for solid and porous materials. The prints in each subroutine indicate

the route taken through the subroutine (i.e., which branch of esxch IP
statement 1s used) and list the msin input and output quantities of the

subroutine. These prints are triggered ™y presetting the coasisnit MAXPR
to the number of priats derired from the subroutines HYPRO, JSTRESS,

RAFSTRP, BQST, POREQST, and SSCAL. Stimilsr prints sre obtsinad ,rom
BAUSCHI, RELAX and BANDRLX by setting Serss Seitch 3.

81ix test problems are described in the following pages. The first
problem has been run in three versions: & short test with triggering of
prints from each aubroutine, a short test with slightly altered dats, and
a full run with normal printout only. Sose output from all three of these
runs is given. For the other five test problems, only the full run was
made., Por all of the runs the major part of the output is given in the

form of plots.
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2. Iuput and Sample Qutput of Test Problems

a. Test No. la

This problem, a test of the Bauschinger model implemented in the
code, concerns the impact between a 6061-T6 aluminum flver and a target
of the same mater. 1. Behind the target is a manganin-glass stress
transducer. The prob}em corresponds with . »t 670 described in Section
IV. This calculation is performed in three versions: a short calculation
with printouts from many of the subroutines, a short calculation with
printouts but using a slightly altered data deck, and a full run. The
12-tirg that follows is for the first of these computer runs. The listing
includes the input data {which is essentially a reproduction of the data
cards), the initial layout of the coordinate grid, test prints, the final
EDIT, and the siress histories.
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b. Test No. 1b
This computation is identical to test la except that all the noninteger

data are altered by 0.1 percent. The listing includes the input data
initial layout of the coordinate grid, test prints, the final EDIT and

the stress histories,
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DATE =05/07/69

sse® SRI PUFF 1 (6400 VERSION) ease

IDENY = 1 8 SHORT TRIAL RUN ON BAUSCHINGER MODEL POR &081-Té
COMPUTATIONS CORRESPOND TO THE 30 KBAR DATA OF ROGEZR WILLIAMS FOR 633176
ALUMINUM, THE BAUSCHINGER MODEL IS USI0C FOR ROTH THE FLYER AND TARGET.
THE JEOITS WERE PLACED AT THE APPROXIMATE THICKNESSES OF THE THARIE THINNER
SPECIMENS SO THAT THE COMPUTATION MODELS ALL FOUR EXPERINENYS.

THIS COMPUTATION WAS CONTINUED FOR ONLY FIVE CYCLES WITH PRINTS FROM FACH
SURROUTINE, THE OATA FOR 18 ARE SLIGHNTLY ALTEREN FROM THOSE OF 1A,

1 NTEDTs 14
2 TEDITS® 3,008E-07
3 JIplTS= SS9 a0
6 NEDTM= 130000
MAXPR = 100 190
T STOPS

8 NKTRLS® 3

6061-T6 AL FLYER
EQSTC »  6_67TE«11
EQSTH = 2.503Z-0]
€030 = 4.004F0p0
TEMS(1)m «1,001C+11

XPO = 6.006E+03
YO = 3.213E+09
NIONESs 1y P4

6061-T6 AL TARCET

EQSTC w G.6TT7€+11
EQSTH » 20503E-901
CoSQ = 4,004%+00
TENS(1)m «1,001F+]11

XPO = 6.0008E+03
Yo = J.2138+99
NZONES® 1 210

GLASS (MN aAel)

€QSTC = 3.709€+11
EQSTH = 24503€-01
€G30 = $.604E900
TENS(1)m =) ,001Ee11
NZOKESE 1o 30

NJEDIT 6 NREZONs 0 NSEPRAT® e

8.000E=07 9.000E=07 1,200806 l-6°0£-06 2,000€-06 2.400€-06
128 172 239 281

NECITn 10000 NPERN = 1 MAXPRN = 1
100 100 100 100 100 100 100 100 100

JCYCS » . S CKS o 3,800E¢00 TS © 3.009€«06

MATFL = 1 UZERO &  6,030E+04 IPLOT ¢ 0

AHO w  2.709E+00 NSRM @ S NYAM = )
EQSTD »  1,001E+12 EQSTE =  1,221€s11

EQSTS = 0. EQSTN = '.806!001
Ci = 5.003E-02 C2 »

TENS(2)s «1.001E01) TENS(I)e -I-OOIEOII
P = 1:001E+400 NUUN = 4,67%5€+11
MU = 2,673Ee3) YADD = 3.794€410
CELLS IN 1.539E-0] CM 0o

RMO = 2.709E400 NSRM = S NyAN » |
€GSTD =  14001E012 £GSTE »  1,221E¢11

EQSTS w Qe EASTN = 9,A86E~0]
Ci = 5.005€=02 C2 = 0o
TENS(2)s =1.001cel]l TENS(I)® «],001Ee11
XP » 1:001E400 NUUN » 4,675€011
MU » 24673E03]1 YADD ® 3.,794C¢19
CELLS IN 1.290E¢00 CM e

RHO ® 20920C000 NSRM ® 0 NYAM = O
€OSTD = «0.789%¢1] EQSTE = 3,003F¢10
EasSTS » 0.789E+3]1 EQSTN » 5.001(000
Cl e 3:005-02 C2 =
TENS(2)w «1.001E¢1) TENS(I)® .l.golcoll
CELLS IN 3.1938<02 CM DELX = 6,306E8«03

NPOR w O NCON = O

EQSTe s 2,042F+06
ZQSTA »  8,.285f-12

YADF = 1.001€«00
Qe

HPOR = O NCON » ¢
€OSTe = 2,042%400
€0STA »  8,205E-12

YADF = 1.001E900

‘*Je

HPOR » O NCON = 0
€Q3TE = 2,0028+00
EOSTA +  3,740fe12

¢ DJIm 2.T09E¢00s PJm 9,
s DJm 2,T09E200, PJys ¢,
» DJs 2,8208+40¢ Pus o,

EQSTe Ju 0o K= 0s CSQs 3,700E8e¢11ls EJm 0,

EGST, Jo 26, Na Oy C3Qw 3.780Fe1), EJm 0.
EQ3Te J237s M 0e CSGu 3.488Z¢11e EJm 0.

TEST 1b: INPUT DATA
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Lagtvi v si=lele
iaekvi W vi-lgoe
Laguy! v 9i=1909
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28-2C29°1
20=3ET9° L
20-3C19°1
28-3C39° 1
tiod TA081
20=3C29°1
28-3€29°1
0=-3C29° 1
20-2¢29°1
=3¢’
T6-E29° 7

4
29=2099°1
20=3099°1
20=3099°1
20=3099°1
218=2099°1
20=2099° 1
20=3999* 1
20-2099° 1
e=3099° ¢
20-4999° 1
20-3999°1
23-3899°1
30~3099° 1
N=2099° 1
20-2099°1
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20-3099°1
20=9099°1
20-3999* 1
39=2999° L
20=J099° {
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Ce Test No. lc

This computs*ion represents the normal production run of Test 1.
The results are a sample of those obtainasble with the Bauschinger model.
The listing inciuded in the following vages contains the input data, one
page of the initial layout, the final momentum EDIT, time EDIT, and two
pages of the stress histeries. In addition, there sre computer-generated
plots of deviaioric stress versus specific volume, of stress~distance

curves, and stresz histeries.,
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DATE «03/06/69
IDENT = 1

os0® SRI PUFF | (8400 VERSION) Pese

C MORMAL RUN, TESY CF BAUSCHINGER MODEL

ON 606176

COMPUTATIONS CORRESPOND TO THE 50 KSAR DATA OF ROGER KILLIAMNS FOR 606178

ALUMINLM,

THE DAUSCHINGER MODEL [$ USED FOP ROTHM THE FLYER AND TARGET.

THE JEUTTS WERE PLACKD AT TME APFROXINATE THICKNESSES OF THME TRREZ THINNER
THE COMPUTATION MODELS ALL FOUR FXRPERINENTS,

SPECIMENS SO THMAT

1 NTEDTs 7
2 TENITS® 3,000E-07
) JENITSe S0 .1
6 MNENTHMe 100000
T SToPS

8 NMTHLSS 3
60&1-T6 AL FLYER
EQSYC @ 6.8708211
EQSTH & 2.5008=01
C6SQ = 4,000E+00
TENS(1)=® «1,000€011
XPQn 6.000€+03
YO o 34210209
NIONFSE |y 2%
5061.T6 AL TARGEY
EQSTC = 6.6T0F+11
EGUSTH = 2,5¢02-01
€0SQ = 4.000£400
TENS(l)® =1 ,000E¢]]
XPO=n 6.,000F+03
YO a 3.2.0F 09
NIONES2 ). 210
ALASS  (MN NAGE)
EJ3YC » C.780F. 11
EQ5TH 2.,500C=01
C0SC a 4,000C+00
TENS(l)® «1,000%s11}
HIONESe 1 30

NJESITa 6 NREZIONw 0 NSEPRATs [

6,000E-07 9-0Q0!f°7 1,200F=06 1,600C=00 2.,000E~06 2,400f=00
128 172 2} 331

NEDITe 10000 NPERN » ) . -9

JCYCS = 1290 Cx% e 3.%00E¢00 7S L] 2.000€=08

MATFL = 1 UZERO » 6.030E+04 IPLOT = -]

RHO = 2,TOSEJ0 NSAM = & NYAM = ] NPORe .0 NCON &« 6
EQGSTD w  1.000Ee12 'EQSTE &  §,2208e11 EQSTG o  2,046%e00
EQSTS = Oe ,EQSTN 9,A93E-01 EQSTA Ge283E~12
Cl = 5.000€=02 =0
TENS:2)m «14000€e]l) . TENS(I)m «1,000€)1

XPo 14600Ce0Q WUUN w» B46Y0Ce11  YADF = 1,008%~08
MU = 2.670E¢11 ;YADD @ 3.790F )L
CELLS IN 1.337€=01 C¥ DELX= =0, -9,

AKO = 2,709E+00 NSRM v & NvAH = 1 RYOR » O NCON »
€QST0 = 1.000E412 EQSTE » 1.220E+11 CQSTE = 2:.060E¢ 00
€QSTS » O EUSTN 9,%93€=-01 EQSTA 6.203€-12
Clwm %5.000Ew02 ofe
TENS{2)7 «1.000Ee1] TENS(3)m «1,200€¢11

XPs 1.000Ee0 MUUN = 4 aTOE]]l YADF = 1.200C+00
My = 2+670E+11 YADD = 3,780€+10
CELLS IN 1.257£400 C% DELX® 9. =0

ARO © R,520Fe00 NSPM = 0 Nyam = 0 NPOR w O NCON = 9
CASTD = «2.T80E+]1)] FQSTE = 3,000E+10 £QSTY = 2:0008+00
EQSTS = B.7080%+1) CQSTN 5.,R0TF«00 EASTA $,740C12
Cl s 3,000E-02 0.

TENS(2)m =1.000E01] TENS(I)m «1.,000Ee1}
CELLS IN  2.150E~01 C% DELX » 6,009E~92 wle

TEST 1c:  INPUT DATA




[ad L R4 L 2 X X 4

NEBURZTRXZZIZITXZZFITZZIIXZR2N.) CETZTT2ZX2XTXXTXTTTTITZZTITLTZITX

1358vi
L3euvl
13e8vi
139%vi
438y
A3puvi
L39dve
439951
1304yl
1399v1L
. dagive
d3puvL
4303V1
A39¥VL
L3pavl
l3p4vi
1308v1
A3pbvi
L3glvl
43e4vi
13ebvi
Aelvi
1393vi

¥3Ag
YA
¥3A4
H3AS
¥3A4
3414
1Y)
¥3A S
uFAs
1YY
U3ANS
¥3Ad
¥3A4
¥3A4
w3A 4
¥2A 4
NIAN4
IANS
IAYS
yzAld
¥3A4
y3ANd
¥3A
¥3AS
u3A S

BBRNAAVNNANVNNOARNNANNNNANNGY NNNNANNINONNLKLIVONNONNN

ang?d

13p8vd
¥3AM

21-1909
9l-1909
91-1309
9.-1909
$.-1609
9i=1908%
91=1¢09
94-1909
94i-1909
eL=1909
3i=1909
9L=1909
9L-1909
91=190%
9i-1909
¢i-1909
9i-1909
94-1909
91-1909

94+1909

9ie1909

9i=1909

9i-1909
91-1909

9i=1909
9=1909
8i~1909
9i~1909
9i-190¢
9i-1999
9i-1900
9i=1909
9i-1909
94i-1909
9i-1909
94=1909
91-190%
9i-190%
9~ 90%
oi-1900
9i-1909
vi-1999
*i-1909
9i-1909

-9d=1909

9.~1909
94-190¢
i=1909
vi-1909
9i~1900

Teisdivn

1NOCAVT JLVNIGHOOD

20-322e°1
20-3229°1
20-3229°1
20=3229*1
20=3229°1
20=3229°1
20-3229°1
20-3229°1
20=31229°1

2932291

20~3229°1
20=3329°1
20-3329°1
20=-3229°1
20-3229°1
20=3229°1
20-3229°1
20=3229°1
20-3229°t
20-322¢9°1
20-=3229°1
20=3Z29°1
26-3229°1
20=3329°1

9
20=-2699°1
20-2899°%
20-3599°1
20-32699°1
20-3599° ¢
202899t
20=3599°1
20=-2599°1
20+3599°!
20=3599°L
20-3399°1
20=3599°%
20-3699°1
20=389%°1
2035951
T0-2695°1
te~3599°8
20=2899°t
20-3559°Y

20°2899°1
2e~afes "y
20°2699°1
20=2699°¢
2636991
IMI/we
(F) Wz

11¢3000°1e00e300L°2
11¢3000*T-0003060L°2
11¢3006°1=000360L1°%2
1103000°500030602°2
[l+300C°T=00e360L%2
11¢3000°1=0003602°2
113000°1=0003602°2
t1+3000°1=000360L1°2
11¢3000°1=0003060L°%
tLe3C00°1-000360L%2
T1+32000°1-00¢3501°2
11e3000°1=00+4602°2
1103000°1=00e360L°2
11+3000°1=-00+30604L°2
TT7¢3000°1-000360L°2
t1¢3000°1=000360L°2
{1+3000°%=000360,"2
11+3000°100e360L°3
§103000°1=003060L°2
1103000°1=00¢3606L1°2
1103000°1=0003060L°2
T1e3000°1=0002060L"%2
T192000°1=-8003604°2
TT1e3000°1=-0003602°2

1103000°1000360L°2
1103000°1=00¢3602°2
T103000°1-0003602°2
T103000°1=0023602°2
1103000°1-0003604°2
1103000°120003302°2
11+3000°1=0003604°2
1103000°1=80¢3602°2
1103000°1-0003060L°2
11+3000°1=0003601°2
11¢2000°1=0Ue3604°2
T103000°1-000360L°2
1102008°1-0003604°2
1102000°1-00¢360L°2
1i03000°1-0003604°2
1103000 1-0003604°2
103000°1=09+3602°2
1C02000° [=00e3604°2
1103000°1 -00¢2004°2
1143000° Todde360L°2
1102008 1=0003602°2
1102000°1=0003602°2
Tle3000°1-00¢360L°2
1103000 1~6602604°2
11+3980°1=000300L°2
11020020 1=000269L°2
IMO/NAT  EWI/n9
(s (rig

§0e3svl*9
e0+dLv1%9
e0e3L91°9
s0e3sv1*9
g0e32v1%0
S0e3Lv1%9
S0e3401°9
$0e3Lvl°9
S0e3L01®
$0e3ivl9
[T TR 284 ]
S0e3201%9
$0+3iv1°%0
$0e3L01°9
50¢3.91°9
S0e3iv1%o
§0e3L01%9
$Ue3iel%9
G0e3ivlcy
sCe3lel*)
SO0edsel’9
§0e3iv1%9
80+3(91°9
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FIGURE 45 TEST 1¢: SAMPLE PLOT OF STRESS DEVIATOR
{Curves plotted by computer from calculated resuits}
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FIGURE 47 TEST 1c: SUMMARY OF STRESS HISTORIES
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d. Test No, 2

A simple impact between a sclid aluminum flyer and an aluminum
target is given as Test 2. Neither stress relaxation nor Bsuschinger
effect 18 included, so the problem could be run with any one-dimensiomal
wave propagation code containing an elasto-plastic equation of state.
The listing in the next pages includes the input data, a page of the
initial layout, and samples of the final EDIT and stress histories. The
EDITs , stress histories, and a deviatoric stress-vclume path are shown

in the figures.
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DATE 594/22/69
10ENY = 2

1 NTELTS
2 TENLITS® 5,0008<97
3 JEDITSs 38 5

& NEDTH 300000
7 STOPS ,
3 NNTRLSS 2
AL FLYER '

EQSTC & 7,5508411
EQSTH ©  2.500E-01
C8S0 = 4,000£+00
TENS(1)® =1,000€011
Y0 » 2.500£469
NZONES® L+ ‘148

AL TARSE) .

EQSTC » Te5S0Ee}1 1
EOsin = 2,500E~yi
CosQ = 440005400
TENS(L)m «},000E11
Y0 » 2.500E409
MIONESs iy 148

*0e® SRI »_"F 1 (6400 VERSION) wees

MODEL 09 AL/AL IMPACTs NO RELAXATION OR BAUSCHINGER
FLYER aMD YARGE‘ BRE BOTH OF 2024<T3 ALUMINUM

NJ!DlTl ¢ NREZQWe
1s000E=06 14500E=06| 2,000E=06 2,300E=06
112 187 224 261

NEGITa 10000/ NPERN = 1

JCICS » 12%0: CKS = #,000€+60 TS ]

MATFL » 1;UZERO = 2,060E40% IPLOT =
RMO ® 2.78SE400/NSRM = 0 NYAN 1 WPOR

EQSTD = l-ZOOEolZlEOSYE = 1.220E+1] €QSTS

EaSTIS s 1.197€4)2 1.089€+00
Cl e 1+500E=0)1 C2 = [ 1%
TENS{2)s =)o000E*1)| TENS(I)n «),000E¢1)
MU = 20870E+11' YADD = 0.
CELLS IN 2.oooEooo=cu “0,

RKO = 2a705€oo°,NSRn ® 0 NYAaN . 1 NPOR
EQSTD = 2,290E+12:EQSTE o  1,220€+11 EQSTE »

ZQSTS » 1e197€ei2( 1.089€0C2
Cla 1.5006-01 C2 » [ Y
TENSi2)s ‘lo@‘ﬂ"l!,'f"i(:). «1.,000€¢11
M= 24870E+11:YADD » [ B
CELLS IN 2.003Ee¢00 CN -0,

TEST 2: INPUT DATA

162

0 NSEPRATe

-0
2.800E-16
1

O NCON = &
2:040C000
T.525E=12

o NCON = 0
29000400
To325E-12
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€. Test No. 3

The stress reliaxation msechanism of Model X {<imple anelestic model)
is tested in Test 4. The configuration is 2 sywmetric impact ketween
two plates of 2024~73 aluminum. The plates nave differert relazation
parameters but are ctherwise idontical. The listing included on the
following pages contains the iaput data, and portions of the initial
lavout, and final EDIT and stress histories. The EDITS , stress histories,

and a deviatoric stress-volume path are shown in the figures.
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J0ENT = 3 WODEL le &L/AL 1WPACTs  STANDARD ANELASTIC RELARATION
SOTH SLYER ANU TAKGET ARE OF 2024=Td AND THE STANDARD ARKELASTIC SOL10
STRESS MELAZATION MODEL IS USED FUR yuTH, MOWEVER, THE ONE PARAMETER, T2LX,
IS OIFYERENT [N THE FLYER AND TARGET,

|
i

[P s T atet Al ontet ~ttar e .~ o8

) NYESTS s
2 TEGITS® 5,000E«07
3 JEDITS® 33 78
6 NEpTNS 190000
7 STorps

8 NHTHLSS 2
AL FLYER

E387C = T7.850E¢1}
£63Tw &= 2,5008-01
693G = 440008 +00
TENS(L)m «]1.00CEe11
TRLX ¢ 1+506€=07

Y0 s 2.500E409
KIONESS ¢ 148
AL TAWRE!

EQ3TC = T7,530C¢11
EASTH &  2.509E=03
€984 = 400000
YENS())®m =1,000E«1)
TRLX = 3.090E-07
Y0 a 245008409
NIOMESE Ly 148

RJEDLTe ¢ RREZONe 0 NSEPRAT« °
140008200 30500E=00 2,000E=06 2,506E-06
112 187 226 26}

NEQLTs 1u000 |NPERN = i -0
JCYCS = 12%0 .CxS AcUT0ES00 TS 8 2,800E-66
MATFL @ 1,U2ERO & 2,900Ee06 IPLOT = }

RHOS ® 2.78SLe00 |NSAM @ | KYaM & | KPOR @ O NCON & 0

EUSTD & 1.290E¢)21EGST. u  §14220Ee1] EQSTE o 2.0402.09

EQSTS &  1¢i9TEe)2 1.089€+00 7,5258=12
Cl = 1+500t=01 (2 = O
TENSt2)a ~1.00080k) TENS(Iis «),000E911
=0 °Go 0
W e 2.870E+1] YADD » o
CELLS IN 2.000keQn Ck -0 G

RAUS 8 2.785L°00 NSRMt = | HYaM = | NPGR @ O KCON ® @
QST »  1¢290be12 £QSTE »  1.2208<11 £QSTG »  2,R4C6%<00
€usTS = 1,397 1,0898:60 To525¢-12
€1 s 1.50082Ci €2 «  ep.

TENS(2)2 ~14000801) TENS(3)m =),000E¢1)

Qe Qs b 1}
ny o 2:870E+1] YADD 0
CELLS In Z.0008e00 Cw -0, o 1)

TEST 3. INPUT DATA
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TEST 3: SUMMARY PLOT OF TIME EDITS
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FIGURE 83 TEST 3: SAMPLE PLOT OF STRESS DEVIATOR
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f. Test No. 4

The stress relaxation mechanism of Model 2 (Band's mndel) is tested
in Test 4. The configuration is & symmetric impact between two plates
of 2024-T8 aluminum. The plates have different relaxation parameters
but are otherwise identical. The listing included on the following pages
contains the input data, and portions of the initial lavout,and final
EDIT and stress histories. The EDITs , stress histories, and a deviatoric

stress-volume path are shown in the figures.
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oan® SR HUFF | (H600 VFRASION]} esas

DATE 895/13/69

ICEAT = 6 MODEL P2y bAw) RELAXATION “ODELs [RON/TRON IMPACY
THE DISLOCATION MULTIPLICATION PARAMETEK GEEe 1S NIFFERENT [N THE FLYER

ANG THE TaWGET,

1 NTENT= 5
2 TENL 1 5* 1,933E=-07
3 JENITSE 53 85
6 NENTHMs 190000
T SToPS

8 NMTHLSS 4
TRON FLYER

EQSTC = 1e761E012
EQSTH = 2.500E-01
€0SQ = 4.000E+00

TENS(L)s =]1,000L¢11]
1 3 1.000E=086
GEE = 5,0008-02
YO = 5.000L¢09
NZONES= Ly 148

TRON TARVEY

EQSTC = 1,Falke)2
EQSTH = 2¢5008=¢1
CoSu = 4,0008¢00

TENS(L)® =] ,000Fe)]
Tl = 1.000E~06
GEE = 0.

Y0 = 5+000E209
NIONESS 1 148

NJEW]T= 6
2466TE=0T ©4000L~D7
11T 1H2  Zi4 24

NEDTT= 1eoon
JIYCS = il
MATFL = 1

KHOS = T.850t+00

EUSTD = 0.
EUSTS = G

Cl s 1.560L~01
TENS(2)= ~1.000ke]]
12 = $e000L=06
EPS = 9.060L=5]
T B.l40te])

CELLS [N 6.000b-0]

HHOS = 7,850k¢00
EWSTD = Oe
EUsST, = Ge

Cl = 1.500L<01]
TENS(Z2)s =1.000t+11
12 = 4000k -06
EPS = Y.000t=01
MU = HelaGhell

CELLS IN 6.000L~0)

ALL OTHMER PANAMEITERS & (DENTICAL,.

NREZON=& 0
5¢333E=GT H.66TE~)T
NPENRN = i
CKS = 44000E400

UZEHD = 2.900EGe

NSRM = 2 NYam s ]
EQSTE = Re400E-]C

1.650E+00
[o- (i
TENS(3)m =) ,000E¢]]
BEE = 1.9R0F+10
NMO = S4N00E+00
YADD = Oa
o] =0,

NSRM = 2 NYAM & 1
EQSTE = R,600E*]10

Leab0E 00
C2 = (i
TENS(3)s «l,000Fe])
HEE ® 1e9ROES] U
NMQ u S.00E*00
YADD = [
CM™ -0

TEST 4: INPUT DATA
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NSFPHAYx 1]
MAXPHN 3 i}
15 2 8.009€-07
[PLUY = H

NPOR = U NCON = 0
EuUSTG » 1.400E400
Tel2l4E~12

Vi = 3.220E+05
NTG = 2.000€¢01

=0

NPOR = 0 NCON 3 9
EQSTG = 14600E+00
T.214E~-12

L] 3.,220E405
NTO = 24000E+0)

0
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g Test No. b

The stress relaxation mechanism of Model 3 (Gilman's model) is
tested in Test 5. The configuration iz a symmetric impact between two
plates of 2024-T8 aluminum., The plates have different relaxation parameters
but are otherwise identical. The listing included on the following pages
contains the input data, and portions of the initial layout, and final
EDIT and stress histories. The EDITs , stress histories, and a deviatoric

stress-volume path are shown in the figures.
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Fhigahiin i

DATE =05/13/069
I1DENT & 9

TRE DISLOCATION MULTIPLICATION P& "“ETER, PH],

AND IN THE TARGET,
S

} NTEDT= ¢
@ TEDLTYSE 1,333E<0°
J JERITS: 53 @S
& NEDTM= 109900
T SToPS

@ NMTHRLS:S 2
IRON FLYER

€QSTC = 1,761E2})2
EASTH = 2.50CE=01
(9Sa = 4. 000E 00
TENS(1)=2 =~1,000F¢]}
CEE = €.U00E+03
BNMO= 5.000£+00
Y0 = S«U0RE09
NZONESSE Ly 14R

IRON TARLET

EQSTC = le741E*)2
EQSTH, 2 2.500£=01
Co5G = 4-000E*00
TENS{i)® =]1.G90E+]}
CEE = 2.,000e 402
dhK0x S5+000E+0Q0
YG = 5.0008 09
NZONESS 1o IT L)

vese SH] PUFF |

MONEL 3o GILMAM REL

ALL OTHER , aaMETEL
NJEOBITS 6
2eb6TE«0T 44000L=07

11T 182 ¢2la  2e8

NEDIT= 1u000
JCYCS = ig00
MATFL = 1
RHOS ® 7.,850b+00
EUSTD = 0.
EUSTS = Oe
Cl = 1.500t=01
TENS(2)3s «le000t%)])
Pl & lo000ken3
-0
" s dalaotell

CELLS IN 6.000k<0)

HHNS = 7,850t +00
EWoYD = 0s
EUSTS = (1Y

Cl = l.500t=01
YENS(2)3 =1+000ke]]
Pl = (L%

-0
My = 8slalbel}

CELLS IN  6.000t=01}

(6400 VESSINN) eves

AXATI'N MTDEL s JRON/INON MODEL

RS ARE IDENYICAL,
NREZON= 0
S4333E=07 &,56TE-07

NBERN = 1
CXS = 4,000E-00
UZERD = 2,5008 ¢ 06
NSAM 3 )} NYam =z ]
EQSTE = R,a00E+]10
1.6%0£¢00

Ce = Oe
TENS(3)2 =1,n00Fe]1
BEE = 1.990E10

“fla

Y&0 = Qe

C" '0-

NSRM a2 3 NyaM a |

ECSTE = R,600F+10
1.65CF+0C
CZ = 0,
TENS!2)x «1,000E¢]])
HEE = Lc9R0E+30
=0,
YADD = N,
(o} =0

TEST 5: INPUT DATA
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IS GIFFERENT IN THE FLYER

NSEPKATA 0
-0
TS = 8.000E-07F
-0
NPOR = U HCON =
£Q576 8 1,600E«00
7.2148=12
vk 8 3.220E+0%
“0e
=0,
MPOR = 0 NCOGN = 0
ENSTG = 1.600E+C0
T.216E=12
VM 8 3.2208405
=0
0

v
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n, Test No. 6

The stress relaxation mechanism of Model 4 (twc parameters, variable
yield model) is tested in Test 6, The configuration is a symmetric impact
between two plates of 2024-T8 aluminum. The plates have different relax-
ation parameters but are otherwise identical. The listing included ~n the
following pages contains the input data, aunu portions of the initial lay-
out, and final EDIT and stress historiea. The EDITs , stress histories,

and a deviateric stress-volume path are shown in the figuves.
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$000 SRI PUFF | (6400 YERSION) eose

DATE 0d4/28/49

10€xT & 6 MODEL oo TWO-PARAMETER, VARIABLE VIELD RELAXATION MODEL
IWPACT OF TNO 2024-T8 ALUMINUW SLATES) EACH DESCHIBED OY THE TwOLPARAMETER
YIELD WODEL., TWE Tw0 PLATES WAVE DIPFERENT VALUES OF THE ~1CL0 RELAXATION
TIMEs JYo OUT ALL OTHER PARAMETERS ARE THE SanE,

1 wigote’” $ NJEDITe & NREIONe 0 NSEPRATe ¢

2 TEOLTSS $.000€-07 1.000€-06 1.500E-00 2.000C-95 t.suc-n

3 J0It8s 29 TS 112 18T 22¢ 261

6 NEDTHS 100060 NEDITs 10000 NPERN o i ]
T STops JCYCS 1230 CKS » $.3008¢00 78 & 2.800E-56
o fmTRLE 2 RATFL @ 1 VZERD = 2,000€¢00 IPLOT & 1
AL FLYER RHOS & 2.705E¢40 NSAN & o WYAN o L NPOR & ¢ NCON © ¢
BOSTC o T7.550L011 EQSTO o  1.,290€¢12 'CQSTE «  1,226E01) €aSTO «  2,000€400
COSTH & 2.500E-9] EusTS o 1.197fe12 1,009C+00 7.928£-12
€080 » 0.0005¢00 £ = 1.5008-01 c2 o 0.

TENS (1) =1.000801) TERS (210 <1.00CEel) TENS(D)w <), 008E0))

L S 1.000E-87 TY » 1.098k-07 -d, -9,

0. 2o900£008 W 2.0t0ke1] vaADD o B

NIONESS i+ 168 CELLS In <gatfens Om -9, .0

AL TaReE! A0S » 2,705L+00 NSRK & ¢ NYAM » | HPOR 8 § NCON = ¢
GOSTC & T.350Lel) £QSTO o  1.290E012 EOSTE s 1,220€¢11 £E00.8 o 2.040€400
eSTn o 2.500i~01 Losts o  1.l0rie2 ooct-n T.0042-:2
o83 » 4.0008+00 L1 » 1.9008<01 C2 »

B 310 <1,000C¢1) TENS(210 =1 0abell TENS(D)e -l.outcu

s e 1.008£-47 Tr s S.000i-00 o9 9,

e 2500000 W o 2.8768¢11 VADD » PN ,
HZONESS Lo 368 CELLS IN 2.000fe¢0¢ Cn -f, e

TEST 6: INPUT DATA
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3. Listing of SRI PUFF 2
In subsequent pages the SRI PUFF 2 program eleaents for wave propa-

gation calculations are listed. The program requires 51,500 words

storage for loading onto a CDC 6400 and 46,500 words for execution. The
program and the listings are divided naturally into two segments, the

first for computations and the seccnd for plotting. If the plotting

cannot be implemented on the user's computer, then the plotting subroutines
should be omitted and the call to PUFPLOT should be removed from EDIT,
(There is no other link to ihe plotting routines.) The program elements

are included in the following order:

Mein program: SRI TUFF 2

Computational Subprograms: EDIT
EQST
FMELT
GENRAT
HAFSTEP
HYDRO
JSTRESS
POREQST
REZONE
SSCAL
RELAX
BANDRLX
BAUSCHI

Plotting Subroutines: PUPPLOT
HISTORY
HUGOH 10
TPLOTS

anl




ocadotnnn

(4] ne
=37
-

L ]

PROGRAN SR PLFE (IAPUT,CUTPUT TAFELCH INPLT TAPELE=CUTPUT, TAPES,
1 TAPEYTAPLE TAPESTAPELL TAPELSFILPFL#10000)

TAIN PRCGRAF & » o
® CALLS GENRAT TO READ DATA AND IMITVIALIZE ARRAYS
® CALLS HYDRC FOR EACH CYCLE OF CALCLLATICKS
® SETS VINE STE?P
% CALLS EDIT, ECTRCN, AEZCAE AS PECLIMEC
O CALLS SCRIPE VO STORE RESILTS AND FCR TERPIMAL PRINTCUT

REAL RATL PUSRUR,PUPNEP,NET
INTECER Mo PCRCLSoRIATER,SCLIC,SFALL
MISCELL ANECUS
CORMON CEF yCKS,DAVE OELTIN0CLD oORMC 4CTHIA DT, CTANyDUL DX EOLLWFy
1 PIRST pJoJCYCSoUINIT o FIN ISNAR JSTARGJTSQLSLBILL) o MAXPR{LL) N,
2 NCYCS,NPERN POLDRLAST SLAST SPARGIF,TIPE,TJ, TS, ULAST ,UCLE,
3 MASTANOR,XCLIC
EQLATION OF STATE - SCLID
CONPER COSQLO00) ¢CL10,8) sC2(0) JEPELTIE ) oEQSTALE)EQSTC(S),
3 ECSTOLO) s ECSTEIA)oCQSTCUG) JECSTRUED JECSTNEG ), ECSTS(6) ,FATLI2,61,
2 RULE) ,RH0I6) RHCS () ¢ TERS(O3) o YALL(8),Y0UE) JONCIG) ,NPOR(S,2),
3 RyPUPMNTRLS
ECUATICAN CF STATE - PCBCUS
CORPCN MK(6) oMUPIS) JPORATALI)PORB{4,2)PCRCIA,I)WRHCP{S,3),
1 YECCPUA,3)OREF JRNCEY PP
RACIATICN CEPOS]TION
CONMON $5(300,93)43310P{3)+START(3) SOURY SSTCFP NSFEC,S5J,J8S
CCCROINATE SARAYS
CONNON 213001 ,C13CC)SNLIICC)I,DT1ICC),ONLTII00) JEMHLII00),HEICC, D),
L NERIICOIIREVIIOG) *1300) oML (3CC)I R {3CONSI200)45PL02G05,T713C0),
2 U300 ) UL [360) o THL LICC) o 2NL 1 2CCH
NALPSTES VALUERS
CORMEN Do DNL AST o CUP o ER o PR oRAVAPLASY S0 SRLAST JUM JUNLAST , XH o XNLASY
IOEAYIFIERS
COPRCR DISCPILL0), ICENT L JEDITIZC) JJREICNLELS),NDATELD) AEDT T.AEDTH,
1 MJIED I MR NREZON NSEPRAT (ASPALL JATECT. RTEX,ATR{ 1SS, TEDITISC)
CTACETICh INCICATORS
CORMON TNF oL INTER ,MIRROR (NOREAL , PCRELS (RIATER,SCLIO,SPALL
SPALL ARC PELAXATION
COFNON NSRIG) TSR (4,01 ,USPIB0) . PSP(C) s LRLAMICK  MEPH,NETH

CORPEN 7PLET7 IPLCT  EFPLOTIO) L INES ITPLLCY (ATRLOT L IFLAGT JINISTHY),
I IMa

CORRON 44 220C)

CALL FECONCIFIRSY) § X INsFIRSY

CALL 6EnmaY

BRCCReb JC

CNSRCVCSonPERN § IToRIROIO.ATEDT-3) § Nled § SF=D.0
(Y TIYIP{. 1}

CALCLLATE 20D STONE ne(RCIYMARIC (312
Calt PYIRC

ML eRin 8 CALL SRLCOMOIRER! 8 DORELIIpwRla-RiM
ME0I0BLIC RO1YS, PRINTS

I Pk 29 .88, €} 3C%,a¢

CALY ey in-¢ IR SY

BPIVELIBORIN ISV AR U NG EALT LR VS, DINN, IRA R JINAY

AN IR MEO IR EQ.C) CaLlk €O VRCP

IPEPCOIN MEDIT) BC.C) CaLL Y

STORE DATA 1K BUFFER
CALL SCalane

1100 sarastiges
1F (TIPE L0V, TS) 34,400
10 IR 8GQ. - HKVCY) 4CC,308
IF (REJSMAR) AT, CESD 136.00C
CaL S30TCHL2,130T7CH)
6 TC (400,508) I%uiC»

MAIN PROGRAM: SR; PUFF
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P —

L14Y]

519

320
525

41
[ 2]

MITE {18,41)

WATTE (10,400 MyJCYCS, TIRELTS, X(JSPAN),CRSISOHICH,LTAN

CALL EDYMON 8 Catl EDIT 8§ LSLE(MI=] & CALL S(RIBE
PROGRAM +ALTS CN CCHPLEYICN CF BLL CATA CECKS

60 10 100

VIne STEP CALCULLATICA
JTNMmARINL{SFOCTNINCANAR 1 (1,200 TN, . C220SFODTPING)
IF (SCURM.EQ. 1.C) ¢30,3%0¢

COMPUTATIGN OF SDLAF
DLRN=] .0
IF(TIPE.LT.SSTOPR)S15,53C
00 %25 AS=1,ASPEC
IF CUTIRE LT, SSYOPINS)) GANC. (TINE .CT. STARTINS)}) 520,528
SCURK=APIN){SOURP SSTLP{NS)-START(AS))
COMT IAUE
CUINFP=ANINIICTINF s C.CieSOLRN)
CNsRCYCSNPERA

TIKE £O1Y
1F (17) 560,530,¢5¢
CALL ECIT  ShTanTe)
IF (KT LEC. ATR{MREION)) 337,928
CALL REJONE 8 ANAEIONSHRZICN:}
CCATINVE
1F (KT .EQ. WYEDT) 24(,543
Ite-1 § GC TC S&C
iTeQ
IF (ISAECAODTAN LT, TEGITINTe1)) 340,222
MCYCSa(TEDITINT+1)-TINE) /CTHNGL 8 C(R=ACYCS
CINP= {TEDITIAT L )-TIPEN/CN & 112}
ool 8§ WieliRe}
1F (DIN+ .GT. O) 1200,%46%
hsk=-1 & GC TC 00 12717

FORNAT (7 3+ N =, 04,84y JCYCS sold,y BH, VIPE =,E10.3,0M, 1S &,

1 EL1C.3,12n, KEJSPAX)Y w 610,83, The CKS o E1C. 20100, ISBTTH =13,
2 8. CINN »E1C.3)

FCARAT (/74X , 2810000 CRITERITN FCP SICF os00)

FORRAT (SH e 13,00, JSTARTA, N,y VIRE=E1C.Y,12%, CALC TIMEeF1O.)
LellM SECY, JTSe, 14,70 OTAMe (103,70 SPONe, 810,280 JSRADe,[4/}
(134

MAIN PROGRAM: SRI PUFF {conciuded)
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L oYl aXatal

[ ]

aNne

1

SUSROUTINE EC 1T

(EMCLUCES ENTRIES ECTHOM, EODUMP, ARD SCRIBE)}

RAJCR PRINTOLY IS NABBLED BY TRIS BLUTIME

EOIT LISTS COORDIMATE QUANTITIES FCR TEINE OF IEDIY
EOTHON CORPUTES AND LISTS PCREATUN CUANTITIES

E00UNP GIVES A FORE COMPLETE EOIT FCR DEBUGCINGE PURPCSES

LR B N3

A FINAL LISTING OF STRESS KISTORIES

REAL RATL AU RUP PP MEP, MET
INTEGER N, POROUS R INTER, SCLIP, SPALL
NISCELLAKECUS

CORMON CEFoCESeCAVECELT IN,D0LO ,DRMO OTP IN ,0TH OV Mt oOU s OX o ECLD oF ¢

L FIRSTpJodLYCS s JINIT o F IR JSMAR ,ISTARITSoLSLBITL, JMAXPRIELD oN,
2 NCYCS MPERN, POLERLAST o SLASTSHAZVF,VINE 10,15 ,ULAST UOLD,
3 RLAST,XNOB,X0LD

EQUATION OF STATE ~ SOLID
CORRON COSQEGo8), 10858 ,0200) EPELT{8,5),ECSTALS)ECSTCHS. .

1 EQSTBLA) ECSTELS)JEQSTCLR), EQSTHI) JEQSINIAILEQITI(O) oRATLIZ 00},
2 PULE)RMO(E) RHOS(4) TENSEISo3)VADD () YO0}, 80D 141 NPCRIS, 2],

3 RoRUF MRTILS
CQUATION OF STATE - PCRCLS
CORRON AK() oMUPLO) o PCRALA, D) . PERR(44 1) FERCI4,3) ,RADP(4,3),
3 YABLP(4:1. ,DREF,RIQPY AP, AC
RABIATICA CEPOSITICK
COMMON $$€ 300,50, SSTOP(5),STARTIS),SDLRR,SSTOPPNSPEC,58),488
COQROIAAIE ARRAYS
CONRON 213801, C1308)CoL 13005 ,D1ICCI,DNLE300) EML 1300),0ID00,5 ),

I RENC(I00DI,NETIN0O) P (00D o MHLIICO) RIIOC),S1300),23%L1300), T(300),

2 V(300 ANNLESO0) - YHL (DD0), 1 (28C)
MNALFSTEP VALUES

CORMON DM ONLAST oOUN o ENe Py My BRLAST, She SMLAST U oUPLAST o XNy XNLAST

IrssTIFLEng

CORRON O1SCPT (100 ¢ 1DENT JEDITI20)JPEZCAL 1), R0ATE Y] NEDITY NEOTR,

I NIEDIT MR RAEION NSEPRAT NIPALL JNTED T, ATEX ATRILSILTECITISO)
COnOLTICR IALICATCSS

CORRGE INF oL ENTER P 1RAOR  NOBRAL « POROL S oA IRTIR ,SCLED JSPALL
SPALL AND RELAXATICH

CORPON NSRIG) ,TSRLO 8} USPIS0) o DIPLAC)ARLNNICK AER NETH

CORRON /PLOT/ IPLOT IFPLOTIS) L IRES I VPLCT ATALOT TFRLACT,  ENISTLIY),

1 LMy
COMMOR A12540)

QIRERSICH YT8YIS1ea0(0l RIE0(GLDID4C) PIELAY
VIRERSION PLE30GI,P2I300F,30(13CCI.£(30,%C)

CIngas ICH 11,300

CQUIVALEINCE (JhyN)

L vALENCE (2,80

SOUIVALENCE (JORBLL) IR, (JIMGI2,302), (J8MD(D1,200)

«  4FONT POR EACR EBIY
() Pl
CALL SECORDICHARER) & DURCNANME-FIASY

JETORCAENE( SETAROL 4 JFIN-)) 8 APYIejS12Rg-280]Te}
MIVE (10,0020 ATER A TIRE JET00, (L0

M0 1 malnit. 50000

Wiileba (22-PL 02D

JAndteit 3 We}

JRINE{ILVARE , JER(P))

Apwdpedfe]

NEARERIRENIeL & €O VD (X.2,7.3,2.2)0880;

Calt PEPOVE (YMLJ42),PL1J0I04)

Calh NOMOVE (SD1JL),P2 dM0eBI) ¢ CL ¥C @

CALL NENOVE (MERLJII.PLTJLI 042

L REROVE IRETI33).P2101) 0000

[+ 3% |

MRESE 138.3Q28 V000 RE 40,0840 e810) 310083100800 843,00004C840,4¢
E (RGN Joto I o MATLER R RATLIZP) o PLS) PRI, = a2, 4D
P 12 A6, JN1M08) 6L TC 28

Jimidel

M=fle] § WALITE (i8.)82%) °* &L YO 12

CONt I ¢

SUBROUTINE EDIT

SCRIGE STORES SELECTED RESULTIS OURIAGC CCRPUTATICK ANC RAKES




—_—

ke e SO N e . i A A,

16 CIFPLOT(Y) .EQ. O) RETURA
Flor~1 & JERD»JENIT298
IF (NI .18, C? GO 10 35
00 30 fic] NS
JaP= 000N !
30 2INING Y=x( J00)
2] MRITE (T3 NUER Ny VEIRE MPTSURCS) (40,500 do JINLTY, JEND), P,
2 (2d8(1),inle0)
SETURA
1626 FORNAT( 1800 TINE EOIV N0.13,7 AT A »15.,86, TINE =£12.9,140 SEC
15, J31 oA =fS,)40, CALC TINE 1S5 FIC.3.%Kk SEC3
2 770%¢ S BN ENRBRBMU IR S IHR (S X LP ,BF oINS TR, E0L o TRy R 00,
3 0N INC AT oINS 12X ANCOND, $8X, 200y, Mty R, SD Uit AY/
G 30 CEALy o 20N IR MCH/SIL o3 (100 OVAICHR ) oo Ny WNiBLS o 2Ky
S SHERICRD (5% OMLR/SEC oL XANCELL o 263, 1501 CY*CN2 OR 1/CR))
1028 FOMAT(IS,F9.6,F0:.004800.0.,F8.40E11.419,3(00nn) 02820,2810.3)
1629 FORAAT (X EMIoBN o INR 8K LM IR SMBeIX 110,93, 1S9 T3¢ DEM. o TN LD
1 AOReINCo @Rl o 2K o 4NCOND o 193,500V, AP, M, $D CR AT)
COf  0000000000068000 008 PO

MMIRY COONP ey

MRETE (28,2001 NoJoJSTARJNSPALLYINE (RATLIL KD ARTLUZ,K),
1 1COSCIR R lxl o0 olCA(Beilolm100)oC2MK) RCITCIKILEQSTRIK),
2 ERSTEIE) ECETEIK) EQSTMIRI JECSTRIRD JECTTSER I 0L ER ) AMDEK)
3 ACSIK)YADOGR) ;YO (X)  IEPELT (Ro IS, 0m) TEMSEK, 1)y 0wl y2),
& ABIRI,MUPIN) Sm] ,RTRLS)
MITE §26,2003)
08 401 ExJIRIT IF N

[ 1] SC{K doRiRe ] )-RINKD
El=JINlT 8 M=}

402 K=RINGLJIFIN-1,.J0001IN))
MR OE {18,2000) IR IR SOERICNLIKI,EMLERDLEPLIKIPHLIND SO IR,
I AIR) UKL E ), YOl (N D o DL IR IMEN )8 Folol oD ) o Kot ], K2)
IF IK2 EQ. JFIN-1} 60 T8 A8

Kletle]
el $ wWRITE 110.30012 8 &0 ¥C 412
4290 Cantisg
SETYML
Z00tL FORMAT (LINGEOOUNP, NelGoddt, JolD M0, JSTAO=LY, 90, ASPALL=ID,
1 Ty TINEfL0.074 10002000000, CoiXFe. 2700 EQTTni . R/
2 o RISC~10810.2))
TO03 PURRAT §4M0 JAE B K PUER 80 DAL o TX o INEIL L 720 IR0 o 7K, UL o
§ VB NS BB LR R ENT QR DKLNL o PB o BMVNL o PR BNINE QX ¢ 1NN}
2004 FORAAT (13,12036.2.2K,381)
20CT  FOMRAT (AN JONe B oVl 0BT o €3 o DICNL ¢ TH o VONL o TR o INENL o TR, W PIR o
] '3.““.":‘“:‘!0“"‘“.1!4”'""ltNK"lol’.l

Conses -

<
LAWY fOTRRN cavay
NP0 IrLTRECS.
JETARR £4T AR )

£

< PREAL MARESTUR CALLLLATICH

ERVERS~E AV $-0 AP o L LSUR= RS Do (.
OB 298 J=l 280
7 (04} .CT . BRRXNY 203, N0

S EANeAL )

MR- 3

e S0 L 2 ulddont ol )}
B IEAY AT, O.) 20%.208
CIVAlC- LIl Ly

o W0 7

AV S-ERVPRL s L Py

CORT 10t

TOTAL ERERGY CALCMATICR (1IN CRLERIES)
(3 30 Lo SEILE INFIV PRY -3
BRSNS INL L I OCULI IO ol S PO e B ot Lae ) Poed i/ /0 L DOEY
»e COxY et
FITTAL «C SR LR St
MM SRR )

"8 § ¥

SUSROUTINE EDIT {continued)
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;
;s

208
210

"

22

a3

214
235
236

218

220
221

1039
1034

CALCULATE MORENTUR OF XALR PLLSE
EAYRL =,
EAVPLERVPLOUIIN)I 0 ST (. JRYOINIJPo 1 I~XLJP=1})
IF (IR LAV, JSPAX) 2100211
IF (ULJIP-1) o6T. Cod R31,212
IF (3N 6T. 1) 212,213
R gp=1
€0 Y0 209 *
JR=JSEAX b4 .

CALCULATE RMUsENTUP CF BRECUBSOP
EAVPR~(,
EAVPRCERYPR 2SI B0 IM) S L IFe L) XE U~ 1))
I¥ tJR CT. JSTART 220,018
JRc e}
6 1€ 214
ERYPP=ENYPLOERVPR
OYPP=ENVPP /SNA X
OTPULSENVPL/SPAX

CALCULATE PAXIPUMN PGTENTIAL PCPENTLE OF VvAPOR
Lo
ENVER=0,
0C 220 Jul,JSTAR
IF (J GV. JBADIN}) p=h4)
DE=ENL{J)-ECSTE(N)
IFIDE CT. 0.) 219,221 i '
UAVE={SART UL~ 120ULI- 1)+ 2.00E ) +SQRTILEJISLLJ)+2.9DE) ) /2. : !
EAVON=ERVERCUAVEOZFL(J) : :
CORTINVE ' :
CONTINUE

PRINT QUTPUT VARIABLES
WRITE (18,163%)
MRITE (1801034) NoTINE,DTNHJTSoETOTAL ¢JFINGJSTAR (JSKAX ;SRAR X (JSH

LoXD o CTPPoOTPULS JENYNEG 1ERVPCS oENVPL JERVPR \ENVEP, EFVEN, PCTPOS, PUTNE .
26 XU ) oXEJBL ) o XUIB2Y o XEJBI o XEIFIN) o JRNA Y JRNUAX X (JRFAX) .

RETURN
FORNATI2SHL RCMERTUP EDIT/)
FORNAT (/79 TXoSHCYCLE 98X ANTINE s EXoAFDTRE 9X o INJTS ;68X yOHETCTAL ¢8X 94

TNIF NG TR SHISTAR s TX o SHISPAX s BX s ANSHAX (4 X ¢ QF XL JSNAX) /71202612401
QU20EL24030020 2802447100 4NDTPP 16X EPDTPLLS yOX SOMEPYNEG ¢6X y6HERVP
308 TNe INERVPL o TX , SHEPVYPR o IXoSHEPVPP , TX L SHENVEN,6X . $FPLTPOS, 6Xy 6HPD
QUNEG /o L0EL 2.4/ o BRyANN( 1) 94X RN EJBND ]S 1) BHX(JBND2 ) o4 N, ENX L JBND
SH) oSN THRIIFIND o TR IHJIRNAX p 8K pAHRNAX oA X g BHX{ JRPAX)D , /¢ 5EL2.4, 112, 2F
$12.4!)

CROLQN900000008820004890900 000

[
<
%0

200
29
[ 4

239

20
20

ENTRY siRiNE ENTRY

4
IF (N .EQ. 1) 230,291
18UF=0. $ ROCLUS=2S
00 286 I=1.MJEDIY []
00 27% IR=1,NNTRLS
I (JEDITEDD LB JONDLIND) 204,284
CONT 1iJ¢
RIEL1)= 1N
FF GLSUBITY) 290,23%,29¢
STOAE DATA IN BUFFER
18o300iRUFel § AlIOIoN § ALIBCLIOTINEOL.E& 8 A(IBe17}n:TS
ALIDOLS)DTNNGL B9 § ALIDeLSIoDELYIN & [0e]fe)
NINTER = NINOCNRTALS-1,3)
IF (ainten LEC. 2) 60 10 230
00 228 l=],RINTER
J 8L & l@elley
AIDI=(318)e8( 001}/ 2. 01 &9
IF (RINTER .10, 3) 1244200
WMEPT » FNINTER
00 423 Ihel JBLEPY
10=1801 § JEeJEOII(IW)

SUBROUTINE EDIT (continued)
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¥ PP L s

228
224

2241
3242
2243
229

233
233
24
242
248
M
290
351
382
339

362
343

361}
[

308
309

£33
n2

3 1%}

314
ns

320

SUABN={3LIE)~-PIIEI IV B8

B 223 imlet

JEeJE0RT41) 5 AIReiQel & AIIBMeJllEROL.E~d¢ $ R{I1306I=RISEL3)
REIEILGIwR{JEIOLE~D ¢ AE7%e27)wi{ BNl GIJEV-PRIEN IO L E-9
iF (DIEE oRT. 0.2 MEYEQLIBIIDLIED

Ri=BJE(R) & ASADJI-NSRIRSIs)

G 10 (22% 224342840022412304302242:3242) RIANIL
SCIDBDISREXRIJE) & ALINIGIaNETIJIEY § &0 TO 238
ALEBe33)suENIJE) & 6O TR 22¢ SR

A 18033 )nVHLIJE O Y89 |

CONTINLE ;

IWF= JUFe Y !

F (IGUF .5Q. RODLUS) 233,240 |
3¢ (UNIV (6! 2330235,.%00,501 i
BIEFER QUT thol) {AIT)oARZCHHCDLLEYY ;
&2 10 27

F {T0UF LEG. 20M0TLUS) 342522C

IF (UNET 8% 242,24905C0,350) |
PUFPER QUT L4pil CATSOSRADLUSH D ASICCOPUGLLS ) |

1diF=0
GETURN
BUGFFER CUT ARERAINDER GF AN EGCTPPLETE BLCCR |
I 0 (I o6Ts 00 0D {IBUF .L.. PCOLLSS ) 251,388 | 2717
IF (UNET:6) 350,322,2C045CE 5
BUFFER TUT f0ed) (ALL) o ALSIONRUE)
60 o 3¢S

1¢ LIOUF GV, MODLLE) 364,383
F JUMT ) 360,382.5%5000358
PUSFER GUT (del) (ALS0WPODLUSEL ) cAISCOLIRLFY)
IF (U176 38%,400,5004581
RENIND 6
ZERQ LCACK
C¢ 30k Iwl %00
FISFLI-M

CALL JECONO(ZSIART)
IF (IPACY £8. 0) €0 YO 307

MRETE PLIT READIAG DATA (M T28% 7
0C 302 I=i,8
JE=JEDL ¥ii
XJECE D) =X JE)
WRITE (72 NoNJIEDIT(JERETCI N olml ok Dol XJETLN) o Uui, 80
GUFSER IN THE ARRAY STOREC QN YAPE ¢
ER0XeC 5 IRUF=HODALS § NBUFe{N-1)/7PCCALUSeL $  LENGSTHeROCLUS
DUEFER IN (8,1) (211),AE5000030LLS) S
€0 322 NB=3,NOUF
I1=] sRQDLUSEBLOL AL, 2)
BF (UMET,6) 308,3C$,5C0,5C1
IiF (NS EQ. KBUF) 310,311

RESET LEAGTM FCR SALCPELETE QLUK
1F 4000 (N ACOLUS) .EQ. C) €O YO 214
LENGTHeNODIN.MODLUS) $ 40 TC 316

IF {11 Bk 1) GO YO 21)
BUFFER IN 18,1) 28(LIALSUPRADOLAS))
G0 I 313
BAUFGER IN (6oli «AISCONCOLUSHZ) o A(ACTRPCTLLSY)
IF (51 o€Qe 1) WRITE {18,100 ) 0.3DTVEIE Do JEM]L 460
Blui)eiEms th-]
PRINY OUT CF FIRST SCRIBE FISTURIES
00 320 151,82
€0 320 =8.1)
Wby 1imbided k)
WRITE (18,1000 (810 iRsuv oS e (BIde YV o dbliiTiedndold),

IOty d= )T d8)glmll iR}

PREFARE TAPE 1% FCR SECLAC SCALRE
T OALMYX 6T 3) WRITE 118D (12300ak) o dnke2)elPiol T odn¥9:30), lolly

i
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ORI Kb Colnnsuy

el e gt e i

i

e

D Y i

o e ——r YA 1 £l . b+ A 4

323

N

33
346

243

343

€
$00

"2

wno

490
1040
1041

1061
1082
1070
1080
1090
1001

1¢v2
013

PAEPAR: TAPES. FOR PLLITVIAG

BF JICPLAOTI2)SICSLOTIZE ohEs 0F MPITE (TMURIIc M odmicll)gImiiol2)
IF CIFPLETEI)OIFPLOTIA)¢SFPLOTEE) NE. C) SRITE (3) {(B3(Se8)s
1 Ju27432)sIsl1128

IF LIPPLOT(4) NE. C) MRAIVE (S) (4BlJul)ed=3le2biolcllié)
IF CRFPLOTIS) ME. G) WRITVE (11} ${0( el dedu33,38):5a13,12)
COBY ZMUE

REWEIHD 39

PREIATCGLT OF STRESS MISTCRIES (3ECONT SCRIBES

IF 1LRALX .EQ. 1) 68C,330

WP lk-11/5G¢2 $ AB=50

1238

00 345 IP=1NP

PRILT 109k, RJECIYISED o LE=1y6)

¥ (IP +EQ. NP) 322,34C

IF (MODIN%0) +Ewe O) 340,336

12=p0CTARy 30)

I13=KINQL 2, 25)

REAUIL9) £iBldel)odm Lyl s(BlIellednsdSeSC)oIn,12)

18 {12 08, 25) 60 10 342

GEAD $19. (IRLJgEodmlo2)alBl e dem39,5C) =36,12?

PRINT 1052, (LUR GoTDedmdo2)olBidel)oBli0e ) d=39¢a41,1%1012)
CONTINLE

RERIKE 1%

CALL SECORC(XEMD)

AEKINS 6 8 REMINL ¥ 8 RENINC € & RENIAD 9 0 REWINC 13
CALL TX PLETTING FPRIGEAR

IF (IPLCY .EC. C. "0 YO 620

PRIKT 452

CALL PUFPLET INTEX, JLENTS

REWIND 7 8 REWIND & § OQELIMG 9 ¢ REWIM 11

CALL SECOND (FINAL) $ CURA=FINAL-FIRST

CUR=RENC-ESTART § DUR2«XENMD-FIRST 3§ CULRI>FINAL-XEND

WRITE (18+5012) OLA,DURZ,OURI, LIPS

PETURN

SVATUS CHECK PRINTS
IF (N8 .EQG. NBUF! LERGTH=RCDLIhPCLLUS?

MRITE (i0v1CEL) MBLLENGTIN 8 GC TG &00

IF (N2 LEQe NBUF) LENGTAhaMOLIN,NODLLS)

BRITE §18,1062) MLLENGTH 8 GC T s8¢0

FORRAY (i 5K PUTPLLY CALLED /7)

FORNAT (F5.004F1Co20CIFS IR} FS.0,F7.3,:F).3)

FORKAT $81MHL SCRIBE CUTPUTY, TINE IN MICRCSECS: § IN XDARS, CYak I
1 MANOSECS, DELYIR I SECS /¢
2 Sin L] 181,13 SU2FSCH) SE2/8CJc S24/5093  SilY,

3 ™) SE13.70) ${1247M) S{I3,7) SUI3.70) S(13,
4 2284) JTS  CYAN  CELTIM)

FORMATI2TN EQF OK UNIT & IN SCRISE. % Nu=212, 94 'ENGTH=s13)

FORNAY (38K PARITY CAROR ON UNLY & N SCRIBE, NEw]2,8MLENCYN=]3)

FCRPATI12!%)

FORNATI2E94F1C.3,19)

FORRATI3FLC.3)

PORNAY - (LIINESECOND SCRIDE OLTPLY FCR ALL RELAXATICM NCEELS~ N
BReNTEL/CR)y SARCURITILESS )y YoSE MUIKILCEIRS), TINE(NICROSECS) 2}
QAR DL TR 3N mo lh oKD o /78R Pt XgaNTIRE oS IIXTHY CR NNy 3IN,THSD,
INT o) /19N IBXIHCR PULAX LONCA GOP))

FORPAT (¥5.0,%10.3,13E10.0)

FORRAT (LIMTIRE IN SCRIBE =F10.3/717k CCPPUTING TINE =F10.3/

I 17% PLOTTING TINE P10, 37170 VOVAL 11NE »£1C.3)

L
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kel

11

20
23
3c
119

SUBACUTINE EQSTIEJoDIePINIC YD

COPPUTES PRESSURE 5K SOUND SPEEC FOR SCLIDS
& KIE~GRUNEZZER FIR CUPFRE3SICHM
s EXPAMNSION BQUATIOR OF ST..0E FOR DENSITIES LESE THAN RMGS

RESL FATLoRMUKLP, FUF
RESCELLANEGLS
LHNRDN CEF JCXSoDAYG oUSLT INGCTLL JLANCoETRINQUTN o CUNE oDU DX cEQLD oF ¢
1 BIRST IcdCVCS oS THET o SF INQJSMAXcJSTAR (JTSoLSLAELL ) oNAXPRILL ) o Ny
2 NCYCH MPERNPOULD GRLAST o SLAST oSHAX T T INESTJ o TS,ULASTUCLD,
3 XLAST (xNQW XOLE
EQUATION OF STATE - SCLID
CrunON COSQAIO10)C118,8)oCLE) EMELT(E,5),EQETALO)(EQSTCLS?Y,
3 EQSYT{O L EQSTELA) EQSTRIG) ECSTHIG D ,TCSTAMLL I oECSTSSED o RATLIZ,6)
2 PLISI MHOTE ) oRNCSTIO6) n TENSI6: Do YACE (L) s VOLE) o JBND(6) yRPTRIGW2 Dy
3 Ry EUNJRNIRLS
EQUATEUN CF STATE - PCECUS
COMRON A%L6) dNUPIO) yPORAI 4925 ,PORBEA,2) PORC L4933 ) RNEPLS,I )
P VACEPLGc3hoDREF ANCPY o M2,AC

VI=RHASINGIZ0S § ERU=L./ve § EML=ENU-i.
IF LENU 6E. 0o) 1043
EQSY FOR EXPANDED IOKE!

ENUZ=EQSTRINJISIL~VIIOVY 5 TSI=ECSTEINI)

IF LENUZ .6T. -18) «,8

151751648 . ~EXP(ENU2))

ERmiENU®1.)/2. & CENDSEALIENSEN

CHNUS(ECSTC NI~ ECSTNINI) PELEMIOEN/ER 4. 2SO ENZ/EN)

TS2=ELS HINIIOGMAL $  PIsiES~TS1IDYBTE2

IF €CJ KE. Oo) 902C

CECoiEI-TSIISITS 24, 50CHNUI ¢ TSSO (EQSTETRI 1= TS IOEQETAIRJI® 12,9V,
1 IOVJICPJIOTSE/0d ¢ 2.6RUR71DJ4BELD)

IF 4CSC JAT. O.? GO 10 YO

CQniSQ+CIeCS &8 CJmCSANI/CQe.250C0/C) 8 GC TC 2¢ 1N

EQST PCR CTHPRESSEC 20KES

PHo{ LEQSTSINJIVEMUEQSTOINS ) JOERLEQSTC (241 )2EMN
GoEQYIGINIIORNESINIIZO0) 8 PImFholl,~ S0ERLOC)eGOCJeEY

IF $0J .NE. Qo2 1li0

CEUe B 0EQSTSIMIIOEMUC 2, JECSTLIPII D ERUGEQSTUARAI) ) 0L ) .~ SOGOENU}
3 /RNOSIRII=o595/0J0PN ¢ PJOC/LJ ¢ J.0RLEZIDICOTAD)

1% 4C3Q LT, C.) GC TC W

CO=CSQoCsoLs & CJeCSQeCI/CQe.29%CQ/CY 12717
IF (LSUB(e) GE. RAXKPRIA)! GG TC 30

LSUBIS el SUELA) ]

WRITE £10:050) JoMeLiGoEJoDJ PRI

B TURN

FORMAT {30M  £03T, Jeailsdbiy Nelasbite CSCELC.3,43H, EJ=E10.3,

l! :ﬂ- D4sd 103094, FJoEif.D)

L

SUBROUTINE EQST (complete)
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FUNCTION FNELT(EJoPJd)
COMPUTES VARIATICMN CF STRENGYH CR PCCLLUS WITF INTERNAL ENERGY

REAL NATL yNUNUN

RISCELLANEQUS
COMNOM CEF oCXS0AVE ¢DELTINDOLD ¢ORHC sOTXENioOTAgDTNH DU+ DX ECLD F,y
1 FIRST3JeJCYCS oS INETRJFINGLSMAXS JSTARG JTSHLSLBILL) JMAXPR{LL )N,
2 NCYCSoNPERN,POLDyRLAST o SLAST o SMAXoTF 4 TINE T Jp TS, ULAST ,UCLE,
3 XLAST ¢XNCh,XCLO

EQUATICN UF STATE - SCLID
CONACON COSQUE96)eCLlU600)oC218) EPELTI G, S5)ECSTA(S),EQSTCLG),
1 ECSTDU6) ,CQSTEL6) ,EQSTGLEILEQSTHIE) LEQSTINIG)JEQSTS(6) ,MATLIZ2,6),
2 RULG) JRHOLS) oRHOS TG ) o TENS (692 ) o YALT(6),Y0(6),JBND(E) NPOR(E42),
3 K RUR AATELS

IF (EJ .GE. ERELTINJ,1}) GC TC 3C
IF (EJ .6T. EMELTIRMJ,2)) GC TC 2¢C
IF (EJ .6T. 0.) GC ¥C 10

FOR NEGATIVE ENERGY
FRELY =],

RETURK

FOR ENERGY IN FIRST REGIOM
RR=EJ/EFELT (NI 2)
FRELTu L =RARS(1.~ENELTINJ34) 44, 9EPELT(P I 3)9{RR-1.))

RETLRN

FOR ENERGY IN SECOMD REGEON
RR={ENELT(NJ o 1 )-EJI/CEMELTINI 41 )-ERELT (PJ,2))
FRELTSRRO(ENELT(HI o4 )= PENELTINJy S0 ¢ (RR-1.))

RETURN
FOR ENERGY ABCVE MELTING
FRELT=0.

RETLRN
END

FUNCTION FMELT (complete)
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AR s i 4 TR

SLBROLTINE "EARAY

REACS INPUT DATA ANG INITIALIZES ARRAYS

AEADS INPUT CARDS

COMPUTES COORDIMATE LAYOLY

CCMPUTES RADIATICN DEFQSITICA FCR J RACIATICN PROBLEY

INITIALIZES DENSITY, EIEIG). YIELC, SCURC SEEZC, TEASILE STRENETH,
CONDITION INCICATORS, PARTICLE VELLCITY

®  PRINTS INITIAL LAYOUY

OAOAOCNOON
X X X J

REAL NATL)RU, MUK MUPNERSNEY
INTEGER MHoPCRCLS;RIATER,SOLIC,SFALL
INTECER WM
4 MISCELLANECUS
COMMON CEF oCKSoOAVGCELT Iy COLCS CRHC,LYRINSCTNyOTHN 40U OX o ECLD oF o
1 FIRST e JCVCSoJINIT R INoJSRAN S JSTARGJTS o LSLRULE) JMAXPR(LIL) o Ny
2 NCYCS \NPERNsPULT o RLAST ) SLAST o SMAXoTFoTINEST2o TS )LLAST,LO0LDy
3 MLAST,XNCw,XOLC
c EQLATICM CF STATE - SCLIC .
COMMEN COSQI6,8),Cl0606)9C206) 9EMELTIE+%)oEQASTALL)EQSTCIS),
1 EOSTCI6)4EQSTE(€) ECSTGIE)JECSTHIO),ECSTNIS)JEQSTSIA) NATLIZ 6),
2 M6 eRHOIG) s REDSEE) ¢ TENSIS92) o YATDIG ) o YC{6) 4 JOND (6) ,NPGRIG 2D
3 NBUNNMTRLS
c EQUATICN OF STATE - POROLS
CONMON AK(6)MUP(€) oPORAL4+3)PCRBIS D) oFCRCIAL3ILRICG0I)y
1 YAODP(4,3),DREF,RICPV,NPINC
RAGIATION OEPOSITION
COMMON SSE300:5),SSTCP(S)oSTARTES), STLAR, SSTAPM/NSPEC, SSJ9ISS
COORCENATE ARRAYS
COMRON X(300) ,C43G0),CHLEIO00S 20( 3000y CHLEII0C) o EXLE200) o H(30043),
1 NEML30G) o NETI30C) +PEI0C)PH_(3CODINIICC),SI3CCD,SPLEIO0),TI300),
2 UE3CCH UKL IICT ) YL 1300) 200 (300)
HALFSTER VALUES
COMPON CHoONLAST ;CUN JEMcPHsRH GRILAST oSHoSHLAST 2 UNoUFLAST ¢ XN o DHLA ST
IQENT IF 1ERS
COMMON OISCPT(10) o TOENTJEDITIZC) (JREICAILSIJACATEL3) AECIT/NECTA,
1 NJEDIT,NR MREZCN NSEPRAT,NSPALLINTEDT,RTEXVNTR(15),TEDIT(5O}
C CONOITION INOICATCRS
COMMCR INF oLINTER, PIRRCR, NCABAL, FCRCUS, PIXNTER, SOL 1L, SPALL
SPALL ANC RELAZATICA
CONPON NSRUB) o TSRS 4B ) sUSP(S0) ¢ XSPISC) o LALXINTICKINEPH,NETH

CONNON /PLOTZ IPLOT IFPLOT(6) JLINES JIVELCT G ATHLET L IFLAGT, IHISTIY),
1 1FLAGY

CONFOR 412000}

CIRERS ICN ACILO%) o AA(Ge8o19)oB(Es6,1%3)oE0CEIC,04157,E11109" .

1 RhOCE&06),TBLILCI)JACCAIG) oNCELL,6)

CINENSICN DELF IN(GoS)oLELXIEo3) o TMIE€+3) oNCELLS (653 ) NIOMESIS),
1 SEQLEVIIO)RLX (S ¥)

CQUIVALENCE (AC," 4iAA(CULLIC)) (B O(3C) I IE.CE,ONLLI29C) ),
b (EToERLU230) I ot tHCC NI o LTELoHET73)) o (NCONSHITLOA) ),
2 (NOEFL19G) do (OELFINGHI228) ) o (DELY oNE254) ) o {TH, R (2061 Y,
3 IMCECLIMIILO) )y IARCNES ) NID44) ) o (CEF DECUIV)

RECIN=F IRST
100 CALL NENSETL0..1EQUIV,9770)
FINSTRESIN
LINTEEIRL & NOANAL=IAN 3 PGACLSeIRF 1 PIRRCA=1AN
AINTERSIRA § SCLICL=IRS 3 SPALL=LIAS 1 ACOPeSHOENDS
LAt xe]
C READ AKD CRIAT CATA
READ 490ALo ICENTUCRSCPTILL),12%,1C)
c ChRECK FCR EAC CF LOST (T2 CECX
IF (ECF, 103 104,103
102 stor
163 MRITE (18.31)
CalL SCATE(CAY)
WRITE (28,43} DAY
WRITE UA0,45)0A1, ICENT {DISCPTLL)1m8,i1C)
OISCPYCL)=10r DAYE = 8§ OISCPTIZ2)=08T
CISCPT(3)=10N  I0ENT » $  ENCOCE (1€+35,015CPT(4)) J0EMY

SUBROUTINE GENRAT

221

Jrne




s it 3

109

108

120

125

130

13

Lol aYal ano

AP ANNOAN

REAT SS.INDolALI) o I=1,28)

IF {IND .EC. LCH } GC TO 1ce

MRETE (18+59)INDSIALE) i1}

€0 1€ 16>

EACKSPACE 10

REAC TaoRLIAZINTEDT gAI 9A4 WA JEDT Y oAS 2 A6 MREZCA AT, A8, NSEFRAT
MRITEILOoTASAL A2 oATECT oA o AGoNJIETIT A5, AL AREZON A ToAL ) NSEPRAT

IF INTELT .EQ. C} GC TC t2¢C

NT=NINCITNTEDT)

REAL 160 ALs AW (TETITL 1) el oAT)

BRITE (18076041 4A2,(TEVITILRsI314AT) !
IF (NTEDY .LE. 7) €O TO 12C

REAC TS (TECIT(I)I=2,KTEDT)

WRITE (18, 3)(TED VLN I=8,NTECT)

IF (NJECIT .€9. C) GC V0 12%

MI=RING (14 MJEQTT)

REAC TCoAleAZy (JEDITUL) oI=1,MJ)

BRIVE (18,70)A1,A2,(JECITE(L)»I=10A))

IF (RJECIT .LE. 14) GO 7O }2¢

READ 8C,LJECITUL) o [=15,NJECIT)

WRITE C10¢80)CJECITI ) 2=15,NJECIT)

IF (WREZON EC. C) 6C TC 13C K

RENC T0¢ALsA2oENTRIT) oI5 1,NREZCN)

WRITE(1QoT8) ALAZV(INTR(T)oI=14AREZCA)

READ T8sALl A2, (JREZIONL L) o 1= 1, NREZUN)

WRITEC18o78) AdoAZo(JREZOMN(I)o5=1 MRE2CN)

READ T4y ALy A2 NECTRY A g MM NELTIT o AS AG  NPERNL AT GAB, MAXPRN
MRITEC 18y 74) AL AZ NEDTM AT A4 NEDITAS MG AFERN, AT (A8 MAXFRN
IF (FAXPRN .EC. 0) GC TC 135

- -

READ T8 ALy BE o (RAXPRIL)9121,11)

DAETE (18 78)AL A2, (PAXPRIT)¢I=],11)

REMD T20AloA20829JCVCSeAGCKRSWALLTS

BRITVE C18eT2)AL,A24A3,JCYCS A4, CKS925,TS

[ 1314 TIgALoNNTRLS A2+ MATFLJA2)L2ERC A4 IFLLT
MRITE (16+720AL,NATRLS (A2 sMATFL (A3 U2ERC A4, IPLCY
rP=0

008e P~ CCP v

00 29C P=t, ARTRLS

WRITE (18.69)

REAL FOMATL LY. "D oMATLI2oP ) oML JRFUSEIM) QA2 NSRIM) A3 NYAN,
1 B NBCRUP, L) eAS ,NCONIN)
MATTECLE,PCIMATLE R gM) oMATL L2, ™) sk sRHCS{PYoR2,ASRLEJASNYAP,
L AASNPORIN, LD, 0% ACCHING

RHOIN)=RHOS (H)

[111] REAC IN EQST WORTABLES “wed

READ Sy BlodZoBCSTCIM) o AN R EQSTT (M)A A ECSTEIRNI AT A,
LEQSIGIR) A ALOEQSTHIN) AN (A2 ECSTSIP ) AL ALALECSTAIN) (815,008
CQSTAIR)ECSTGIP) SRKCSIN) 7 ECSTILIP)
ECSTNERICEQSTCIN) /G EQSTCIMISECSIE (M)IRNLSLY; !

MRITE (18,92) AL, A2 ECSTOUR) LAY DAL ECSTUIR) %20, ECSTE(MD AT,A0,
JEQSTGUM) o A% A L0 ECSTPUNY o1 o A2, ECSYSIP I oALD oBLASCLTE(Y), 015,
IA14.CQETALIN)

o0%e  REAC N VISCOSIVY AMD VERSILE VARIIBLES ¢sos

2EAQ LI TY PIRd 411 YT Y FRY SRS BT FYRTY LIV T -0 )
MATTE CLOeSTDAL 22:CCECIPI01AY 20, L1 R, E) 0% 26,CiIN)
[T 14 V2 Ao Ao TENSING L), A2 AALTENSTZ2) A5 A0, TENSIP,))

WRITECLIR092) ALaA2VENSCP L)y A3 o BATERSEIM, ) 0A% 8¢, TENSIN, )
L L2 o4 READ N STRESS BELAXATICA vamlaRLES shee
CORRESPUNCENCE OF RLX MITH R{OEL ANT COPPED VARTAELES

CCMmION  TSRIL) (2) 131 (4) 12 el MNP AET
INPUT  RLXEL) () 3 {4} 351 (e} n (e}

3 ARELAS. TRLX - - - - - -

2 AN 1 12 [ 11 v GEE €FS (Y] ATO
$ Giuman CEE (L] (113 L 14 ARC - - -
4 2-F Y. TAL} 1v - - - - - -
9 BALICH. XPO xr O YALF - - - -

SUBROUTINE GENRAT (continued)
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210

22
- 214
216
220

22N ,]

e
(-]

NAOA MO

3

288

o Zakakal

ASREL=NSR(M)e)

GC TC (2204210,2129212+21C021C,21C) MSRM]
REAL SASIALL) RLXUINGI) 12 ,4)

MRITE (18,9411 A01),ALX(MyE)oi=],4!
RLXIMS)mRLXIM,E)=C, $ GG TC 214

READ Shy (ALT) RLX(NeI)oI=],8)

MRITE (18,94) (ACT)RLR{®,]1)ol=},8])

LRLX=2

LC 21¢ Iv=]l,¢

TSRIM, [R)=RLX(M,1R)

IF INSPIR) ECe 5) TSRIM,IIn]) 2228TSRMN,3)
EMCLY (M) 1 )=ENELTIM 2)=1,E20 § EPELTIP 4)2]l,
IF (NYAP EC. 0) GO YO 240

IF (NYAN .EQ. &) GO TC 23C

[111] REAT IN YIELD VIORIABLE: s

REAC EoAL A2 YOS, A A4, VUL N} ,A5 026 ,YALO(N:

MRITE (18,92)41,A2,%¥08: A3 A4 MUINDAS A€, YADD(N)

YO{N)=Y(S

IF (INSRIM) .AE. 59 YADD(A)=. 06266 T0YALCIPI/Z(RICIINIOL, 2-.507(5/
1 UM,

NUiR)=1,33333390L(0)

1F (AYAR .EC. 1) 60 10 24C

a0 REAT IN NELT VARIABLES sovs

READ TorAL A2, (EPELT AP, 1),y 1m1,5)
MRITE (18e76)A1,A2y LERMELTIN,10,11,%)

1800 REAL IN POROUS VARIABLES Lad

IF (APCR(R,1) -EC. O) GO TO 2%¢C

NPaNPOR(M, 1) § PPelPel 4§ APLR(PF,2)=pf

READ TO oAl sA2,(GICEL T MPI =1,8)

WRIVE (18, 70)A1,42,iRFCPEL,PP) Isl,b)

RHC (RI=ANOP 11, 9P}

READ Tlelly s o (CCSQUN,S)ytn], )

BRITE (18,T71)81 ¢A2,1COSCUIP, L) 1m),%)

REAC TTeBleA241CTIN, 1)1 ° %)

MRITE (D€, 770A0AZ00CRIME) ;. (o2

P2=0,

L0 245 A=} NP

PORA LR PP )=pL=p2

READ V2 ALohd s Pishiy 4, 0ELP A% AL YARDP(N,¥P)

WMRITE (10.9Z0A1,02,P2,A AN CELF 05,00 YALLP(N, 50}
PORNCAHPIu(P2-PLISAICP (NG LI AP Z(RICP(ROL PO -SNCPIR NP}
PORCIN NP A DELPIRNOP (KOQ NP JoRECPIALPFI/ERNCPINS 14 NP)
3 —RHCPRIN,ER) )0

contINuE
PORE (4 #P)=P2 3 FCBCINFPFISCEL?
REAL V2eAL oAy ARIN) A AL, RLEIP) A%, 00,¥01M)

MUTTE C10,93)AL . A2AK(PIGAY, A4, PUFIP) 25,88, YC (N}
PP 1. 333323 ONUE (RS

ckes  REAC IN EOCE VARTABLES

SF IRCEAIN) JEC. C) GO YO 260
MONSTuRCON(R)
20 140 ACe) MCCONSY
REAL J4o AT MOECRNC 1 oA2 2 A3 ANTC LR RLD)
MRITE LA SAIALNCR(PAL) 02083, 20T L LA, ()
MOECMGEIR,WC) 8 MOEionCED S}
MOORATHLLY JNGEDY 8 RELFIROIT,ACEY)
ngan Fuod ol (ROUECRME AL ) ND= | LG
MRETE (LB, TGIAL AT ECREIP, A 3LT oo, 0L}
T# OINLRE vt Y & T 2%

RS IV iEQCE N D) (D 8, ACEDY

SUBROUTINE GENRAT {continued)
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253

2%

(X alakal

289

ﬂﬂﬂnﬂz

348

330
s
30

343
b1

L 4

BRITE (18¢ 79} (EDGE(P M 4AD ) sAEw e, ACEC)
READ TOoAle82,1AAIMNCNC ) NOo ], ,N01)
WRIVE (10 7€)AL0A2, (AAUIRGNC %D ) oND=] ,0B1)
1F (NCEL .LE. T) GC TC 25¢

REML T AL LN GNG yND )y ND= 8, KCEL )
WRETE (18,79 (AACPAC,0D),N0=8,0CEL,

MEAC Teahloh2:.(B(MeNCNDI,ANO=3,0011
MUITE (100 7€0ALA2(BIMAC ALY AD=14NC1)
IF (NCE] .LE. T7) €O 10 240

REAL 154 (BIRyNC oAD ) oAD=8,ACEL)
WRITE (L0879 IBLRAC100) o ND=B, A LEL!
COATINUE

o0s®  READ IN ZIONING VARIABLES s

READ G2oALo NI CRESIMN) o A2 NCELLSEMy 21 ,A3,A4, THIN, 1) ,AS A8 ,DELX

1 Mo RD AT AB,DELFIN(N,1)

MRETE (18062AL A2ZCNESINY A2/ NCELLSEP, 1) 02404, TN, 1} ,AS,A6,0ELX

T (Mg 1D AT o AQDELFININ, 1)

1P INICNESIN) .EC. 1) GC TC 290

MCIsAICRESEPS

CO 20¢ N22,NION

READ Qhohl o A2 ACELLSIHN) 2y 84, TH (P N) yAS AL, DELXIR,N),
L AV AS.0ELF ININ,N}

BRITE (10,84 AL A2, ACELLS(PaN) o 830 A4, THIP A} o A2, 8¢, CELXIM)N],
1 AT A8,0ELFININ,N)

CONTINRLE

ssae  END OF A-LGOResse
0006  CALCLLATE ZOMING AND ENETIALIZE CELL CUCRDEMATES

Xi1l=0.
Je=}
00 390 P=l ANTALS
NIONsNZONESIR)
0C 380 N2al.hiCA
FR=HCELLSCRoNZ) & RATIO=Ll, 3 FlsC. § CX=DELXIN,ND)
IF (OXSOELFIA(P ALY LEC. Co) GC TC 242
PAEPARE FOR CEOMETRIC PRLGRESSICM (F CELLS
RATIO=DELFIN{P,A2) 83 6C YC 2360
PREPARE FCR MIVEMEVIC PRCGRESSICA CF CELLS
IF 10X hE. C.) GC YC D338
IF (DELELINIB,AZ) ME. C.} (G 10 24C
CRuTH{N ML) /fn 8 GO TC 3eC
OXa2, 0TNtM, N2 ) /FN-CELF INR(R,NL)
FloZ 0 LINIA NI AFI-02)21ER-1.)
I e hCELLSEP AL 8 Jisde]
€O 363 lajleln
Allyegil~1)0EX
CEmNATICOTRF]
Jedh 5 JBADIPIe ) 3 Jele}
E{PILI TN 3 Y]
JiNlte) 3 JFiNey

¥ (RatfL .0¢. C) 6C 10 500

<
Cesdossase RAL1ATICA CEPQSTTION

L1 ] B4 AL RSPEC AT 00 ANCLE

WALKTE 18,3000 ,ASPEC A2, ANCLE

ARSLESCCSAMGLEZ 57,2497 799)

€ 449 821, %3P

L3 ] O lailielslo @}

WRITE (1840 E0,0m 0, 00

agat 1801 oAl A2 NGB AD L AIRE A4 ITRRT (RS, A%, 537CP 11N}
MRETE (18 1G2AL NMMU A2 NG AY RARP AR, TTART(ATY A%, 531G IRS)
SSTOPICANAR L S5 10PN, SST0PIRLG )

I* na88 At. €3 €L 1C aT¢

1P (ity 88, 0) G0 T0 43¢

Mase)l 3 VEAPe).

MBITRARY SPECTRUP [RpyT
L] Toe Blea2,LMY
WITIIES, 76} AL AR LUK

SUBROUTINE GENRAT (v inued)
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OC 4195 AM=}  AMNU
REAL FloAloAZ ) TBLINM) A3 AN ELINN) A5 .00
- BRITE(1E, LIDAL,A2,TRLIAMK) A3, 84, E0INE],85,A¢8
415 EIINFI=ETINF)SANGLESFLL X
M=l § GC TC 430

(4 BLACK BCDY INPUT

; 42C  MRACsNEE §  NFNU={CS

! * IF (NS .NE. 1) GC 10 424

READ 60,LALLY,I=1,8)
WRITE (18,8C)1ALL),0"1,80)
KEAD 12, 6TBLINE) o AN=], 1C9)

t; WRITE (18¢ L2METBLINP I NF=],1C8)

: M=)

426  REAML Q2eAlo Rz TENP A3 A&, ECAL
BRITE {i8092)A1cAZ TENPAB A, ECAL
ECALSECALOANGLE
CO 428 Nr=1,]C9

A28 ETUMHDISECAL®.0L0(1-=.99(AK/LCCH)

4 COPFLIATICA CF ABSCAFTICN CCEFFICIENT - AC
430 FLI{< )]
00 4¢C F=1,APTRLS
CC 433 Ab=1.1C9
413 (145 13 LT
ACCASTsACOA(R)
€O 445 NC=1,MCONSY
REDG=1
CO 445 Nb=],NHNL
A3e IF (NEDG oGT. NCELP,ACH) GO TC ANC
IF (ECCEIN NC.NEDG) CT. TBLINK)ICIEPE) GC TC 440
' AEDGSNEDGHL § GC TC 438
440 BULAMMInACUAR) SRrQCIMNCICAA M NC  REDC IS LTIRLIAN)OTERF)IOOB( P, N(,NECC

1 Y/ANGLE
443 CONTINLE
<
N < OISTRIGUTE ENERGY IATC CELLS

JBROPe JBNOEN) -1
00 4335 JaJBEG,JANON
ESLRaQ,
Crmgtjot)-2LJ!?
OC 43¢ An=l ,ANMU
° IF CERIMNE 1T, L,.E-20) GO TO 4%¢C
EIZ=ERINNEe{ L .~EXP (-1 . PACEAN}O0Y))
EJtANYELCM)-EIR
b ESUR= 129ESUN
! 430  COMTINUE
i 435 SSUI NSINESURS A, LECET/RINCIRI/DUZESSTICPINSI-STRRTEAST 0SS JpAS)
LY 1] JOEC*JONOIR) oL
ARo Ao |
1F (WA LE. NRAJ) GO TO Ale
(4 ENC OF NSPEC LOOP
483  (ORTINLE & QD 10 (K

i )

<
[ 4 ARBIIRARY LEPOSITION
ATe  REAT IR EI LTI N
WRITE (14,380 A1, 2nl TP, E1L}}
REAT Th AL A IACIR) Po) APIRL Y}
BRETE (3070080, 87, A0 IR Pa ARTELY)
JEEC]
00 43¢ P«l, hPiNLS
JOREPe JRNDLP)-)
00 412 J=JREG. 0000
CReatje)-2a¢d)
EII=R 4801l ~EXP{-AL(N)EOX )}
Hidegitid-t 2
(%5 ] $SCU Aot IO TRAETARIIRN) /D2 /7 CETCPIRSI-STARTIAL)Y

T L .

1 s

. 400 JBEGBM0IR) e}
[ 4
C oeee  SEAD 1b PULCTYRIRG CCRUBLLY voee
<
300 DO %C2 I=l.¢
. w2 IPFLCY( L0
PEINT o4

I8 LRPACTOIoLCT-11 380,%CY,C8
03 PLL = JFRQTILI=IFRLOT =1 & IFRLCTLBICIFMUItAISIFMOTL %I
SEPLET IS B IPLSCTI30IPLGT B IRLAC Sege il L LY

SUBROUTINE GENRAT (continued)
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1

P

e g

©bimins v . WA

o i

TeaT?

Ty oo

- S L

P ettt

o s S

o TR

€O 304 1=).%

3Ca INESTE(L 1e}
€0 TC 580
S0 REAC ZO AL (IFFLET [V, 151480 ¢82.LINES
FRINT 20,A5CIFPLOYL ) o im0 82,0 INES
1F (IFPLOT(1) LEC. C) GC TC SiC
PESC 21 A1, A2 ITPLCOT A NTPLOT A&, IFLAGYT
PRINT 21,A14A2,1VPLCT (A3 (NTPLCT sA4 IFLACT
510 IF (IFPLCTI2) LEC. O) €O TO 5¢&C
REBL  C2,MLoA2, (TFISVEI) J Il o0 A, CINTSVIT) 057,90 00, 1FL8CY
PPIATY 22,80 oA2(IMISTIN) 12l 00de B (1FISTUL), =7,S) A4, 1FLAGY
[
[4 CHECK FCR THE EMC OF CAYA CECk
360 REAC 6Cyal
IF (ECF, 10 400,582
543 SRITE (18,85)
385 fEAD 80,41
IF LECF,10) 100,56°
<
[4 sess INYTEBLIZE CONCITION,CENSTTY,TENSILE ANC YIELD VARIABLES *se
C
[ 144 I=C
CO 630 P=i AMIRLS
YON= YO (P )= . 606667070 (P)
€J=0. 8 (JIvS.€%
IF (NPOR(N,1) AE. C) GC TC &C1
[ 3314814 $ PUR=NUIN) $ CCLT=RICHLP)
CALL EQSTIEJAFOIR} Py, P, CJ) 12711
€0 TC 6062
€01 EM=POROLS 8 QOOLD=DREFsyMCIM) 3 WC=l 9 F=l. § PJ=C,
CALL PCRECSTIE 2 RNCUPY L Py P MPLE(} , 2) W) 12717
602  asJRuCIN)
Jim e}
L€ 610 M=ol
CPLEII=CLaIng)
ML IsCtabeldCi )
(A E RS LIS ]
Rl J.2)=r0RMAL
PJIeI)ng
TEIIsTEASIN,])
MLt dlwrON
MNLUISOLII ool 2~K 1))
(31 LICTSYIE 319
QW 10 (810,800,802 ,8CH,01G,810,6CT) ASAN]
003  MERUJIRLXIP,T) 3 WETLJ)eRLXIM,E) 8 SC 10 &1C
408  MERLJISALRINGS! 8 KET{J1=0. s GC I 810
«47 (VS IPRLL FIX 1)
#10 (OmMTinut
HEJE S IRINTER
HIN)=TEHSIA, D)
NEdR 2 InLINTIER
¥  toRYIaut
LIFWTILLIN ST STE T FINY
(<8 T 1Y 23 P
W OIRATHL) 513,700,100
<
Losn0teed GEPOSEITION £D1Y
[ 4
TOO  SRITE (38, 14) (CISCPTLE340m0410)
JOEC=L & ALl'(CLeL,
80 704 Ba} kelMS
SORCA SN0 (W)
0C 183 Je G, iR
[ IR IPTRNTE TIY
[$. 208
OC 702 ASa} ASPEF
re2 EPEe ST EI NSRS TOPIRS -2V ARPTINL R 2 PG
[ 4 TEST FLR SETTIAC 4SSt
IF LRPCORGSICIND G, 1. ET1 eialay
< STCRE ERERCY FERCE/CPT, CALCRIES ML S OF CALOBLIES 1IN A~
AEJe300I~EPC 8 REJeICLCIAEOC /N 0EE)
EIFTIR AT RN Y- DR J1 TN I NS TIIRTL L}
oy CCATTAE 3 JRikedOmO(RIe)
e CONY I e
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Pegaylsl
710 J2=PIAGIIF IN-1,5COK JENCI(P))
MRITE (18,1900 JoA0IS KU1} o80Je5003:80Ue1000)YHLLJICULI) oD,
T TR oIHL AU oMATL B o) NATLU2oM e (R (Jaldeixlad)edod=dlod2)
IF tJ2 EC. JFIA~1) GC TC SCC
Jiwlde}
IF (42 .NE. SO%K) 6C TC 1€
Kool 2 WRITE (10,360(CISCATEEN,0=1,10)
. T18 IF 32 7a JBNINYY 60 TC NIC
Rapiol ¢ WRITE (18,69) & CC 1O 71C

¢ INITEALIYE wELCOITY .
e JEIN2nBNOINBTYFL)
00 810 J=l,Jr IN2
ae Lidisntidt=uiEnt
dSTaReJFINZe3 ¢ SCLAms), ¢ GC TC 818
- (13} HELo2)=PIRRCE § JSTAREY 8§ SILéP=l.
[ Ul )n, S*ULERG

4
Cossensene VELCCITY £CIT
14
218 WRITE (18, 16} 1L1SCPTCIN, 121,100
€0 220 J=1.JF N
820 ALJI=R(J¥1)-KEJ)
Moo= la )
823 L2+RIKCLIFIN-0-5000,48AD(P)) )
BRITE (10 BTI{do A0S0 BUINoLISNetHLESI o€ oC L TSN 2BLE D), o
¢ L MATLUL R MATULEZo0 o lMida 1o l2), 30 dedndtedid :
IF €42 EC. JFIN-1) €O TO SCC !‘
s di=Jzel P
! IF (42 ME. SOeK} €C TU 83C RS
! Kaxel 3 WRITE (18,1 M(UISCPTELI,021,1C? s
‘ 830 IF { 42 .NE. JENC(MI) GO TD 8t i
Madel 5 WRITE (18,690 8 T 1C €25 .
: 900  CALL SECCND(TMIX) 3 CuR=In{x-FRSY iy
WMITE {10,18) O, .
MRETE (18.81)
: RETUSA

10 FORMAY (AT 130ATo 13 A0, 0502220 E3C 2, A8, ¢ ELC.3)
) i FORMAT(31AT AS,ELC.30)
: 12 FTAY T LBELV. DY)
14 CORMATE IRL,2CALC/ Y 13te
1 4 -ox IY¥} 244 LRl wiLid} Ctas
2 0 LTEY) InltJl PATEREML IS L 3 . T

3 /ic2r 4] tn ERg /G CaLs CYasir2 43 N
4 T

AEC GHaICH] sYnIOMR (4. 24 & ¥
13 FORMAT Lle, SCIL.FuibeddlC 312,01:,15)

¢ 14 FOARALLINL (1041047 13in
¥ 1 4 cx R{J? Uty wily) {14} [ 3)
! i en vt tat . rATERIML COnt 3 »
. i Y 21Q2n n (€] LR2SEC DYASCHZ CRISEC [ 714
i 3 CYN/CRE GRICP2 H
i3 FORPAY (1e, BELC,. 3,33 . 281C, 200 .00, 5%)
B { 18 FORRATL %M TINE TG COPMLETE  CEBRAT (3 FLL.Y O SECOWDS.)
o 20 FORPAT (ALOALBR,12).8%,11)
: 3 2t raRmat L{A10,2104E,121)
¥ : 22 FORRAT LIALC,01%.83, 213,480,120

- n FCERATLINY o 29N, YOroune TR PUIF § {44(C WERSLIER] owvve /)
g 38 rosmat 111¢)
: i FCRRAT (1nt)
. Ay FORNAY (7w CATE = AID)
I O FORMAY (284 1243182020, 05,060 14,200012)
: AS  FORRET (A10.1iC.e33C)
& PORRATIAS,12.24%.E1Q. 3}
S8 FCRRPATLIAS. E1Q. MY
3] FORRAT (A}, A%, Ia3Q)
. +0 *OReLY 18A1€)
sl ECERAT (1310.28%)
82 FOPRATIAN, 12,8318 MRS ELC. 42
GA FORPAT (M, BT, 13,428,510 C. 10}
FORRSYY )

bt v

o A s e -4
[ 4
-

SUBROUTINE GENRAT icontinund)
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PG 3 A

70
72
3
74
76
7
78
79
LD
€
92
9
93

FGRPAT (L140)

FORMAT (3AL1C,T1C,¢4ALC,EL1C.3)0
FORNAT (2(AL10,110),A1C,E2C.3421(vi1C)
FORMAT 214(2A5,110))
FORWAT{2A5,7€10.3}

FCRAPAY (245,5F1C.4)

FORNAT (245, 141%)

FOAPAY L 1OXe TEL10.2)

FCRMATL 10X, 1412)

FCPRAT (3010,F'0,3,4(A8,12))
FORMAY{AL2A5,E3C.2))

FORMAY (41AB,2X,E1C.3))
FORMATV ! IBHOERRCR ENCULNTERED REACIAG INFLY CATA,)

END

SUBROUTINE GENRAT {concluded)
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40

SUBRCLTINE HAFSTEF

{IMCLUCES ENTRY HSTRESS)
¢ CALLED BY MYDRC TC CCPFUTE X, Ly Co €y Ry S¢ F FCR THE
® hALFSTEP POINT BETREEN J ARD J+)

REAL FATL RMUSMUNMUR s NERNETLMECH
INTEGER ,PCGRILS«HINTER,SCLIC,SFALL
MISCELLANEGLS
COMMON CEF ¢CKSyOAVG oDEL Y INDGLD yDRHE oDTPINLTNgCTAKCUSCR9EOLCoFy
1 FIRST g dodCYCS JINTToUFINGISHMANGISTARy SIS, LSLBILLINAXPRILL) WD,
2 NCYCSyNPERNPOLCRLAST o SLAST o SMAR ¢ TF o TIPE 4TS g TS ULASTUC Ly
3 XLASTWXNChw,XCLD
EQUATION CF STATE - SCLID
COMMON COSQU646) 30016060 qC2006)EPELT(EVS)oEQSTAIG)LEQSTC (&),
1 FOSTUUG)JECSTELE) oBQST "€)JEQCSTHIL)JECSTNLO D ECSISIL 4 oPATLI2,6),
2 PUL6) JRHO(6) sRHCS LG ) o TENS(O92) o ¥ATLLE)»YOUC )9 JBNC(6) 4sNPOR(60 2],
3 P PUN,NNTRLS
EQLATICN CF SYAYE - FCRCUS
COMMON AK(G) 4 MUP{ 6D 9 PORAL 40D oPL N (4,52 ),PCRC (4¢3 ) 4RHGPI6¢3 )y
1 YACTP (4035 ,0REF qRECPV(PF
RATIAT ICN CEPOSITION
COKMON SSEI00C 1o S5TOPIS Iy STARV I ) ,SUURP \SITCFPASFEC, $SJ4J5S
CCORCINATE ARRAYS
CONMOM X(3008,C03C00 CHLTICOD D CITCHONLUI0E)LERLEIOC) ¢ H{ILCeI)
1 NEN(300) JNETI3CO) P00, SML{2CC)4FEIACCI o 5(2C0)SPLL200),TE3CCH,
2 UL 300D ,URi1203), YHLIZGCH, ZRLIZCC)
HALFSTEF whlugs
CUOMMCN CHoCHLAST JCUY o €4 aP PR (RPLATT p S SRLAST oUH JLiN: 25T o XM o XKL AST
IDEATIFIERS
CORPON DISCPYI10) o ICEMTIECITIZC )y JREICAILS ) oMOATE(I ) o #EQT T o NEDT P,
1 NJEDITeNR (AREION JNSEPRAT JNSPALLYATEDT yANTEX RIRES) TECITES0)
CTMDITION INLICATORS
COMNON INF L INTER yMIRKTGR s NCRWAL oPCRTLScAIMNIERSCLINSPALL
SPALL AND RELAXATION
SOKRON NSRIGIoTSREG O yUSPISGI o PSP USCI o LRLASMICKyNERMHGNETH

CIPENSICN LE1O)

€0 1 151,10

Lil)s0

Llng.0

CraX{jeli~X{J) ¢ EGLO=EMLIJE $ UKHm Se{ULJIeY{Iel}}

CCLO=BYity) § (220,

18 (CLJeEIeC(JIeulIel IoUL IeC2CP ) LEC. Co) 7.8

62n CTUMISABSIC(JI*LD-CLINIORNC (M) /(TS DeC{YoDCLD)

IF (I 3%0DTH-DINHIN(1.900IKR-DTR)) 15,1C.1C

WHBUHL (U )= SO iDTAHILTNIZDRSGZY #(RLJe L) ~REJD /EOLT

&L T 18

UHelHH= SO {CIMN/DXAGT 10 {21 e L) R III/LELE

CHLEG =DM IHLE B AL X e S0 DTNFOEUT I+ E)-L TSI ) I-OCLOPG2 MU Jo L -l 33}

LHL §Jd= ik

LS TS T TS S RS YUY RES-LL 13 [ T AN S RN ¥

Erl i J)sEMaECLD- o SO{RE oL JOR{IDIS(E /00~ CCLEF4SSTM ML Y}
MSYRESS ENTRY ANC STRESS COMPLTAYION

ENTRY NSTRESS

FuFRELT{EN )

U OADM) 20,20.2%

PRAIAT 1)0shydyDh,T18E

CALL ECODUMP 5 LSLRIIwl & AmA=<\ 83 (2L SCRIEE & 35102
GORPUTE CLT VALUE OF SC

Wi SPL L I~PHNLISL 3 TFwi, ¢EROECSTRIPE 8 CNEFsLRoly
ESTABLISKH ROUTE

I IHiJdsly NE, POACLS) GO YO 5C

IF IF .G1. 0.) GU ¥C &g
UNCONSOL i0AYED

RURaf, § CALE ECUT(ER O, PHLEJ) P CCY

N EILEP

SOKaREnG,

IFIPHLLJY LT, QL) 327,39

PHLE SYwSHLEJYet, ¢ el 0 ¢¢

HiJed$aSOLIOD & Li%)e3® ¢ 6T TC 42
SELECT POACLS RELIOK

ANCPVaF ¥ (RHCP IS PP )~INCSLIP) I+ RMCSENI/TF

L{3)e40

SUBRCUTINE HAFSTEP

ENTAY




43

45

49
50

53
54

55

(14

57

73

T4

M

ge”

P

S
[

13¢
1334

5008
800

.

IF (DH .GT.RHOPY} 49,43
NC=0
Li4)=43
NC =NC+ L
IF (DREF .GV, RHOP(NC+1,MP) LAND. NC .LT. NPORIM,2)} 45,60
SOL10
H{Js1)=SOLID
MUM=MU (M) &F
CALL EQSTUENH,DH,PHL(J},M,CHL(J))
LIS )=50
YADDM=YADD{M} § NC=S
IF {NPORI{My1)) 55,455,54
OREF=AMAX]L (OREF yRHOP{5,MP) }
IF (DREF-RHOP (6 +MP) ) 6T 455,55
COT=COSQ({My&) $ CLT=CLIM,6)
L{6)3255
GO0 10 70
POROUS
CALL POREQST {(EH,DHyPHLIJ) MyMP,CHL{J))
L(Si=60
YADDM=YADDPINCyMP)
COT=COSQUANCIS{COSGIMGNC+L)~COSQIMINC ) ) *{DREF-RHOPINC ,MP)}
1 /(RMOP(NC+]  MP)-RHOPINC,MP))
CITCLIMNCI#ICL(NNC. L) -CLIM,NC)I®{DREF -RHOP(NC . MP))
1 /IRHOP{NC 41 .MP)-RHOP{NC,MP) )
Ltel)=67
VELOCITY GRAGIENT ARD TIME STEP PARAMEVERS
DUH=«2, #(DH-0OLD+ #{X {34 11-XEJD I 7 LICHDOLD ) SDTNH)
HUHMsAMINL (DUH,0.) 8 C52CHLLII-DUMS 2,
CFaCLY-COTODUHMICS & CEF2CSei il +CFe{]1,+,500F))
DEVIATOR STRESS
If (NSR(m} .EG, O) G0 7O 78
DRMUsDOH-DOLD 8 DAVGs (DH:DOLD /.
SHOsSOH  §  COEF=MRUMSORHO/DAYG $ MEDW=2.0MUM
NERMaMSR M) & OMUM=MUM
GO TG (73,74, 78, 73,75} NSRM
CALL RELAXISOHHIJ 31, YHLIJ) ,SDODTNK, TSR{M, 1) ,ORKO,COEF, YADDM, N,
1 JuTS5R{Mec),YOUM) ¢ NSRM)
GO 10 80
CONTINUE
CALL BANDRLXE{SDHeMIJ03) s YELTJ) 9 SDOyDTNHDRHO4COEF 4MEUN « YADDMyN, J
1 TSR{Ma1) (TSRIMg2) TSR{M DD TSRIMA),TSREM, S, TSRIM,6)4NEML Y,
T ONET(J) NIRM)
G0 Y0 89
CALL BAUSCHI{HII 30 ¢SO0 SOH, YHL LJ) o YOIM) ,YADDM,LRAND,COEF L TSRIMy L)
1 TSRUIN,2) JHUMNeJoDAVG (V35 Me3) ,TSRINK,4))
CIeCHL LU} 8 CSQeCUSCIvANRAXLLD, , t MUM-OMLMY /DAVG!

CQeCSQeL o) 3 CHLIJI=CSQOCI/CQe.25%CQ/CU
GO 1O 30

SOH=S0He2 . *RUNS { DH-00LD ) 7 (DH+DO0LD)

[ARAES] ]

iF (ABS{SOM) (LT, YHLLJIW) GO YO &9
YHLE SI=AMEND LABSISDHI (YHL{ ) ¢YADDN®ASS (DH-DOLD})
SOH«SIGNI YL () oF , SOH)
L3179
RESULTANT STRESS
SHLIJISPHL [ JI4SOH & AHSSHLEJ) = SCCFRCSODURNS (DH>DOL D)
iF (NSCPRAT .Gt. 0) GO TO 190
i LIRM LT, Q.) LAND. (F L.EQ. 0.)) 95,100
REAPHLLJI=SHLEJ) oSDMmO,
IF {L5UBL3) (E, NAXPRID)} GO YO 120
LEVRIE )L SUBLS) e}
WEITE (18,50D0F JoMobit,DH PHLES) JSDH, (L IT)  T#1,8)
MREYE (18,5600 CHLEJI,CSCEF,COT,CLTY AN
RETURN .
FORBAY (201 ST02 iM HAFSTEP, Nvle ad, Jsle 4t DvELG, 3,
1 TR, TIWNE=ErD. 3%
FORMAT (195M  HAFSTER, Jsl3,6H, Nela oM ENsEl0.3,4M DH=EL10. ),
1AM PHRELD 3, 5H TOMwELO. N In L8813}
FORRAT (&M CrELOL 3¢5, CSnELOY 0Ny CEFELD.I86H, COTvELOD:),
$ &N, CIT=E10,.3,%4, RH=E(0. Y]
END

SUBROUTINE HAFSTEP {concluded)
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SUBRCLTINE HYORC

SUBROUT INE CONTROLS THE MAIN CALCLLATICA CvCL:

¢ CORTRINS & PATHS -

l. NORMAL - COORDINAIES bITRIN MATERIAL

2+ INTERFACE — INTERFACE BEVYWEEN MATERIALS

3. INVTERFACE SPALL - SEPARATED INTERFACE ZEVTWEEM MATERIALS

€, SPALL ~ COOROINATE AT WhICH SEPARATION hAS OCCLRRED
CALLS FAFSTEP FOR FALFSTEP CALCLLATICAS AV EACH CCCRCIMATE
CALCULATES Xy Uy Do Ey ANE CALLS JSTRESS YO OETAIN 3STRESSES
CRECKS FOR SPALLING AND RECONBINATICA
CCMPUTES PINIPUV FERPITTEC TINE STEP FCR NEXV CYCLE

.o s

® SET DOLO,EOLD,DU+PII)SUJ) TR FREPARATICA FCR JSTRESS.
REAL MATL MU FUNHUP JNEM NET
INTECER H,POROLS)RINTER, SGLID,3PALL
INTEGER HJoHJ3
MISCELLANECLS
COPRON CEF ¢CKS,DAVG oCELT IMoCCUT «LRPC,CTYMINGCTNoCTNK DU DX +ECLD oF o
1 FIASToJoJOVESyJINITIFINQISMAR cJSTAR G JTS)LSLBELL) oMAXPR(11),4N,
2 NCYCSoNPERNyPULD 4RLAST o SLAST o SPRXoTFoTIMEQTJHTS,ULAST,UOLC
3 XLAST (XACM,XCLE
EQLATICN OF STATE - SCLID
COBPON LOSCIo06) o LA0E00) s L2LE) JEMELTIE)LEQSIALG)LEQSTC LS,
1 EGSTDLO) JEQSTEId ) EQSTGUA I gECSTHIO ) JECSTAIS ) LECSTSLE) MATLL2,6),
& BLIG) sRHOLO) 4RHISIO) s TENSLO93) o YALLI6), YO(E ) o JBND(8) )NPCRIG2 )
3 MyNUM,KMTRL S
EQUATICM CF STATE - FCRCUS
CORMEN AK(6) o MUPLE) PORRI 442)oPORBI42) sPLRCI493)RHCPLEI ),
1 YATCPL4e)sOREF JRECFVIIE AC
RACTATICN CEPOSITION
CORMON SS{300,5)SSTOPES I STARTIS ) oSCURP oSSTUPP(ASFECYS5SDeJSS
CCCROINATE ARREYS
COMMON X(300)4CU3LCI,CHLIIGC) WD I3CC)OMLI300) oENLII00) ,HE 2CCy3),
1 REM(200) oNETUICC) o FUIOC) o FHLUE2CCI R E2CCD»SEICOD 454 1300),T13CC),
2 Y3000, LHLL2CC), YRLEIICC) o ZHLIICC
HALFSTER VALGES
CONMON CHy OHLAST JLLP o EXoPr o RHRFLAST o SF cSHLAST UM JUNLAST o Xits XHL AST
IGENTIF IERS
CGPMON DISCPTL10), SCENTHJEDRTUCC) vJREIUNELS)HNDATEL3) JNEDTITLNEDT I,
1 NJEDIToNR MNREZGN ¢NSEPRAT (ASPALLWATEDT MTEX NTR(1S),TECIV(50)
CCALITICN IWCICATCRS
COMBON INF L INTERJRIRROR o .ORMAL ,FCRCLSoRIATER,SCLIC,SP*" L
SPALL ANC RELAXATION
COMMUN NSRYE) s TSRUS 6D USPISC) o XSFESCHoLELNGNICK, AEPHAETH

CIPLASICA LUD)

CALL SECCNCUXNOWD 8 DUR=INOQW-FIRSYT § D7aDTPIN=}, = <===w—-
INAX=D .

QUTER hYORC LOOP
0C 1G0C ANs=YNCYCS
TINE=TINE+O TR
J3%00LL =y
Puppag
€0 90C J=Ji“¥1T.JF Ik
KF {(LSuBlli .GE. PAXFR(L)) CC TC 2
WRITE (18,3000 Nodadlded) m—————
2 I=l,10
NI
CHECK FCR ThE APPRCPRIATE PATM
MED= XL 8 LCLE=ULd) § ALLL=2(Y)
IF trldy2) EC. NGEMAL) GO 10 1(C
56 (v0J,2) EC. LIMER) GC TC 9CO
IF (11Je2) EC. RINTER) GO TO 2CC
IF {+{Js2) .EQ. SPALL } GO TQ 3CO
IF {(H{Js2) .EGC. MIAROR! 300,40

SUBROUTINE HYDRO
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Corseonaae NORMAL PATH WITHIN A MATERIAL sestesRRes

[
100 IF (NSPEC .GT. O .GR. ABSEULJ)I-U(J*1}) .GT, L.E-3 .OR.
1 ABS(RHLAST) .&T. 1.) GO 7O ifo2
10l UH=U{J) 8 RHeX(J) $ XHe, 5e(X{J¢1)eX{J)+DTNHOULJ))
Lilimi0?
OM=DHLEJ) § EMREMLIJ)
UHEN=Y(J)
XEJYey(J)oDTNstoU(I) 8 SSJ=SSCAL(J) $ GO TO 800
102 CALL HAFSTEP
Li1)1=102
DOLD», 3¢ {DHeDHLASY) 8 EOLD=.S#(EHSEHLAST)
P SO(PHLIZ)*PHLIS-2)) 8§ YU, SO(YHLIJ)+YHLIZ-1))
ST S8 (SHLIJISRL(3-1))
VELGCITY CALCULATION
Ul JoUOLD~-2, "D TNH® [RH-RHLAST) 7 LIHL(J-1) ¢ ZHL ()}
COOROINATE CALCULATION
X(J)=XEJ)+ . SO TNSLU(J) +UOLD)
GENSITY CALCULATION
D J)=DOLD/ L] o+ SBDTNHOLU(J*1 ) -ULAST) ZIXLI+1)-XLAST) )
ENERGY CALCULATION
§3  SSJU=SSCALLYY
EJ=EOLD-.5¢(RHSRHLASTI®(1./D(J}-1./D0LD} +55J+58J1
$SJ=5541
T STRESS CALCULATIONS
DUSUH~UHLAST §& HJ=SOLTD
IF tiHIJ-2o0) (EQ. PORDUS) .OR. lHiJs1) EQ. PORGUS)) HJI=POROUS
HJ)3=2
IF INSRIM) .EQ. G) GD TO 12¢
I (ABS{SUJII-PEII)} GT.YJD HIZ2-TFIXISIGNIL.,S(J)=PLI}))
NSRM=NSR(M) 3 GO TO (106,104,104,106,105) NSRM
1064  NEMH= S*INEMIJIONEMIJI-1)) $§ NETH=,S®(NET(J)+NET(J-1i) $GO TO 106
105 IL=MINO(HLJs2) oMld-1,30) 8 TH=MAXO{H{Jy3isH{JI-1,3))
IF (LLIM-TL-1)88IH-IL~5}.EQ.0) . AND. (HJ3.EQ.2)) IL=[H
NJ3=1IL
106 CALL JSTRESSIR,MP,JeEJdyrIeHIIW YIS}
UL § =1 1=, 0257 (UL J ) UNEWSUDLD4ULAST ) ¢, O2UHLAST
UNEN=ULY)
DT =iX0321)2U1JeL )eNTNN-XL{I ) )/ CEF
IF(DY.LT.0.0) OTV=1.0

-mty O OO

[4 CHECK STRE3S AND SEV INDICATORS FOR SPALL
108 IF {(RUJ) 6T, TJ) GO 7D 800
IF {INSEPRAT .GE. O) DR, (F .GT. 0.})) GO YO 118
RIS 2S{J)=PiJ)=0., 8 GU 1O 800
110 JFINNL=JF IN-1
Li2)=110
IF (NSPALL EQ., 0} 1lea,111
i1l 00 133 Il (NSPALL
00 112 JJ=1JFINNL
IF (H{JJ.2) LEQ. 1) 113,112
112 CONTINUE $ NSP=HUJ,2)sl $ GO TO 119
113 CONT INUE
ils NSPNSPALL=HIJ 2 1=NSPALL Y
155 XSPINSPI=XLJ) $& USPINSPIsU(Y)
iF {LSUB(S) .GE. MAXPRIS)) GO TO 120
DESC=10H SPALLED
WRITE (18.5115) DESCeNNNoJoNSPALLYNSP(R{J),TJ,TINME
WRITE (18,5030) DY RIS 4CHII RIS TUI)GUJI) yUHDHIEH PHLTJ) o
1 RHWXH ILIT) g0t e
WRITE (16,5056) OVMINDITNH,U(J#L)XLJ*2)XLJD,CEF
120 JSPALL =)

R(J)=S5{J)=T1J) =0,

GO TG 800
c
Coonsrevan INTERFACE L IYY LT
4

C LEFT VALUES ARE [N (J-1) CELLS AND RIGNT VALUES ARE IM (J) CELLS

SUBROUTINE HYDRO (continued)
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200

20%

209
210

[
[

224
5224

226
¢
¢

* 22%

MLAST=M & MPLAST=MP § NzMsl 8 NP= NPORI(M,2)

L{1)=200

CALL HAFSTEP

$SJ=S5CaLtJ)

FIRSY ESTIMATE OF UM, HALF STEP VELOCITY AT INTERFACE

Jisg=1 $ J2=J-2

UM= S {R{ ) oULIL L) -DYNHEIR{ SR ) -RLAST ¢4, #{RH-RHLAST) )/
L (ZHLISIe2HLLS2) ) /6.

SSJ1=SSCALLJL)

IF (LSUBL10) .GE. MAXPR{10)) GO YO 209

LSUBIL0}=LSUBLICI+1

WRITE (18,5002) NoMLAST oM, UMsUTJ) UHyUHLASTRH,RHLASToRLAST REJI ),
1 RUJIRII+LD

1TER=Q

ITER=1TER¢]

SUJ)=SHLLJ) 8 PlUl=PHLIJE $ SUJI)=SHLIJ2) §& PlIL)I=PHL{I2)

RIGHT SIDE ENERGY AND STRESS CALCULATJIONS
DU=2,%(UH-UM)
DOLD=DH 8§ EOLD=EH
D8JI=DHZ(L +DTNH (UH-UM) /(XTJ+52-%X(J) D))
EJ=EOLD*RH&® (1. /LJLD~1,/DEJ) 1 ¢2.%55)
NEMH=NEM{J) § NETHaNET{J)
CALL JSTRESS(MyMPyJeEJeHIJp ) o HIJy 3R, YHLIJ))

LEFT SIDE ENERGY AND STRESS CALCULATIONS
DU=2, & { UM-UHLAST)
DOLO=DHLAST $ EOLD=EHLAST
DUJ-1)=DMLAST/ (1, +OTNH® {UM-UHLAST )7 IXLJ~-1)~XLAST})
EJ=EOLD*RHLAST#{1./7DOLD~1. /Dl 3~-1)) +2,%55J1
NEMH=NEMIJS 2, $ NETHSNET!J2)
CALL JSTRESSIMILAST MPLAST s Ji,E2,MIJ2,1) 0 HIJ2,3),YHL{J2))
IF (LSUB(1U) .GE. MAXPRILO}) GO TO 211
WRITE (18,5003) [TER,UMGUM] UMNZ,UNR3,RIJIRIJL)JRILIRILL, RS2 RIL2,
i St0),Stan
CONTINUE
ITERATION TO COMPUTE INTERFACE VELOCITY AND STRESS
IfF (ITER .GF. 10) 224,213
RS=ABSIR{SIISABS(RIJLS)
IF (RS .L¥. l.E8) 225,215
IF {ABSIR(J)-RUJLII/RS .GV, .0L) 2164225
1F (1TER-2) 220,219,217
IF (ABSI(RJZ-RIZ LT, ABS{RJLI-RJIN}) 210,219
MULYIPLE ITERATION ROUTE
UWi3sUNZ+{UR-UNZI®{RIL2-RJI2IZ7IRTII-RI2-RI LI +RQL 2}
UMl =UM
ULON=AMAXLE .29 (ABS(UH) ¢ABS{UHLAST ) +ABS (UML) )*FLOAT( ITER®¢2),100,)
UMxLM3=AMAX T (UML~UCON, AMINL{UM3, UM +UCOND)
RIL=RIJF 8 RJILIsR(4L} 8 GG TO 210
2ND AND MULTIFLE ITERATION ROUTYE
UMI=UML«(UM-UMLI*{RJLLI-RILIZHIR TSI -RII-REJLI*RILLD
UNZ sUM
UCON=AMAXL( .26 (ABSIUH) +ABSIUHLAST) *+ABSIUM2 ) JOFLOAT! ITER4¢2),100.)
UMz {M3a AMAY L {UM2-UCON,AMINLTUM3, UNZ¢UCON?E )
RJ2=R{J) $ RJIL2=RE41) ¢ 6O TO 210
FIRST ITERATION ROUTE
UMY =UM
IF {(UM-UH) *{UHLAST-UM) EQ. O0.) 225,222
UMxUM-{R{IJ)I-REJLIDZLDLIIC LMD L1 IOCLIL )
UMsAMAXL {AMINL (UM, 1. J0O*AMAXLEUH,UNLAST) ) g 0. S0%AMIN]L (UH,UHLAST))
RIVL=R{JE) $ RJI=R(S) & UMgZ=UM $ GO YO 210
WRIVE (10,5224 N,MLAST M
FORMAT {44H 'NYERFACE ITERATIONS DID NUT CONVERGE AT Nals,
1 1MH BETHEEN Msl2,TH AND mMeld)
HRITE (16+5003) ITER,UMeUMI UMZ UM RIJ)JRISLILRITLRILLZRI2,RIL2,
1 St , s34
ENG OF INTERFACE [TERAYTION
COGRDINATE CALCULATION
VLI I JL ) sU0LD =2 . *DTNHO{RM-RHLAST) S (ZML (J2) * 20t £J) )

SUBROUTINE HYDRO (continued)
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IF {N®NN .€Q. 1) UtJ)sUlJ]1)=UNM
XEI)=X{IE) =X I+ S*DTNHELU(I)+UOLD)
OT={X(Je2)+UlJeL)*DTNH-XTJ))/CEF
IF(DT,LT.0.0) DT=1.0

[ EQUALIZE THE STRESSES
RIJUI=RUJI= SO {R{JLI®R(I))
UHL (J2)=,.025%(U{J1) $UNEW+UOLD+ULAST) * .9%UHLAST
UNEWsULJ)
C
[ CHECK STRESS AND SET INDICATORS FOR SPALL
IF (REJL) LLT. THJ1)) 230,800
230 HiJe2)sSPALL
L12)=230
IF (LSUB!9) .GE. MAXPR{G)) GO TO 235
DESC=10H INT SPALL
WRITE (18,5230} DESC N NM,MLAST M,RIJE),TIJL),TIME
CALL "EDDUINP
235 RUJIsREJLI=S (I} =SLIL1)=T(JL}=00.
G0 10 800
[
Cssso0s000 INTERFACE SPALL te280000 00
4
300 IF (J .EQ. JINIT) 330,310
310 MLAST=A § MPLAST=MP
Ll1)=330
[ LEFY SIDE
Ji=g=1 $ SSJ1=SSCALIJIL)
XLOLOsX{J-1) $ ULOLD=U(J-1)
UL J=1)sULOLD+2 ., *DTNH*RHLAST/ZHL (J-2)
DlJ=1)=DHLAST/ (1. ¢DTNHS{ .S LULJ-1) +ULOLD)-UHLAST) /U X(J4~L) -XLAST )}
X{J=11sXLOLO+.5*DTNH®{U(J-1}+ULOLD?
0T=1.
UHLJ-2)%.2500U( J~1 ) *UNEN+ULOLD*ULAST)
IF (J EQ. JFIN) 900,330
C RIGHY SIDE
330 K=Me)
MPsNPOR(M, 2)
1(2)=330
IF (ABSIUIJIY~ULJ+l)) (LT, 1.E-3 .AND. NSPEC .EQ. 0) 331,332
331 UdsU(Jd) $8 RH=R{J) $ XH= . S58{X(J+1)eX{))+DTNHOUL D))
X{J)aX(J)+DTHHOULY) $& DOT=], $ SSI=SSCALLY)
ON=D (1 d}
IF 14 LEQ. JINIT) 800,335
332 CALL HAFSTEP
$5J=SSCAL(2) § UOLD=U(J) $ XOLD*XiJ}
U{J)=UOLD-2.CTNHeRH/ZHLL )
DIJIsDH/{ L. ¢DOTNHO{UH-. 58U J)+UOLD) I/ IXTLJI*LD=-XTIDD)
XU J)sXOLO+ . SSDTNHO(UTJ ) ¢UOLD)
OTu(X(Jel)+ULJoL)ODVNH-CLJ))/CEF
IF (07 LT, 0.) OT=1,
UNEWsU{ )
c CHECK FOR RECOMBINATION
iF (J .EQ. JINIT) GO VO 800
338 IF (Xt4) LE. X{J-1)) 361,800
k1Y IF (LSUBI9) .GE. MAXPR(9)) GO YO 36%
DESC=10HINY RECOMB
WMRITE (18,5230) DESCoNoNN MUAST ¢MyR(J=1),T{J~1), TINE
C RESET ARRAY VARIABLES AND GO TO INTERFACE ROUTE
365 HIJo2)oRINTER 8 XIJieXOLD $ X{J-1)oXLOLD $ UlLJI=UOLD
UtJ=-1)=WLOLD $ GO YO 208
[4
Coesscesse . SPALL WITHIN A MATERIAL svesoscens
C
4 LEFT VALUES ARE IN J-CELLS AND RIGMYT VALUES ARE [N XSP AND USP
4
400 NSPeMiJeZ) $ XOLO®XSPINSP) 8 UOCLDwUSPINSP)

UWOLDsUlJ) & TiJ)e0. § RiJI=O, § DXeX| '+])-XOLD
L1 )»400

SUBROUTINE HYDRO (continued)
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(4 LHS CALCULATIONS
UG I=sULOLD ¢2 ., SDTNH®RHLAST/ZHLI J~1)
DIJ)SDHLAST/Z I 1. *DTNHS( , S*(ULJ)¢ULOLD)~UHLAST ) 7 (X(J}-XLAST })
X(J)mX{J}e o SSOTNH®(U(J)eULOLD)
C KNS CALCULATIONS
DOLD=DHL(J) 8 EOLD=EHL.J)
XH= 58 (X (Je]l)eXOLD)¢.2500TNHO{U(J¢ 1) +UOLD)
U=, 58 {U(J+1)+UOLD) - SSDTKHOR(J+]1)/(DOLD DX}
DML (21 =DH=ZNL L J)/ (DX+,SeDTNHE{U{J+1)-UOLD))
EHLI{J) =EHsEOLD~e S*IRTJIe L I4R1J) ) (1. /DH~-1./00L0) ¢ $SSCALHITJ)
4 PREPARATIO> FOR HSTRESS IN SPALL
CALL MSTRESS
USPINSP)=UOLD~2, #NTNHERH/INL ( J)
KSPINSP)=XOLO*.S*OYNHS{USP(NSP) +UOLD!
DIJ)e S8(DHeDHL T}
DTs{X(J*1)*U(J+1)SDTNH-XSP(NSP) ) /CEF
IF (0T .LV. 0.) DOT=1.
UHL (-1 i2,25¢(UL S} *UNEdSUOLDOUL AST)
UNEW=USPINSP)
[ CHECK FOR RECORBINATION AND RESET QUANTITIES AT 4
IF 1XSPINSP) .LE.X{J)}} 410,800
410 H{Js2)=NORNAL
L{2)=410
X(JI=.5¢(X{J)¢XSPINSP))
ULJ)=.So{ULIICUSP(NSP))
D{J e SOIZHLEI=1) 7IXII) ~XEJ=2) D eZHLIIV 7 (X(JeL ) »OTNHOUL J4L I =X (J)})
IF (NSP .EQ. NSPALL) NSPALL=NSPALL-1
IF (LSUB(9) .GE. MAXPRI9)) GO TO 420
DESCs10HRECOMBINED
WRITE (18,5115) DESCoN.NNyJoNSPALL «NSPRLJ) TS, TINE
WRITE (18,5050) OV ,REJI ¢S I)4CUI}DCI)o T SULI) 4UMDM,EH, PHLLY),
1 RHe X 10 (F)y19),8)
MRITE (18,5051) DTMINDTNH ULJI¢L) o X{J*L) XU}, CEF
C RETURN TO NORRAL PATH FOR STRESS CALCULATIONS
420 PlI'=S(S)»0. § DOLODO=.59(OHeDHLAST) 8 EOLD».30JEHLENLAST)
Yiu SO(YHLIJ)I*YHLIS-1))
IF (0.39D7 .GT. OTMIN} GO YO 103
DUNIN=O.3eDT $ JVSsy $ GO 7O 10)

<
Cesvesesee MIRROR AT FRONY SURFACE hadaddd
c
300 M=Nel 8 MPONPOR(N, 2)
Lil)=500

CALL HAFSTEP
DOLD=DN $ EOLD=EM $ DUm2,®(UN-U{JI]
DUII=0OLD/ {1, ¢OTNHS {UN-UII) )/ EIXEJe )XY )
$SJ=SSCAL ()
EJ=EOLOeRHS (], /DOLD~1./D(J)}e2. 05580
StI)=SHLIY) & PlLI)ePMLLY)
NERMSNER{J) § NETHaNET(J!
CALL JSTRESSIMo NP, I EJc M) ) M)y vMLIJD)
RiJIs2.%R{4I-S( D)
XE3)=X{J)eDTNNOUL )
OT={X{J+1)eDTNHOULISL)-R(J)}/CEE
UNEWeU L S)
IF (REJ) .CT, TUJFIN-1}) GO YO 800
HlJ,2)=3PALL
L{2)=330
DESC =10H MIR SPALL
WRITE (18:95230) DESC Mo NN NN R{J) T(IFIN=-11,TINE
PLII=R{IIe SIS )mTEIFiN-1070.
[ 4
Cosoctvire £ND OF NIRROR PATH
(4
200 CONT INVE
Li4}e000 .
Cooanee END OF CYCLE RESEY "sssseee
RAITeXORD 8 ULASTeUDLD 3 RLASTSROLD
KELAST=XM & UMLASTSUM 3 RMLASTORN §  DHLAST DN
EHLASTEN 3 SHLASTeSM

SUBROUTINE HYDRO (continued)
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§ 4 SMAX CALCULATION

b 1F (StJ) .GT. SMAX) 820,822

P, 820 SMAX=S(J) 3 JSMAX=J
i c

i- 4 TIME STEIPF CALCULATION ‘

022 IF (DY .LV. OTMIN) 924,026 .
824 OTMIN=DY ¢ JTS=J :
2. DTP=DY N
IF (LSUBIL) .GE. MAXPR(1)) GO TO S = =moeses :
MRITE (18,%050) OToR(ID oS ,CUINe00I)eTUIIoULLD o UH DHLEH,PHLI D),
1 RHeXHp ILITIDo121,%) i

g

s

MAITE (18,5051) OTMINOTNH,UtJeL) o XEJe1D,XULS)CEF i
LsustldsLSUB¢)SOY me—e- - H
i <
{
[ JSTAR CALCULATIOM

830  IF (ABSIULJ)) .LT. L.E-3) 851,900
[ 21 1F (J .CT. JSTAR) 852,900
852  JSTAR= -1

I T T N R L e

! GO T0 990
< END OF MYDRO [WNER LOOP
900  CONTINUE
JSTAR=FIN-1

990 OIN«OTMM
IF (JSPALLONSEPRAT .LE. 0) GO TO 1000
JIMIT=JSPALL $ RUJINEY,2)esPALL
C END. DF “YDRO OUTER LOOP
1000 CONTINUE
IF (LSUBLS) LT, MAYPR{S8)) 1001,1002
1001  CALL SECOMDITWIX) § ODURwTWIX-XeO@ = ==eme-e
MREYE (18,%010) NOOR  ==sees~
LsuBteI=tSUREIH»LSt  =ewes .-
1002 RETURN
S000 FORMAT( 1OMOMYORO SEGIN. N=lay3H Jela,0M M{J2)=RL) = -=--=--
3002 FORMAT (21H MYDRO, INTERFACE, NeiS,4M, M=12,3% AND 12,3M, UN=

1 &lo.¥W ™ UGII=EL0.3,4H UNS2E10.3,44 RN=2E10.),
2 WMy ReeE10.3 F12eM :
3 ITER UL ] ung uR2 uny R J) Ri3-1} -
: ¢« il RJLL RN /JL2 sty $i3-1) ) :
1 $003 FORMAT (14,12810.))

3006 SORMAT (18M -—- 1T SPALL URe Z2E10.J,AN DU=Z2EL0.3.4H DM=2€10.3,  -------
I 6% ANSZEL0.Y,/18K,3H X=2810.3,3M UYe2610.3, In €+2E10.3) " —em——
SQ10 FORMATI 22N MYDRO CONPLETE-----~Nala,22H, CALCULATION TEWE IS FiO.3,---=---

1 % SECOmOS.ZZ) e R H
SI1S FORNAT (1IN ,AL0,TH Ny NN=214,0H, Jelt,8M, NSPuZII, TN, R, T=2£10.3, i
- 1 ™, TINE=E10.3) i
’2!0 FORRATY [$1.] o‘l@g’“ LN ’“‘2""7‘. “‘Il’ot“' R, V-ltlo.l.N- "“') i
1 €10.3)
3090 FORRAY {LON HYDRO OT«E10.3: 3N R=E{G. 33N Se€10.3, 0 C5E10.3y o=---- -

§ 3% DOEL0.309W Tell0.3:. 30 U=E10.3/  TH 4N UMeEL0. 304N DHeELO0.3, -~-o----
2 6N ENSELO . AN PHoELO0, ¥, 4 RANSE1C0. 3o4N RM=E10. 3,44, L5106
3031 PORNAT (10 OT=2810.3.%, UlJivliefl0. 3,00, X#322E10.),
1 &, CEFELO.Y)
o

SUBROUTINE HYDRO (concluded]
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SUBROUTINE JSTRESSIMI,MPI,JJI RS HIHII, V)

CALL €D BY MYDRO TO COMPUTE R, S, P, AND TO SET ¥
¢ CALLS EQST, POREQST, AND FRELT
® TERNINATES THE Pr "RAM FOR A NEGATIVE OENSITY

REAL MATL, MU, RUN, NUP (N JET o ME OM
INTEGER H,POROUS,RINTER, SOL 1D, SPALL
INTEGER HJ,NJ)
RISCELLANEOUS
CONMON CEF s CKS+DAVG DEL TIN,00LD,0RHO,0TNIN,DTN,DTMM,DU,0X,EDLD,F,
FIRSToJyJCYCS s JINMETUF INoJIJSHAX ) JSTAR  JTS,LSUBILL) (MAXPR(LL )N,
NCYCS o NPERN, POLDyRLAST  SLAST , SMAX , TF o TIRE, T, TS, ULAST,U0LD,
XLAST (XNOW,XOLD
EQUATION DOF STATE - SOL1D
COMMON COSQ{8,08)CLi8,6),02(6) ,EMELT(6.5),EQSTALS) EQSTICLG),
EQSTOUG) JEQSVE(H) JEQSTGIS) . EQSTHIG) JEQSTNIS) JEQSTSIS) MATLI2,61),
MULS) RHOL6) RHOS (6] ;TENSL6,3)YADDIG) YO 6) ,JINDIG) ,NPORLB,2),
", M)A, NATRLS
EQUAVION OF STATE - PCROUS
CONNON AK1S) ,MUPLS) ,PORAL 413} ,PORB(4,3),PORC14,3),RHOP (6,3},
YADDP (4, 3) JOREF RNOPV, NP (N
RADIATION DEPQSITION
COMNOM $5(300,5),SSTOP{S) ,START (5] ,SOURN,SSTOPN NSPEC,$5J, JSS
CODRDINATE ARRAYS
CORMOR X{300),C8300),CHL(I00),01300: ,0ML (3001, ENL { 300} ,H{ 300,31,
NEM{ 300) NET{300),P1300),™HL{300),R{300},5(300),5M {300},T1300),
U{300),HL13001),YHL (300}, IKLLI300)
HALFSTEP VALUES
CONMON OHDHLAST ;DU o EH o PH o RH RHLAST o SH: SNLAST JUH UMLAST, Xy XHLAST
VDENTIFIERS
COMMON DISCPTIL0) , IDENT, JEDIT{20), JREIONILIS) NDATEL 3)  NEDIT,NEDTN,
NJEDIT (NR NREZON,NSEPRAT  NSPALL (MTEDT, NTEX,NTR{15), TEDITISO)
CONDITION IMDICATDRS
CORNON INF ,LINTER, RIRROR, NORNKAL , PORTUS s RINTER, SOL E0, SPALL
SPALL AND RELAXATION
COMMON NSR{S) TSR{G 601 ,USP(SO),XSPISO} s LALX,NICK, NEMM,NETH

DIMENSION Lt LO)

DO 1 le},10

Litl=a

CL+0.0

IF (D(J33)) 20,20,25

PRINT 110:NoJI01JII) T INE

CALL EQDURP § LSUSITI=]1 & NsM-1 & CALL SCRIBE 8 STOe

S0Je S J3Y-PLI2}

FoiMELTIEJ MIY B TFal sEJoEQSTALRIY 3 OREF=DIJIIeTF
ESTABL I3 ROUTE

iF Mg (EQ. SOLIDY 30,30

1F (F .GY. 0.} GO Y0 a0
UNCONSOLIDAYED REGION

WiRka20. 8 CALL EQSTUEL,D112),PIIJ) M, CCH

Li2re)2

I P13 T, 0.0 37,81

Ptili=S(Jdjisniigl=0, § GO T0 @3
SELECT POROUS REGION

RMOPVSe(RMHOFES WP II-AHOSEMI) | & ANQSINI)ZTH

Lilima0

tF E0442! LGV, RNOPY) 30.4)

N -0

L a2 )]

16 {OREE GV, AMOP(NCo1 . WP} AND. NC LY. NPORIRI, 21T 43,40
PRAEISURE, SOUND SPEED, YENSILE STRENGIM IM SQLIO

WMReRU NI 3 CALL EQSTIR D, 01343, P1 a1 .y CHOI N

L1l =30

YADORSVAQOIMIE 4 M=% 8 TJeTiJJ)0F

IF (WPORIRJ, 11D 31,%7,9

OREF=ARARL {DOEF ,AMOP{S WP}

Lisi=Se

IRIOREF-RNOPIS NP INY (37,3

COTeCOSQINI,G) § TV IR &)

L3107

GO Y0 0

SUBROUTINE JSTRESS
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PRESSURE AAC TENSILE STREMCTE IR PCKOLS
CALL POREQSTVIEJIoCUlISI4PLIJ) o8 JoPPU,LI4))
Li€)=¢Q
YADCR=YACDP(NC,PFY)
1i=0.
IF (TH13J) hE. C.) 65,07
Tam{VENSINI DO CTENRSINI L )-TERNS(PU2) )2 LEREF-RICUIPSIY/
E (RMCPISPPUI-RHC(PJ)) ) OF
LtT)I=48
COV=COSUIMINCIS(COSQINMIMCeLI-CCSCURINCIIPIEREF —RHIPINC,MPY})
L 7UPHCPINCe L PRI ~-REOP{NC , HPI))
CIICIIRI NCIOLCIINI NCOLI-CLIRIANC)IO(CREF ~RHCPINC,PFID)
T ZIRMCE( AT ol (PP )-ENCFINC,HPJ)Y)
Lis)=8?
ARTIFICUIAL wISCCSITY
S aPINL{CU,0.)
Liv)=10
CI=(OUSCAT~-CLTeC 3 Doty iCidJIo0CLC /e,
CEVIATOR STRESS CALCLLATICA
IF (nSRImJ) LEC. O) QL TC 73
CRRC=CT{JII~-COLE 3 Cave=iCluJleCCLOV /.
D004 $ CCEF=PIPsDARC/CAYC & PECu=; oAUV
NEPP=RSRiNIYE 8 CV2,.580TNN
60 YO (13,74,74,03,1%) NSAP
CALL RELAX(SCIoFII oY) oSCOsOT  TSRIN) 1) ORI GCTEF ( YALDOR N, Jdy
i TSRIRIL20,Y0UNJI) AR
6L IC 8¢
CALL BAMNDAM X(30JoPJY VI 30C DT 0RMC - CEF JPECH ,YADCP oh,JJ s TSRUPS, 1}
T o TSRINIG2IGTSRIPI DI o TSRERI AL TISRIPI, S TSRINI 0 ) NENLSI),
2 BETEII) A30N)
€0 Y0 £C
CALA RAUSCMI(FIISE0.S0JeYJ o YOLM])  YAROP ORNC JCCEF ,TSKTPIL 1),
T OTSRUMIGII oMU N, JJDAVE G ISREP I I TSRIPI, )
€0 1C 80
$04»30J02, 0RUNG (D 1IJOCLUIZIDLIS ) eDLLE)
1E (AB3S(S0J4) LY. YJIOF) GO TQ &9

SDJeSICN(ARINLIADS I SOI A VIO VYADORR AR SICIJUI-DELD ) IOF),5045)
STRESS CONPUTATICA
SCIJIoPRIIINS0S 3 RULIJI=SLIII L)

IFLLSUGIZICERAZPRIZ)) 5T IC s 12217
BRITE(L1045000IRC o P e®FJaCde 50U F, TU UL 1= iy 1C) 12717
LU oL SVB( 2) 0]

NE TLAN

B00 FORRAT( @ JSTRELS MCe® i1, Ryve, (1,0 pY a0,1},0 (j=0,E10.),

e

I 0 SO0, F10.0¢® Fod BlC. Y 0T a0, 810 ..,® L2001}

FORRAT (200 SYOP IR JSTRESS,: N=la.6r, Jalé,an, Detli.l,

1 THe TINE=E10.3)

&N

SUBROUTINE JSTRESS (concluded!
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SUBROLT INE POREQSTIEJoDJ PI«PIyPFIWCI)

CORPUTES PRESSURE, BULK ANC SHEMR PGCLLI, ARD SCUNG SPEED FCR
PORCLS PATERLIAL

REM. RATL MU RUN,PLP

NISCELLANECLS
CONMON CEF CKXSeDAVGDELTIMGDOLO DRHL . (P IR JLCINOTAN DU, 0K ECLDFy
T O FIRST gl JOVES o JIRITIFINGJISPAN, JST . odYSul TLELLI1)MARPRL, 1) (N,
2 MCYCSoNPERK POLLRLASTY o SLAST o SPAN TFoTIPE Y0 TS JULAST WUCRL,
3 MAST ENCE,XCLE

ECLATICN TF STATE - SOLID *
COMMON CCSGUOLE)oC1T0et  C200) EPELT(GS)JECSTALE),EQSTCIE),
I ECSTO(ODoECSTEC €N ot uSTCLEIGECSTHIL I LECSTALE)ECSTSIOT JMAYL(Z00),
@ MUTEToRNCIO) o RHESELI TENSES (3D JVRALTIO) ,V0(6) o JONTIL)yNPOR(EL2)y
3 PLPUPAATRLS

EQUATION OF SYATE — PLACUS
CORMREN AKEO) o MUPLG) o PLARLIGG I o PCRE{4, 2) 4 PLRC (43 ) ,RKOP (8,30
1 TACCPU4e 1 ¢DOREF JRNGPY AP NC

CIPERSICX LI10)

0 & =1,

L{1i=0 :

(C=0.0 12417
IF (NC-NPORIMJ, 1)) 12,420,865

PZFILPLRACM +PEJ I+ D —RNOP INC, HPJ) /OREF I

1 (PORBAINC o MP IV PURC (NC o RF U (PHCFIAC ], PP )/L00 CF-2.0))
PlePCRAL2,00 )
tik=ig
&€ 10 3¢
(DENSITY LIES IN THE LASY PORCLS RESICN BEF(RE SCLIC)
CALL ECSTUEJoRHCPYFITIAY (PJ,CC) 12/32

(SIMPLIFY EXPRESSIONS ANC COMPLTE PRESSURE ALCMG THE CURVE?
PAFPORUING . MPJIOF 8 DAsBNCPINC L FJI/TS
FCEaq OPORCINC s APJ 10 FACDON/ L RIOPV-CNICIRNCPRDJ-L 0 }
P2oPAF SRNOPY 7 (KrOPY-DNISLL ~ON/0 30 (PICINT-FRFSFCF)
MCERIAGINC 2 & PisPORAINQ, NP )
LE1)=20
COPPLYE BULLE BRESSURE AL SELECY ZIAImum
RATIOSARINLL Aot ARARREIP-PLIZIPLRABTAMP-PL),C.0)
MM IRLP IR IPULPII-PUPLP I LORST ()0 F
BILK~CAKERI) 2L ECSTCIRI ) -RAK (NI ) IORAVIC 10
PEULE=PI+BULKO L {DI-DUAD I/ LS9 LD CULL I DeECSTAINIIOTEI-cDL O}
IF (POULK .CT. P21 CO Tr as
¥ (NC EQ. NPORIAJ,! ', PRULK=ARAPLIPJCINTR (L .~ {RNCEV-CJ) /{RNGP Y-
1 BRnCSIRJI/ZTF)) P0ULK)
Li2i=a0
$JePRULE 1 GO YU B0
=32
LEd3=aY
FRNME SPEEC CALCULAATION
CSun iU RCIUN /L 10 EDIe0CL0 )
BFOICSL €Y. O} V,09
COLIQe( NI § CU WO NG 290 a1
(SR 214 3]
FULSUBIID CE.PAXPRISI) GO TO 92
MEATE T30, 010) Joled i o®P 8, Y alieRil dePIob2,POLLE, QULE, P, CREF,
T OROPYDOLE TP BT EE, LiTiemE,L))
LSV S SUREYY ¢ 2

% oA

AETUBN

CORRAY L1106 POREGIY JelB3yIN Rel @ I PudiZoon Meolloon 211(.3,
bW DI04t CIndh0.0, 00 PoREl0. ). %0 ROD~2C15. 3730, 00 3L10.),
T AR TR0, 0006 BCLOCL0. %M CIC=E10.343% LoXd)

e

SUBROUTINE POREQST (campleve)
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SUAROUTINE REZONF

INCREASTS CELL SI2ES TC GIVE MORE LNIFORM DISTRIRUTION
®  STARTS REZONING AT JRFZON A4l WORKS TOWARD JINET
* DOFS 7OT DISTURB LOTATION OF INVERFACES, JEDITS, OR SPALLS

[alaNaNaRal

REAL MATL , MU, MUM, MUP, NEH, NE
REAL MASS,MOM MASLAST  MOMLAST  MASNEXT , MOMNE . T
INTEGER H,PORCUS+RINTER, SOLED . SPALL
INYEGER HC  HIOLD2
C MISCELLAKEAUS
COMMON CEF ,CKSyDAVGDELTIM,NOLD (DRHOWDTH, 4y OTNGDTINH,DU,DX EOLD4F,
o FIRSTAJoJCYCS o JiNIT UF INGISMAX, JSTAR;JTS,LSUBILL) MAXPR{L1Y I, N,
2 CYCSNPERN,POLOJRULAST,SLAST o SMAX,TF,,YIME, T, TS, ULAST,UOLD,
3 XLASY 4 XNOW,X0LD
C EQUATION OF STATE - SOLID
COMMON COSQUSy6) oCEL6,6),C216) JEMELT(5,5),EQSTALH) EQSTT(A),
1 EQSTD!6) EQSTELG) JEQSTGIB)LEQSTHIO)yEQSTNIG) 4EQSTSIo! 4MATL(2,46),
2 MU{6) oRHO(E ) gRHESE6) o TENSISE,3) o YADD( 6D o YOUO) 4 JINDIG) 4NPOREE,21,
3 M NUMGNMTRLS
C EQUATION OF STATE - POROUS
COMMON AKL6) yMUPLE) 2 PORALG 3, PNRA{423V,PORC(5,3),RHOP (6,43,
1 YADOPU4y3) yOREF ¢RHOPY MP o NC
RADVATION OEPOSITION
COMMON SSE30055)¢SSTOP(S)  START (S ySDURN SSTOPM NSPES, S50y JSS
C COORDINATE ARRAYS
COMMIN X(3007,C(300), KL E3001,D1300),DHLE{300),EHL{300) yH(300.3 10,
1 NEMU300),NETU300)4P13775 9P (3001,R{300),5(3001,SH(300),V{300),

e

2 Ut300),UHLE3008YHLT' LNLE300)
[« HALFSTEP VA
COMANN DHyDMLASY 4 DUH b, PHyRH RHLAST, SHy SHLAST yUH UHLAST o XH o XHLASY
C IDENTIFIERS

COMMON DISCPT{10},INENT,JEDITI20) ¢ JREZON(15) sNCATEI I oNEDIT)NEDTM,
1 NJEOIT,NRyNREZONGNSEPRE™ NSPALL ¢NTEDT,NTEX,NTR{L15),TEDIT(50)
: [+ CONDIYION INDICE RS
i COMMON INF o LINYER; NTRROR,NORMAL . POROUS,RINTER (SOLTD (SPALL
C SPALL AND RELAXATICN
COMMON NLREG) o TSRIG 61 USPISO) o XET{50) s LALXGNICK NEMH,NETH

GIMENSION CC{20. +DXX{6),EC120) 40120, 314 ¥ASSI21),MON(2042)
L PCER0DRS(21D.SCL20),XCL20),YC (201, ANEME20) 4 ANET(20)
DIMENSIOM AM(20)4AT(20) ,NEWJEDE20)

<
E Ciho. SECOND{XNOW)
JREIODMINRETION «MINO(JREZONINRE ZOND o JF IND
IF {UREZONINREZON) JLE. JINIT) GN TO 900
IF {TIMESDTNH .LT. 3SSYOPM) GO TO 900
IF {TInE-,5%#0TNN ,GT. SSTOPMY GO TO 2
TiMF =TIMESBTNH 8§ SDiRM=g,
DO 1 J=JINIY,JFIN
EHL{JI=EHL S S ¢ SSCALHY Y
TIME2TIRE-DIRH ¢ SOuRM=],
JLAST=JREZONINREZONI-L $ M=0 § NJ=i

-

SECTION 1 LOCATE JREZION WiTH RESPECT TO MATERIAL AND JEDITS

woaOON

Mapme)
IF (JREZON(NREZON)-JBNOIMI-2)1845,3
JLAST=JLAS -1
MASLAST=ZHL{JLAST)
MOMLAST=0. SOMASLASYOLI{ULAST)
RSLAST= SEMASLASTS(RIJLASTICREILASTHLY) & TLAST=TIJLAST]
D3 10 I=1,NJEDIT
0 NEWJED(T)=JEDIT T}
*¢  SET JOLO, THE OLD CDORDINAYE VALUF, AND JNEW, THE NEW VALUF
**  REZONING OCCURS FNR CELLS BETWEEN JNLD AND JLAST. MIDCFLL
®%  QUANTITIES AREF SFT FOY JLAST-1 WHILE CGORDINATE QUANTITIES ARE
*s  SET FOR JLAST,
JOLD=JINEX ILAST-1 § NCEL aNPART=0

O\

[aNaReNal

f
E SUL JOUTINE REZONE
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12
13

103
105

108
125

130
132

140

i 42
145

15%
160
200

LoC=11 em————
WRITE {18,5000) LAC,JOLDyJHFU, JLAST M NJ,MCEL ,NPARY PRENT
% SET DX (CELL DIMENSION! AND XM (COCGRD 3 LFFT NF NFW CFLLE FNR

#®  FIRST GROUP OF CELLS TO 8E REIUNED

XNeX({JLAST=1) & OXsX(JLAST}=~(N

Mied-1 ¢ DAX{WI=DX

IF (W ,€Q. i! GO TO 13

00 t2 (el M

DXX{1)1aDXX{MI®SQRT{FQSYCITLOeRHOSIM) FLEQSYCIMIORHOS(IN)}

WRITE (18:;5015) (1,0XXK¢i), Vel eo==ee-

®%  SAVE NEM AND MEY AT JENITS FOR RADIATION GESOQSTITION PROARLFMS
IF {NSPEC .EQ. 0} GO 7O %0

D0 30 1a21,NJEDIT

JEAJEDITLY)

ARE T IsNERTJE)

AT{IV=NETL JE)

SECYION 2 - FIND REINNARBLE SET OF CELLS

TERNINAFION OF RFZONABLE SFET OJF CELLS AV AN IMTERFACE (PART {)

iF (M-1) T790,130,52
1F {50LD~JBND(N-10~1) T730,60,130
MPART=1 § WIMD2=H(JOLD,2) ¢ €O TN S00
JLAST=20LD-1
*%  RETURN WITw JNEW SET V' JBND(M~|?

CHELK WHETHER SEDITS COINCIDNE wWITH JSBNGIM-1) (R JAND{M-1)e1
DO 1063 MJ=1,NJEDIY
IF (JOLC .NE. JEDIT(NJ)}} GO 10 103
NEWJED (Nt} = INFWe |
GO TO 105
CONTENUE
N0 108 HI«1,MJEDIT
IF (JOLD-1 «NE. JEDIY(NJ}) GD TD 108
NEWJED (NL) aINEW
60 TN 125
CONT INUE
HE INEWS], 2 ) =HIGL D2 §  X{INEWI=Xi{JINFEWe1;
BeM-1 & JONDEMI=INEW  $  TLAST=TEGNLO-13 3  JNEWsJNFW-]
JOLD=IALD-2 § KAN=ZCJOLD)
Locst2s  eee=- -
PREITE (18,5000 {OCJOLDsINEW, JLAST My NI N FL NPART PRINT
GO YO %0

TERMINATION AT A SPALL WITHIN MATER{AL (PRRT S5)

1F (IHIIOLDN2) LEQ. SPALLY UR. (HUIOLD,2) EQ. NNRMALY) 155,132
NPART=S §  NSP=H{JOLD,2Z) §& XSAVE=X({JOLDY $ OUSAVE=ULJIOLD)
XEJOLDI=XSPINSP) 8 ULJOLDISUSPINSP) § GO YO 300
JLAST=JOLD $ USPINSP)=U{INEWeL)

XSPINSPI=XIJNEWS]L) $ XUJORGI=XSAVE § U{JOLD)=USAVE

RETURN MITH JNEW =CONRD TO LEFT OF SPALL, JOLN=CONRD AT SPALL

HI JNEWe1, 2 ) %NSP
00 142 NJ=1,NJEDITY

1F {JOULD JME. JEDITI(MI}Y GO YO 142
NERJED (NI )= INEW
GG TN 145
CoNTINVE
JOLD=J0LD~1
LOC=145
WRITE [18.5000) LOC,JOLDyJNEW,JLAST My NJ,NCEL s NPART PRINT
w0 v0 50

TERMINATION AT INITTIAL BNUNDARY (PART 2)
FLJOLO-JINIY) T790,160,2%% 12N7
NP2RV22 § GO TC %0C
00 208 NJ=s1,HJEDITY
IF (J0LD .NE, JEDITINJ)) GO TN 205
NEWJEN (NS ) » JHEWS L
GG 10 800

SUBROUTINE REZONE (continued)
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ﬁw
]

264

300

™Moy

355
380
400

OO

420

500

310

601

632
603

604

0%
608

610

2Rl

CONTINUE
&0 Ty 300

TERMINATION OF REXONABLE SET OF CELLS AV A JEDIT (PARY 3}
IF (NJEDIY .LE. O0) GO v 356
DB 204 NJw3 NJED!T
IF (JOLD JNE, JEDITINJYI GO TD 264
NPARYxY
63 Yo $00
CORT TMIE
G0 T2 88
JOLD=JOLD-1
NEWJIEDINI) s NEWs)
»5  RFTURN WITH JOLR AT THF JEQTT, INEW TO THE LEFY OF JEDIV. MIDCELL
& QUANTITIES HAVE RFEN RESET UP TO JUNFWel, CODADINATE QUANTITIES
% UP TO JINEWe2
£0C=300 -
WRTTE (18:5000) 10C,JOLDINEWJLAST M NI NCFL,NDART PRIRY
GO 10D S0

TERMINATION WHEN NUMBER OF REIQMABLE OLD CEL ™ 1S 20 (PART &)
TF CU(XGILASYI=XTJOLD) I/FDXXIMI=-LR, ] 420,360,260
NPARY=4 3 RO TO %00
JOLDaJOLD-}
LOC=2400
€0 RETURN WITH 20LD AT PREVIOUS LNCATION, JSNFW SET AT COGRDINATE 70 THE
e LEFT, MIOCELL QUANTIT'ES MAVE HEEM RESEY UP YO UNEWel, COORDIENATF
®»  QUANTITIES UP TG UNEWe.
WRITE §13,5000) LOC, 2D+ INFHyJLAST M NS NCFLINPARY PRINT
G0 TN 39
JOLO=JOLD=1 $ GO TO SO

SECTION 3 - COMPUTE HEW CELEL (NOKDINATES AND PROPTRTIES

NG=G
igss0 . me—eae-
WRFITE (18,5000) LOL ,dOLD G JNEWSLAST ) My N NCEL JNPARY PRINT
NCEL=MAXIEEXOILASTI-XEIOLDI ) /DXIIMIS.8501,)
IF (ENCEL-i70(NQ-Y) LEQ. O) GO 71 slC
CHECK WHETMER REGION OF 1 ARGE CELLS LIES 1N LEFT

CYHIN=DXXIM) 8 JLASTR=JLAST-]
LOC =601
WRTITE (28950000 LOC s JOLD s INFR, JLAST, MyNJyNCEL,NPARY PRINT
DO 603 JX=JOLD,JLASTS

DELXAKEIXe L H-X1 JX}
1€ (DELX-NXAMIN} 602,652,603
DXMINDEL X 3 JXMINsJX
CONTINUE
IF (DXMIN-GLBODXIXIMI) 606, 750, 756
JX= JXriING]
DO H0S T=JOLD,IXMIN
JX=N=1 ¢ DELX=X{JXeQ)-X(JIX}
IF IDELX~DXUXi4Y) 6G%54+605,6N8
CONTINUE 8 G TN 610
JOLB=JXsl & NPART3
LOC»a0A ———————
WRITE (18:50000 LNC oJOLD INFN JLAST, MeNJ ¢ NCEL NPART PRINT
NQ=l 8 GO TN S10

REGIN COMPUTATIONS FNR NFW CONRDINATES
NCEL=MINO( JLAST~J3OLDNCEL}
OXe X (JLASTI-X[JOLD) I/NCEL
XSTARY=X{JLAST) ¢ XNxXSTART-0X
we XN 1S NEW CODRDINATE LOWRTION
#¢ DX IS NEW CELL DIMFNSION
RS () I=RSLAST
MMy L) sMNMLAST
MASS(1)aMaSLAST
LOC=s10

- -

SUBRQUTINE REZONE {continued)
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615

619

621

825

640

643

650

670

va

1

WREITE (18e%5002) LNC NCEL USYART DX XNaRSLAST,MASLAS ToMONL ASY PRINY

WRIYE (18,%¢1013

MPaNPOR(M, 2}

DO 650 Y=1,NCEL

RS{T4LIaMASSIT#] ) =ANAVE=ANSLP I = ANSLP22ENGY*CSoPSeSN=YSa0,

HE (T4 )aS0LED

ANEMS=ANRETS=0,

HCify3)=2

IF (JLAST LY. 1) GO TO 625

XEND=AMAXL{X{JLASTH o XNY

IF {XSTART-XEND) 621,621,419

NRASS=ZHL L JLAST) S ( XSTART-XENDI/Z (XS JLASTSL)=X12LAST) )

MASS{T¢11=MASS(T o1 )eDMASS

UL=ULJLAST)

DUOLO=U{ JLASTY el )=Ud

DXOLD=X{ JLAST#LI~-XEJILAST)

XS1wXSTART # XEND~ XN~ XN-DX

XS2sXSTART=XEND

AMAVG ,SOOMASSE{UIeDUOLDH{ {XSTARTeXEND) /2. -XTJLAST]I/DXOLD ) ¢AMAVG

ARSLFi=OMASS/NX®Y ., 25¢DUOLD/DXOLD*XS28(3 . sXS1+XS2)

TEIUJEDUNL OPIXEND-X(SLAST ) I/70XOLD)IOXSLY + AMSLPY

BHSLP2a~1  CADRACS/DOXEXS] ¢ AMSLP2

ENGY=ENGYeDMASSSEHL LJLAST)

RS({IS1I=RSIT+1)+DMASSEIR(JLASTISIRIJLASTAL)~RIJLASTII®TIXSTART
XEND) /2 =X{JLASTI DZUXAILAST+1I-XTLJLAST))

PS=PSoDMASSEPHL I JLAST)

SX=SXeDMASS®SHL { JLAST)

VSeYSeDMASSOYHLI JLAST)

CSeCS+DMASSHCHLTJLAST)

ANEMSs ANEMS ¢ DMASSENEM( JLAST)

ANETS=ANETSeDMASSSNET(JLAST)

XSTART=XEND

IF (HUJLAST 1) FQ. PORDUSY HNCIT,1)=PORQUS

HCET o 20 aMAXOLHOJLAST 3B, HC(T,30)

IF (XENMD (LE. XN} GO TO 625

JUAST=JL 4ST-1 8 GO 70 615

XCLI)=XN $ DC«MASSEIel) /DX $ ECUII=ENGY/MASS(Te])

YOUIInYS/MASS{To1) & STUUI=SH/MASSETo1 $ PCIT)=PS/MASS{T+1)

CCLII=CS/MASS{Te 1)

AMSLPAMSLPL42, 2AMAVGEAMSLP2/MASSTe1)

HOML T 2)=AMAVGeANELP

MOM{T#1,) ) =AMAVG-AMSLP i

ANEM{TI=ANEMS/MASSIT*R) 8 ANET(1)=ANETS/RASS(Te]}

IF (HC(T¢l) EQ. SOLID) GO TH 643

HC{1,1)=POROVS

SF (ECIT) GY. EMELYIM,1)7 GO TO 640

RHOPV=FMELTLECT T ) yM)S{RHOP{S,MP)<RHNSIM) ) eRHNSIMI /{1 #ECIT®
EQSTA(M))

IF (DC LY. RNOPVY GO TO 643

HC(T1,1)=SNLID & GO TN 643

IF (PCLI) LGFe. 0O.) GO YO 64)

PCLIISCIT)=RE(Teb=ny,

K= JNEWS])~1

LOC=b41

WRITE L18,5004) LNC oK, XCUTDeDC MOMET 20 MOMET #1410, ECITI,RSEUSED.
PCUTDoSCURIOVC L) yMASSIE+E)oHCET,2)

ANSAMAX ] XN=DX, X{ JOLD) }

TOINEWeT ) e FLAST

o0 470 1=1,NCEL

Jo INEReL-1 $ CHLUJIsCOLD) $ DHLUJY=HASS(T+1}/ DX
EHL(J)eEC L) t PML{JY=PCLT) $ SHLUJYeSCCEY)
YHLEII=YC LT} $ FHLEJYoMASStTeL) $ HiJelisHCiT,1)
NETIJIANETIT $  NTMOJIANEMIT)

GOIe1 ha2 O (RONIT (1) oMOMET, 20) 2 URASSET I SMASSETeL))
REJEEI(RSUTIORS(LI4LDIZIMASSU LI OMASSLN¢L))

TLII=TENS (M, L) $ {J)=xCtl) $ HOJo2)sNORMIL
H{J,31eHCi T, 3)

CONTVINGE

MOMLASYoMOMINCEC*L, 1)

SUBROUTINE REZONE {continued)

243




480
683

52

55

760
765

MASLAST=MASSINCELeL)

RSLASTeRS (NCELeL) $ TLAST=T(JOLD)
GO TO (680:8203,700,700,68%) NPART
RIJI=RSINCELSL ) /MASSINCEL ¢ 1)

TESV=TLAST

UGABm2, SROMLAST/ZHASLAST
MOMLASToHASLASTaRSLAST=0,

CONTINUE
10c=700 m—————
WRITE (18,3000) LOC ¢ JOLD o INEW o JLAST ¢ N NJoNCEL s NPART PRINT

SET JINEW AND JLAST IN PREPARATION FOR THE NEXT ZONE CALCu. -t JONS
JHEWe -1 §  JLASTaYTRD

RETURN TO APPROPRIATE BART OF REFONE FOR FINAL RESETVING

GO TO (100,200,300,400,140% NPARY

RENUMBER CELLS WITHOUT REIONING
TEIHER Y I TLAST
LOC=750
TLAST=TLIOLD)
RSLAST= 3¢ ZHLIJOI DIFIR{JOLDISR(JOLDeL D)
WAITE 118,57 73)

JUAST=ILAST-1 $  OHLUINEW)=DHLEJLAST)
ENL CINEWI=EHLLILAST) $  PHLIJINEWD=PHL (JLAST)
SHL L INEW = SHL( JLASTY $  YHLOJNEW)=YHLE JLAST)
CHLLJINEW I =CHLIILASY) S IMLOINEWD=THL L ILAST!
HEJINEW, 1i=HE JLAST, 1) $  HUJINEW, 2)=HIJLAST, 2}
MASNEXTSINL L JLAST)

UTINENS L) x (2. PROMLASTHMASNEXTOU{SLAST 419 } /U MASLASToNASHEXT)
MASL ASToMASMEXT
POMLASTe SORASLASTOULILAST)

RiJNEWSL )R { JLASTL

TUINEMI=TLILAST) $  X{JNEWI=X{JLAST)
NEMCJINEW) = NEMRIJLAST) $  NETCINEMISNEYEJLAST)
HIJINEW, 3)=HIJLAST,3)

Te JNEW $  JUNEW=JNEW-i

WRITE (18,5003) LOCyUoX{T)sDHLUT) JUCTOL) ERLEIT) (RET L) PHLIT ),

I OSHLUTD o YHLIDD o THT D e ZHLUT D gHIT,L 1)

IF {JUAST-JOLD) 790,755,752

¢ JNEW IS TO LEFT OF LASY RENUMBERED CELL. JLAST=JOLD, TME LAST

#9  OLD COORDINATE RENUMBERED,

CONTINUE

LOC=7SS

WRIVE (128,5000) LOC,JOLDsJNEW JLAST, MyRDyNCEL s NPART PRINT
GO YO 1760,760+300,400,75%) NPARTY

RUJINEWeL =R ILAST)

UUINENSL J=2, ¢MOMLAST/MASLAST

T{INEWNSL )T JLAST)

MOMLAST=MASLAST=RSLAST=0,

L0Cev60 mescsee
WRITE (18,5000) LOCoJM Dy JNENeJLASY, NgNJoNCEL {NPART PRINT
G0 YO {100,200, 300,400,140) RPART

ERROR MESSAGE

WRIVE (18,2000) NPARTJOULD JNEW, JLAST s NI JENTITINJ) o My JBNO LMY PRINT
CALL EODUMP $ LSUBC(TI=t & CALL SCRIBE & STop

EHOING ROUTINE - INTERFACE AND BOUNDARY ADJUSTMENTS

JINIT=INENSL & HIJINTIT,2)=H(JOLD;2)

1 (MIJINIT,2) EQ. SPALL) R{IJINIT)aSCJINITI=P{JINIT)=O.
00 810 J=JINIT, JPIN

UMLEJMe, S8 (ULS00LIL))

STIel 1u S0 ISHLIJI#SHLIS+1 )

Pllel)e SO(PHLLJIOPHLL 1))

ClItaC b))

00 820 M=1,NNTALS

JEuJBANDIN] & KUJB.2)sLINTER

SCIBIeSHLL JB-1)

SUBROUTINE REZONE {continued)
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813
31
820
82%

830
840

1000
5000
5002
5003
5004
59010

015
5610

$7%0

SEIB42 =ML IIBeLY

PSS oM (28-1)

PLIS210ePHL(JB¢])

IF {HtJBel,2) .EQ. SPALL) 815.816

REJB21)en{JB)»0., & GO TN 820

RESBAL IR(IB) =, SOIR(IBeL+RIING )

UL S801 1nUCIBE=(UVEIBYOIHLIJB-1 10U+ }OZHLIJBOLE ) 7(IHLLIB-L)+
1 IuLiJ8el))

CONTINUE

00 829 I=1.NJEOIT

JEDITL I IaRENJIEDIT)

IF INSPEC .EQ. 0) GO TO 840

00 830 I=1,NJEDIY

SERJEDITIL

NEM{JE AR D)

HETIJE)=AY ()

CALL EOIY

CALL EDDUMP

CONTINUE

CALL SECONDITMIX) $ DUR»TWIX~-XNOMW

WRITE €18,5010) JINIY,DUR

RETURN

FORMAT (254 ERROR IN REXONE, NPART=[2,6H JOLD=13,6H JNEN»13,

T TH JLAST=I3,4H NJ=123, 118 JEDITIHSIwi3.3H MaT3,9H JONO(M)=]3)
FORRAT (13M REZONE, LOC=T34THy JOLDaT 3, TH, JNEWmI3,8M, JLAST=I2,
1 GHy Mel3,5H, NJ=l3,TH, NCEL=T ., 8My NPART=213})

FORMAY {13H REZONE, 1.O0C=13,7Hy NCEL®I3,9M4, XSTARTEE10,.3,.5H, OX=,
1 E10¢3:5Hy XN=ER0.5,M¢ RSLAST#E}0.3,10H, MASLAST=E10.3,

2 108, NOMLAST=E10.3)

FORMATIZ2i54+10E10.343X,R1} ———e—
FORMAT 4215,1P10€E104.3,3X,R1)

FORMAT{19HOEND REZONE, JINIT=13,17H, YINE I REZONE2ELO.3,3H SECS)
FORMAT(21M REZONE, DXX VALUES 6{18,F9,6}) ———————
FORNAT ([120% LOC 3 x¢ DC  MOMII42) MOMEIeL, 1)

1 EC  AS(I+1) (44 (34 YC MASS{Tel) HOLT, 1)
2)

FORKAT (1204 LOC J X DML Uiiel) FHL
1IR(1+)) PHL SHL L8 T 4,18 Hil., 1)
2)

END

SUBROUTINE REZONE (concluded)
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1

c
10

12
20

FUNCTION SSCAL(IS?

LINCLUDES ENTRY SSCALH)
CG >UTES RADIANT ENERGY FOR DEPOSITVIGN IN EACH CELL DURING THE
HYDRODYNANIC CORPUTATIONS

®  SSCAL COMPUTES FOR CODROINATE POINTS

®  SSCALH COMPUTES FGR HALFSTEP POINTS AND INITIALIZES ENERGY IN

WEW ZONES

REAL MATL 4MUKUMMUP (NEMGNET
INTEGER K
MISTELLANEOUS
COMMON CEF ¢CKSoDAVGDELT 1K, 00LDDRHOyDTMIN, DTN, DTNH, DU DX EDLD (F
1 FIRST4JoJOYCSJINIT)IRINGJSMAX, JSTAR,JTS,LSUBSTLL) yMAXPR{LYD Ny
2 NCYCS NPERN,POLDyRLAST s SLAST,SMAX, TF, T IME, TJ, TS,ULAST, M D,
3 XLAST . XNOW, XOLD
EQUATION OF STATE - SOLID
COMMON COSQU6:6)4C3t6+56)4C2{8),ENELTI6,5),EQSTALS)LEQSTCiG),
1 EQSTO{B)+EQSTE(G)EQSTGI6) +EQSTHIO) L EQSTNIG) JEQSTSIS) MATLLD,8),
2 MUCS) oRHOLE) s RHOS 16D, TENSTIO: I YADDI6) 4 YO(O); JBND (6) yNPORTG,2),
3 M MUM NMTRLS
EQUATION OF SYATE - POROUS
COMMON AKT &) NUPIS) +PORAI443),PORB(4+3)yPORCLG3)4RHOP(6,3)¢
1 YADOP{4,y3) 4OREF ¢ RHOPV, MPNC
RADIATION DEPOSITION
COMHMON SSE300:5) : SSTOPIS ) START(5) , SOURM,SSTOPM NSPEC, $SJ,»JSS
COORDINATE ARRAYS
COMMRON X(300),C(300),CHL (3G0},D(300) ,DHL{300), EHLL 300) ,H(300,3),
L NEM{300) ,NET{300),Pi300),Ph. {300),R{300),5(3001,5HL(300),T1300),
2 UL300),UHL(300) , YHL 13000, 2HLL300)

OIMENSION L1110}

SSCAL =0,

IF INSPEC®(SDURM-®.) .EQ. O.) RETURN
1 (TIME-.5*DTNH .GT. SSTOPM) RETURN
RO 1 is1,10

Lil)=0
Ltl)as
ENERGY ADDITION AT COORDINATE POli-S

00 20 I=1,NSPEC

1F (UVIME~STARTU1))®(TIME~-.5*0TNH-SSTOPII))) 12,20,20
SSCAL=SSCAL*.5955(JS 1 )SAMINLCAMINLL.5*DTNH, TINE-STARTLL)),
1 SSTOPLI)-TIMEs . SUDTNH)

CONTINUE

GO TG 10
ENTRY FOR HALFSTEP CALCULATIONS

C
COFRee0 0010 ER 005000080608 NY

C
ENTRY SGCALH
SSCAL=0,
IF INSPFC .EQ.0) RETURN
IF (JS .GY. JSS) GO FO S50
IF (SDURM .EQ. 1.} RETURN
IF {TIME-DTNH-,560TN .GV, SSTOPM) RETURN
DO 42 I=1,10
42 Lil)=0
Li1)s40
C ENERGY ADDIVION IN ACTIVE IONES - HALF STEP
D0 &% Y2l NSPEC
IF (UTIME= SS0THH-START(I) IS {TIME-GINH-.59DTN-SSTOPIL)})) 46,48,48
(1] SSCAL »SSCALOSSUUSH IO (AMINLISSTOPC], TIME-.S9DTNH) ~
L AMAXIISTART{D) , TIME-DTNH-.5¢DTN}}
(1] CONTINUE
GO Y0 Y0
C ENERGY AODITION FOR NEW IONES
50 J$S 245
tt21=%0
DO 60 11.nSPEC
IF (TIME-,S6DTNN (LT, STAAT{I)) GO YO 60
SSCAL=SSCALSSUUSoiIOtAMINLISSTOPLL), TIME-.SOOTNH)-START( 1)}
(1 LONT INUE
10 1F (1LSuBls) LGE. MAXPRIG)) GO TO 7%
WRETE (18,%000) SSCAL.LUL) L2}
LSUBLE)»L5UBIa) ]
15 RETUAN
$000  FORMATE S, GHSSCALYE 10, 443N L0213)

END

FUNCTION SSCAL (complets)
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N o= 0

i0
11

12

13

29

2%

SUBROUTINE RELAX{SOoICON,YCLO ¢SDC s0T s TRLX;CRO9COEF, YAD;No Je TV
LYNCTIASR)
THIS VERSION CONTAINS STRESS RELAXATICN PCDELS 1 AND 4
DIRENSICN JX(20)

KKE=Q

ICOR=ICON $ YNEw=YGLD 8 i=0

IN=PRXO(2,INSR) /2

IF (ICON-£Q.2)18,1

1t 10AL CONDIVICA CUTSIOE CF ELASTIC 20nE

L1 §& .0 70 (4,2)IN

WYSEXP(-DT/TY}

KKXuKKK+1

JK(KKK }=2

YNERSYRCT O (YCLO-YACTISXPYe AL S(COEF)OTY/CTI®{1o-XPY)I®, 50 {1 . ¢SIGNIL .,
1CRTI®SICNI1.,500))

YAVG = (YNMEWeYOLO)/2. $ YSTAR = SICAN(TAVC,ySCO) $ GO IC 5
YSTAR = SIGNIYOLC,SDC)

KKKwKKKeL

JRERKS =8

RPOeEXPL-0T ., TRLX)

KXK=KKKe]

JKIEKK }=S

0 = YSTAR ¢ (SOC-YSVARIOXFRQ o COEFOVRLI/D i2{]1,~-XP(C)

CHCK IF DEVIATOR CROSSES IATO ELASTIC 2(NE. IF SCo RECALCULATE RELAXATION
IF (ABS(SD)GTYNENANCSTIGA{Le 80D ECSIGN11.4,5CC))30,6

TC = (SIGNIYNEN,SDO)-SOCI/(SD-SCC) DT g =2

121 {2

wh{RKK):-&

GO YO (S.7)IN

YNER=VYNOT ¢ (YCLO-YACTISEXPL-TC/TY)

KKK=XX, *}

JHEIRKK) =7

YAVG = (¥NEwReVGLL)/ <o $ YSTAR = SIGAMEYAVG,50C)

YPC = EXPL-.C/TRLX)

KKK=KXKe ]

JK(XKK ) =9

SO=YSTARS (SDC~YSTARISXP +COEFOTRLAZLT®(1.-2PC)SCCEFCHIDT-TC) /0T
CHECK IF DEVIAT_R CRUSSES CVER INTC CTHER SICE CF 20nE

IF (ABS(SD).GT.VYAEN)ILL,1C

ICca= 2 8 L=3 $ €C Y0 22

IF (SIGA(: .eSD)EC.SEGN{L.,5CC))230,12

RECALCULAYE TIME DURING WhICH RELAXATICMN CCCLRS

TK = (SO SIENUIYNERSDC) I/ ISD-SIGAIYNENSEC)IOILY~TC) Si=4
KKKsKXK4]

JKIKKK)=12

GO IC 125,:3)IN

XPY~EXP{-TK/TY) $ YNOLC=YNEM

YNEWa YNGT ¢ (YNER-YACT )OXPY* ARS(CCEF)OTY/LYO ) u-XPY)

VAVG = (YNEWsiNCLEC)Z2. YSTAR = SIGALYAVG,SD) $ GC TC 28
NOw CONSIDER INITIAL COMNDITUICAS INSICE ELASTIC 20NE

SD =5CC ¢ CCEF

KKKsKKK +1

JRIXKK) =18

CHECK IF DEVIAYTOR CNOSSES 20NE BCLACARY

JF (ABSISD)GU.YCLL)I29,35

CHANGE CONDITICAN VARJABLE AND RECA* CULATE CEVIATOR WITh RELAXATION
YSTAR = SIGNIYCLL,SC) 8 L=S 8 Ir- (SD-YSTAR)/(SO-SCCIOCT
KKK»KKX¢]

JE(KEK) 19

GO VO 129,200 1%

YNEDSYNGTeADS (L. CEFICTY/DTO (L. ~EXPLI-TK/TIY)}

KKK =KKK ¢ ]

JKAKEK)=2Q

YAVG = (YREW¢YNOT)/2, s YSTAR © SIGA{YAVG,ST)

ICCN s 2 « TRIXLSISMIL. SO

KKAsXKK ]

JK(RKK §229

© = VSIAR SCCEFOTRLX/DTSLI-EXPI-TK/TRLY))

€0 ¥0 (31, 1%)IN

RECALCULATE YIELD STHRENGTH TC ACCCUMNT FCF STRAIN MARCENING
YNEW » ANINICARS (502 YCLD4YAD®ABY(CRC)}

KKK &L

JRLAKK)=3])

SUBROUTINE RELAY.
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49

30
%0
L ]}

iF
1cC

(YMEN.EQ.ABSISD)) 32,35
k=2 $ LaLelo

KKKwKKK+])

JKi

KKK )a32

35 COATIAUE
KERon KKK o)

JKE

KKK) =35

CALL SEWYCK{3,ISNTCH)

skKKe}

MIRKK Y= 49

10 (50400156 7CH

PRINT 100¢ Ns Jo Lo ICOR, ICON, $OC. S0y YCLD, YMNEW, CCEF
PRIAT 01, (3nl1); #ioKKK)
YOLDuYAEN

rEY

LN

FORNAY (1SH PATF IN RELAX z41¢)

100 FORNATLIN Nay 13

1€11
ENC

o s6H TO €11.402XySHYOL ~of

eIH Jmol3 M PAYY d12,8H [ {{L.E TS § T L § g9 1Y SO=,

o4o4F TO +ELL.496H COEF=,E1]l.4)

SUBROUTINE RELAX onciuded)
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SUBRCUYINE OANCRLXESC, ICON s YNC Vo STC oLV oURC,CCEF L, FECKH-YAC A ,J,T1,T2
L1eBEE ¢ WRIGEELEPS AP AT IS )
THIS VERSICN CONTAINS BOTH BANC AND GILFAN RELAXATICN PFCOELS
FOLLOWING VABLE GIVES CORRESPCMCENCE CF CCMMCN, BANCRLUX VARIABLES
CCPRCA  NST TSRIL) (2) 2 (4} 35 18) NEP  NET
BANC 2 T: T2 BEE e €EE EPS NNW NT
GILRAN 3 CEE PrI BEE L L eNFC - LL] Gap
NOTE. MEQW=NUN, YA0=YADD, INSBaASR
NEN AND NET ARE FCRILE ANC TOVTAL CISLCCATICAS
GAM IS PLASTIC SMEAR STRALM
JK 1S & PATHh INOLICATCS
CINREASICh JK( 20}
REAL MECW,MN,NT,NBC,NTO
KKK =0
ICCR = JCON 8§ YNOTU=YNOY
AIC = AT § NPQ = NP $ SC=S0C
M T=s
L=0 8 ENTSFLOATINIT) $IT=Q
SIGHA = SIGAIL.,SCC?
IFCICONCEQ.2)1,1C
IREYIAL CONDITICAS INSIDE ELASTIC 20NE
SD=SCO+COEF
KXK=gKKe]
JRIKKK =]
1F (ABSISD).CT.YNCT)2,33
CEVIATOY LEAVES ELISTIC IONE. CALCLLATE RELAXAVICHN
21 =1
AKR=RKKL
JELRKK )2
$ = SO(ARS{SDCeCLEF)I-YNCT)
OELY » (SC-SIGNIYKGT,COEF) )/ LSC-20C )01
SIGNE= SIGKEL. CCEF)
ENYel, § SC=SC0
0 ¢ &C
INITYAL CONCITION QUTSICE OF ELASTIC IChE
10 L=2
ERRuKNKeL
JKIRKK )10
1T=lT9]1  SSOIsSCeCCEF/(2.0ENY)
SedBS(SCII-YNOT $ OELVaDI/ENY
IF(S.06.0.)10,11
AYERAGCE DEVIATOR RERAINS QUTSIOE ELASTIC 2COME. CALCULATE PELAXATICN
11 L=}
AEkK=KKKe ]
JK KRR )]
TEUSICNA.EC . SICNL 1. ,5CT0)€0,17
13 IFLABSISD) .CT.INOTILA, 10
14 =4
KKKng XK ¢]
JKEREK) -1
IF(S Gt ¢ SCIEC.SICANILS 10
OEWI YOO REPAINS CUTSTIDE ELASTIC ICAE PFRTER RELAXAY JON
13 =%
KKRuARK o}
JULRER ) LS
IFEiYEL.RIT) 30,10
O LL I-COCF /(2. %ERT)
ERRaERE L
JRIRER)=1G
Led
KEK=AXKe)
JRERRE Dt ?
DEVIAVCR REEATERS ELASTIC ZCAE. RECHLCULITE RELAZATION
18 3 » JHOUABSISDI-YNOT) SVESTAR = SISNIVALT,$CC)
KRReEXR e}
FT IR LTSTYY |
i *{ YSTAR-S0)/CORFRT
6C 1L o¢
e SCeCOEF/ENTOPLOATINIY-IT)
ARBeRKK o)
JE{RKEK)u]Y
W OIADIISD) .CT.VNCT 2L, 20
20 ICCh = 2

SUBROUTINE BANDRLX
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f

C

40

62
.3

(1]
n

T4

¢

T4

0

DEVIAYOR CRGSSES CVER TO CPPCSITE CICE CF ELASTIC IONE. RECALCULATE RELAXTN

s

3¢

32

33

KRK=KKK ¢
JE(KKK)=20
G0 10 35

BF (SICN{1.oSCI.EC.SICMN)Y GC TC 3C
EXKaRKK#L

JE{RRR)=2t

SIChN = ~SICHN 8§ L

CELY = (SO+VSTAR)/CORFoCT

3 = JS%(ABSISD)-YAOT)

SO=SC~CCEF $ ENI=],

MC=4.*QTE/Y, /S

REKaKRK L

JRUKEK )= g0

W ARG .CT.2C262:6)

XL » Q. $ G0 0 ¢35

0 = ExF-ARG)

REK=KKEeL

JKIKKK )=6)

SO TG (99,71,7211NSR

PERFOR® RELAXATION CALCLLAYITAS » #aMD PCCEL
1=y

(131711251

JKIRKK )T

NYNT @ LEPSSCRFEOSOINT - NR) -1, 7V 2ONNOXPC JSOELY
HRSHR e {GEERSR (TP~ NN - /T4 /T2 isAMOLP o ELY
6L TC Y4

PENSORN RELAXATION CALCLLATIONS - GILPAM PCDEL
CEEn"1 § Pii=T2 & OMMOSCEE § CAMsGARLAAY
KX K»dKKe¢}

JREPAK)=T2

e GARCR{ Lo CEEPLANIAEXPI~P) T0CAP)

Dm IO CLTEF /ENT-PECRIRPOVRORECOCELTOS I N
AKK LaXo i

HKAKKE s T4

CGE TC (25,1915, 19,99,1%,:4%1

ICER @ 2-TRIRC{SEGNLL,, 55))

KEK=KKK+}

SK AR D2

BECHCULATE YIELC STRENGTIN IN CASES £F SUAALIR HARDEMING
WNOT % AMINE TALSESCY YATTovACRESILO))

LI TV Y 1 S

JREKR S0

10 (ENDF EC.ABSIST S 32,0

ICON-Y 8 Le ¢o%C

riKegRme]

SATERIwRD

SO ik

KRR L

MNERD DY

@ YW ISE M, TNl

CEAr = ABMISLOITRI-SCI/7NEDE

NEwS 20w oM < CEAR

KKV E¥=V) P JRTRAX)eTE

CALL BANTCMET IS0

ERERREA)

LRGN TS

[ BRI Y 138 Tl R R (<Y

PRIRY PR, UIRE1) 80 K%K

FLANY 30, 5., MRE. APV OB O T

G TC (97,093,471} myf

MRINY JOU MYt 3005 L HCURS SO0, SR CEER (BT o PP AP AT, AT
§0 IC ¥

PRENT 100 oMad bl o JCORGICON, S0 38 EF (WACL.GRE{ LGSR AP
[~F1% ] . .
SRIRT 199, (MRl

[ 31E 1

PORBAT LL1TH #2Tr Ih RAADRLIL 231D

A0 FAMWAT I Mn 3D, 2 Uw e 2o Lo 23ebl Jhwoiholdm- Fho a0 SRl 380,

I = (BB Do In TwpBAT S I Po kst 300 AP 18 Do B 15 300 T,
20N I o E MY

SUBRCUTINE BANURLX {oon.mued)
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107 FORNATIMN NeoB3,30 Jmya[303k Luyalodbr JC-ollolb~lloadd SDxoE1C3,
I3~ GE1U, 393 Lo B 103,30 Y=, ,610.3,50 (AP=,E10.3,10~,E10,3,
24M KM= ,E10.3)
110 FORPAT (3K m EiC.3,°% ARU= E1C.3,5H XPCx,£1(.3,50 CR(x,£10.3,
itH DELT=,ELC.3)
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SUBRQUT INE BAUSCHI {1,SDCoSD Y ¢VAST ;VACCRCCTEFL yXPQy XP,HUL ¢ Ny Jy
LRC . PUU JYADF )

REAL MU, MUL MUY

OIMENSICN JL(20)

KXKeQ

DG 90 Kal .20

JLlx)=0

OY=YAD $IORsI $YORsY SCOEFsCCEFL SEMU=CY $SCAYs0, $HU=MUL
CCEFU=CCEFIRUL/ MY

1F{1.4€.2) GO TQ 2

OV=YADFSYAC SKUsPUL=PUY § CQEF=COEFY

KKKaKKK# )

JLIKKK §=0

SO=SCCeCCEF

KXK=KKK¢}

JL{KKK) =]

GO TO (30e5+1042E459¢18) I

IFLXPO.GE.1.E21b,1]

DETERMINE EFFECTIVE SHEAR MODLLUS AND STRESS CEVIATCR FGR IAITIAL LCACING

ENUSML4 (DYARG-ML) ¢ {RBS(SCC/Y) ) 0axEC

KKXaRKE+ 1

JLEKKK) =1

SOAVEARINLEY, SCCHCOEFRENL/ML/ 2. )

EMU=MUS [DYSRC-KU; 2 {IBS(SCAV/Y) ) $0XEC § SC=SLCHCOEFEMU/NL
IFUSD.GEY) 247

IF (CROWLT.0.38,20

PLSPLL=RUL $DY=YACFeYAL $CCEf=CCEFY SCC 1 i

Yu AMINL(ABS{SD} 4 Y4{SD-X)/{SD-SDCISOVAABS (CREID $SE=SICAIY,SC) $1=1
KKK=KKK+]

JUIKKK) 22

6o 0 10
STRAEN HAROENING FATH

IFCISIGNE ). IFIX(ORCHBLEG.2-1)111415

IF (A8S150).67.Y)12,30

YaAYINLLABSISC), Y4CYSABS(DRC)) § SC=SIGAIY,SC) § GC TC 30
1o143 SHU=NUL=PUL SCY=YACFOVAL $CCEF=CCERU 3CC TQ 2f
PAUSCHINGER EFFECT 9aTH

1F (1.EQu&.ANDCROLGTAC aCReEoEC6ANCLCRCAETLCL)19,2C
1=16~1

KKK=KKK o}

JLUKKX}s19
EMU=MUS{DYSRO-NL) S(ABS( . 5¢,58SIGhIL.,CRCIOSCC/Y ) IoOXP

KKK KKK +1

JLIKKK) =20

SD=SCO+COEF*EMU/ MU

SOAVEAMAXL (=Y, (SC+SCGI/2. OFLOAT(I-1/2 ) eAMIAL (Y, {5D95D0) /2, IOFLOAT
HE/2-2)

EMLSNLS (DY SRC—FU) ${ ADSE.5¢. 58S TCN{ )0y CRONOSTAV/Y) Juaxp
SC=SCOCCOEFSENY /M,

1§ (ABSISD).GE.Y)22,30

Yo AMTNLLABS(SC) Ve {SC-SIGNIYoSC))/I50-SCC)40Y4BS(DRC) )
KKKnXKKe]

JLIKRK) =22

SCoSIGNiY,SD) 3 I=7-MAXOUT,4)

CALL SSWTCH{3,ISMTCH)

KXKuKKKS]L

JLIKKK =30

GC 10 (40,%0)1SNTCH

PRINT 80Ny JyI0R¢ 19 S0C, SD o YOR o 7 ,CCEF yEML ,CRL,SDAY

PRINT 81 ,0JLIK),X=)yKKK)

AETURM

PRINY 100l oNod $ RETURN

FORKAT(IH NeoI13,3F Jug 13,3+ InyllolH=gTly4H SO*,E1C.394H TG 4E10.3
Bodlr ¥2,69,3,4H TO E9.346H COEF= ENQaD 94N PUS,ETF,3,5KH ORC=,E9,.240NH
2 SDAV»,ELQ.))

FORMAT (17H PATH IN BAUSCHI 231%)

FOREATILSH H IS BRCAGe M=y 12,30 Ay (23,3 Usg]2)

(114

2500¢

oJBROUTINE BAUSCHI (complete)

252
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THIS SUBROUTINS DIRECTS TRE PLOTTING PROCEDURE

SUBRAMUTIKE PUFPLOT(NTEXP, IDENTP)

COMRCM TDENT Ny NJEDIT UERITYO) , XJECLT)

COMMCN /PLOT/ IPLOT,IFPLOTIS),10UNMEL4) .
CALL SECOND (BEG)

NTEX=NTEXP SINENT=ILENTP

AVCME=10K L. SEAMAN 8 CHARGE=10H&T36-2 $  XTEN=6HX-3587T

CF  XEROX

Chil HEADER {ANAME,CHARGE, ¥TEN) .
IF (IFPLOTEL1.EQ.0) GC 7O 1 i
CALL TPINTSINTEXS ;
PRINT 20 N

READ (7) NoyNJEDIT UJECTITER) o h=1y6), (XJEDLTD) 21,60

N=MINOIN-2,1000)

IF (IFPLOT(2).EQ.Q0) CO VO 2 H
CALL MISTORY $PRINT 21 :
TF (IFRPLOTLS)+IFPLOTLGS«T+PLOT(5),EC. Q) CC TD S

CALL FUGONYIO 8§ PRINT 22

CALL SCCUND (ENDS 8 DUR-IND-3ES s PRINT 25, DUR H
RFTURN *
FORMAT{ 14H TPLOTS CALLED)

FARMATILISH HISTORY CALLED)

FORMAT{15H HUGONIO CALLEDS

FORMAT {31H TIME TO COMPLETE PLCTTING IS , F10,3,8H SECCNDS!

END

MAIN PLOTTING SUBRQUTINE: PUFPLOT ({(complete)




SUBROUTINE HISTORY
—L __ THIS ROUXIKE PROOUCES STRESS VEASUS TIME HISTORIES FOR JEDKTS ANMD INYERFACES
COHMON [OENT N NJEDIT,JEDIT{8) s XJER(6)yS(1000,8),5IF(10C0,3),
ATLABEL(31,SLABEL(3),TETLE(3)
COMNMON /PLOY/ IPLOT,IFPLOT(6) L INES,IDUN{2),INCIO),IFLAG
DIMENSIGH T{1000),5EQVI1000,9)
EQUEVALENCE (5,5EQV)

e SMEXsSMIN=Q.. . 8§ IFS=0 $ JT=Q & ODR1G=0.
IF (IFLAG.LT,D) IFS=] ¢ IFLAG=IAB ' IFLAG)
DO 2 I=]eN
READ (7)) TURHo(SIFUE, oY eds Q9 e {SUTod)edx1yb)
ng 2 J=1,9

If (ING(J).EQ.0) GU TO 2
e SMAX~AMAXI L SMAY - “EQVIIs 2} $ SMINSAMINL(SMIN,SEQV(E. '})
2 CONTINUE
THAK=TIN) S$TMIN=T(L) SMARK:-Q $EBLANK=0
C INDIVIODUAL WISTORIES PLOTTED
SNEODE (306212, TLABELY
00 30 J=1,¢ SAN= -6
e - AF LINGEJ) o €EQe0) O TQ _3Q
IF(J."S.6) GO YO &
ENCODE 130,211 SLABEL
ENCODE (30,2100 TITLE)un,iGENT
6@ 10 9
L] ENCODE (30,213 TITLEIXJED(J),IDENT
oo .. ENCOOE {30,214+ SLABELIJEDIT(JR
JT=JTel $ JAD=J-JT
? PRIMT 240, {TITLEEM) oM21 33 ), TMIN, TMAX, SHIN, SHAX
CALL LINSET(VMAX,TMIN,SMANySMEIN,TLABEL,SLABEL,TITLE ,LINES)
IPEN=0
00 10 Is).N
e JEAADSISEQVILad 1) 6T RE-3*SMAK) IPENSL
CALL LINPLY(V(15oSEQVIIeJ) oMARK, IPEN)
U] CONTINUE
CALL PENEND
10 CONTINVE
IF (IFLAG.LE.1} GO TO 90
& _SEVERAL JEDJVS PLOYTED ON ONE GRAPH
ENCODE (30,211,SLABEL)
ENCODE (30,215, TIVLEIIDENT
PRINT 240, (TITLE(M) oMol 3] 30 IN, TMAX, SHEN,SMAX
CALL LINSET (TMAX, TMINGSHAX SMIN, TLABEL,SLABEL, TITLE,L INES)
CALL LINPLT {ORIG,ORIG,MARK, EBLANK)
- - L=l § K=O SIFLAG=MINO(IFLAC,NJEDIT}j+JAD
00 60 Jsl IFLAG
IF (ING(J).£Q.0) GG TO &0
IF 1J.°Q.IFLAGI GO TU 42
D0 35 10=1:5
IF (INGEJ*1D).NE.O) GO TO 42
3% _CONTINUE $ PRINT 250,J $ RETURN
42 Ksi
06 55 fsMyN
IFIKEQ.0-AND.S{T2J) LT IE~30SHAX)GO TO 55
K=l ¢ IFUJ.EQ.IFLAG) GO TO %4
IF (L.NE.X) GO TO 44

. IF (SE54J*10).GY,1E-38SMAX L]
9 If (IFS.EQ.1)48,46
46 IF (1500,J)elT.1.0595(1,J41D)) GO TO 56
40 IF (1.6Q.N) GO TC %6
54 CALL LINPLY (TU(1),5(1,J) MARK,IPEN}
3% CONTINVE $ GO TC 60
56 CALL LINPLT (TUL)oS{LyJe1D)oNARK,) TBLANK)
60 CONT INUE

CALL PENEND

0 RETURN

210 FORMAT {LTHINTERFACE SYRESS 11,8My I0ENT=I4)
211 FORMAT (30H SYRESS (KILOBARS) H
212 FORMAT{ 30H TYIME (MICROSECONDS) )

213 FORMAT (1IWNTSTORY, XaFT.4,04 C», 10=]4)

214 FORMAT{ 1SHSTRESS IN CELL ,»13,12K (KELOQBARSS )

219 FORNAT{26H HISTORIES AV JEDITS 1D =,164)

260  FORMAT (TH PLOT-—,3A10,46H Tx,F8.4,4H TO FB.004H S2,F9.4,6H T0 ,
1F9.4)

250  FORMAY (241 COMBINED PLOT ERROR, J=,[1)
END

PLOTTING SUBROUTINE: HISTORY {compiete)
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SUBROUTINE MHUGONIC
THIS RRUTINE PRODUCES GRAPHS OF STRESS, RESULTANY STRESS. AND DEVIATORLCE
STRESS VERSUS SPECIFIC VCOLUME

COMMON IDEN'nN'NJEUITvJEDlY(biclJEO(G)oS(lOOOcﬁJ.VilQOOv))!
lSLlBEL(3,7VLAB§L(3’y'lYLE(JDaVNAX(3"Vﬂlh(3)1VPHIX(3),VPNIM(3)
COKMMCN /7 PLOT/ IPLOT IFPLOT(6) o1 INES, [DUN(13)

DIMENSION YPL1000,33

00 1 I=),N

READ {(§) (VET03) 00,30, LVP I v ) Jd=1,318

MARK=Q $ L~}

ENCODE (30,210, VvLAAFL}

00 5 J=1,3

VMAX{JIxYMINC J)=VEi,d) 8 VPHAXIJ)=VPMIN( L) =VP(]. 1)

00 5 I=2,M

VMAX{ S )=AMAXD (VMAKL ), Vi, .)) SVPKAX(J)=AMRYL(VOMAXI ) ,VP(],4))
VMINCJI) =ARINIEYMINCJ) ,VII, 4)) SYPMINCI)~AMINL IVPMIN(JI) ,VPIT,J})
CONTINUE

IFCIFPLOTI3).EQ.0) GO TO 30

IF{IFPLOTI 2} NELO) GO TO 10
READ STRESS FROM TAPE

NN e i=]1.N

READ (7} TI,USUT,0)40%146),F1,F2,F3

NPzMINOINJEDIT, [FPLOT(Le¢2))

SMAX=SMIN=0Q

DT 12 J=],NP

DO 12 I=1,N

SMAX=AMAXL (SMAXS(L,4)) 8 SMIN=AMINL(SKIN,S(1,J))

CONT INVE
PLOT HUSONIOQYS

CG 20 J=1,np

CQ TO €21,22,23) 1

ENCODE (30,211,SLABEL) JEDTTLY) $ GO 10 :5

ENCOCE (304212,SLABEL) JEDIT(Y) % G0 10 25

ENCODE (30,¢13,5.ABEL) JEDIT{ 4}

ENCODE (30,215, TITLEIXJED(J), JDENT

IFUJ.67.3) GO 10 17

PRINY 260,(TlYLE(Hly~=l,3l.VH[N(J)'V"AX(J,yS“!N,S”ﬂ'

CaLL LINSET(VHﬂX(J’aVHINiJ,nSN‘X.S”iNlVLlBEL.S!‘SEL. ITLELLINES)
00 15 I=x)yN § IPER-MINO(I-1,1)

CALL LINPLT(VEI,J)eSUIeJ)sMARK, JPEN) $6C 10 20

K~J-3

PRINT 240e('I'LE|H)lF¥113)|VFH!N|K,'VPF‘I(K)nsﬂINpSﬂAI

CALL LlNSET(VP"X(Kl.VFHIN(K'pSFles"iNqVL‘QEL'SLlaanflflchlﬂfso
00 18 I=1eN 8§ IPEN=MINO(I-1,1}

CALL LINPLY(VPLI K} STi,J),MARK, [ PEN)

CALL PENEND

GO TQ (30,40,%0) L

IF {(IFPLOTL4).EQ.O) « " TO 40

READ RESULTANT STRESS FROM TAPE

L2 $ DO 32 I=],N

READ (9) (S(1.0)yJ=1,6)

GO T0 19

IF(IFPLOTIS).€Q.0} 6O TO SO
RFAD DEVIATORIC STRESS FROM TAPE

L3 § DO 42  =1,N

READ {11) (S(I,),J=1,6)

GO 10 10

RETURN

FORMAT (30H SPECIFIC VOLUME (CMI/GRAM3) )
FORMAT (1SHSTRESS IN CELL 13,3128 (KJLOBARS) )
"ORMAT (19HRESULTANT STRESS Je=,13,8H (XBARS))
TORMBT (19HSTRESS NEVIATOR, Ju,13,8H (KBARS))
FORMAT (BHHUG.. X+FT,6,11H CM, IDENT=]4)

FORMAT (TH PLOT--,3A10,4H V=,F8,5,4H TIC 1FB.504H  Sx,F9,4.4H 10 ,
1F9.4)

“NO

PLOTTING SUBROUTINE: HUGONIO {complete)
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CUBRCUTINE TPLOTSINTEXD

L. IniS ACUTINE TRODULES STRESS VERSUS DIS:aNCE GRAPHS FOR DESIRED FEDIIS

CUOMMON EDENT X{30041%0SU3G0,i5) XLARELLDI) YLABEL(D),TIVLE(3),
INPT(15i,RJ8B1O?

COMACN /PLOT/ IPLOT, IFPLOTLO}JLINES, IV NTIFLAG, JOURI10)}
NT=MINOINY ;15 SLT=MINOINTEX,ITeNT-1) $§ 1G2Q

MARK=Q ¢ IPEN=]1 $ JBLANK=0 8 [FSs0 ¢ SMA=3N[=0Q,

If JIFLALLLT.0) QF5-38 $ IFLAGx JABSIIFLAG)

€ INDIVIDUAL TEDITS PLOTTED

11

13

15

70

90
91
100

10%

115
120

130

149
1%0
166
210
241
212
220
21

+iCODE (30,213, XLABEL?

DG 100 I=]1,NTEX

READ (7) YEDJNC,TIMEGNPTS SNPTS =NPTS4
IFCITLE.NTED ANDNTEDLLE.LTY10,90

IG=1G+1 8 NPTLSGI=NPTS

DG 13 IP=1.NPTS

AEAD (7)) KUIPLIGILSEAPLIGI R

IF {iP.EQ.Y) 12,12

XMIN=X{IPo IG) § SMAX=SHIN=S{IP,I1G)
TFUIG.EC. 1) XMINR=XMIY $ GO 10 13
KMAX=X( P4 1G]}

SMAX=AMAXL(SMAX,S{EP,IG)) 6 JMIN=ANINI{SKIN,ST{IP,I())
CONTINUE

ENCIDt (30,210, TITLE)IG,TEME, TOENT

ENCODE (30,2)2,SLABELINC

SMAZAMAKLL SHMA,SMAK) $ SHI=AMINICSML,SHIN)
PRINT 240, (TITLEIK)aM=1s3) o XMIN, KMAX, SHI,SHA
CALL LINSET (XHAK XMIN, SHMA SMI,XLABEL,SLABEL TiTLE, LINES)
CALL LINPLIEIX{L,EGloSEL1,1G) MARK, IBLANK)

00 15 IP=2,NPTS

CALL LINPLY (X(IP,1G)STIP,IG)sMARK, IPEN)
READ (7) WM, {XJBIM),M=],6)

IF (NMLLELO) GO 7O 80

DO TC K=}, AN $ XB=X)j8114)

CALL LINPLTIXB,SHI»PARK: ] BLANK)
SINCR={IMA-SM[) /TS5, $ 58=5M1

00 70 IN=1,75 $ INK=MOD{IN,2) $  SB-SBeSINCR
CALL LINPLY (XB,58,SARK, INK)

CALL PENEND $ GU FU 100

DG 91 IPei,NPTS]

KEAD (1}

CONTINUE

IFCIFLAG,LELL) GO TO 150
SEVERAL TEDITS P_OVTED ON ONE GRAPH

IF (iG.LT,2) GO TO 145

IGPLUT=MINCUIFLAG, IGH

I18EG1

EMCODE (30,220, Y TLE) IBEG, IGPLOT, iDENY

ENCODE (30,221.5LABEL)

PRINT 240, (VITLE(M) oMol 3} XMIN, XMAX, SN, SKA
CALL LINSETEXMAX, XKINLySMA,SMI, XLABEL, SLABEL, TITLE,LINES)
CALL LINPLTAX(1,0) 501010 0PARK, [BLANK)
LP=MPa]

00 130 L=]BEG,IGPLOT

NP=NPT (L)

D0 120 [p=up NP

IF (IFS.EQ.1) $20,115

IF [LP.NE.MP,OR.LLEC.IGIGO YO |70

IF (SOIP L) L T, 90SMALAND.SUIP ,L+1).GYV.ulEPIL)®L.05) LPx]P
CALL LINPLY (XUIP L) SUIFL),NARK, IPEN)
IF(L.EC.1G) GU TO 130

CALL LINPLY (XTLP,L#))oSILPL#]) MARK, IBLANK)
PP

“THVINUE

CALL PENEND

IF (1GPLCT .GE., IG-1) GO YO 150

IBEG=IGPLOT+Ll $ IGPLOT=1GPLOT+MINDIEFLAG,IG-IGPLOT)
GO 10 105

PRINT leb

RE TuRN

FORNAT (231 ONLY ONE TEOIT GRA&FHED)

FORNAT {(SHTEGIT, 12, 1HoFT,4,0004 MUSECS JD=14&)
FORMAT (30M POSITION (CENTIMETESRS) ]
FORMAT (19HSTRESS AT 7V €,T4,014 (KILOBARS))
FORMAT (04 TEODITS 12,04 THRU [2,8H, JDENT=[4}

FORMAT (30M STREJS (KILOBARS) )

FORMAT (TH PLOT-~,3A10,6H Ko ,F8,4,4H 10 ,FO.4,8H _~,F9,6,44 TO ,
iF9.4)

END

PLOTTING SUBROUTINE: TPLOTS (complete)
206




APPENDIX 11
QUASI=STATIC AND ACOUSTIC DATA

1. Introduction

As ar adjimct to the dynamic measurements, a series of quasi-static
acoustic mcasurements were made to assist in characterizing the metals

studiced. The purpnses of these tests were to determine:

° the quaosi-static moduli and yield strength,
) the chiution of quasi~static properties with spccimen thickness,

) the difference in quasi-static properties measured parallel and
transverse to the direction of rolling,

' the effect of testing speed on the quasi~static properties, and
[ the effect of the sign of the loading (tension or compression)
on the properties.

For these purposes an extensive test program was laid out for the five
alloys under study. The scope of the quasi-statgc;expe;iments_is_‘
partially indicated by the listiﬁg of specimens in Tables 13 and 14,
Both tensile and compression tests were performed. Some compression tests
were conducted on all three directions (parallel and transverse to rolling,
and thickness) of the material. Tensile tests were conducted over a wide

range of thicknesses and at three testing rates for one thickness.

2. Test Descriptions

a. Tensile Tests

The tensile tests were conducted on the usual dog-bone-shaped test
specimens instrumented with ceither strain gages or an extensometer. Two
scts of tests were performed: one scries at several thicknesses but a
con<tant lesting speed of 0.05 in./in./min. and a second series at a
single thickness but three testing speeds (0.5, 0,05, and 0.005 in./in./min).
The second serics was instrumented with both longitudinal and transversc

strain gages so that Poisson's ratio could be determined.

The tests were generoally conducted with a continuous recording of
Toad and deflection so that Young's modulus, the yield strength, ultimate

strength, and breaking strength could be determined.,




Table 13

ALUMINUM: NUMBERS OF SPECIMENS TESTED

Alloy ' Thickness Compression Tensile
(in.) p* et h ¥ p* et
6061-T6 1/16 2 2
1/8 2 2 2
3/16 2 2
1/4 3 3 2 (9) (9)
3/8 2 ?
1/2 2 2 4 2 2
3/4 1 1
1-1/4 1 1 3 1 1
2024-T8 1/16 .’ | 2 | 2
3/32 2 2
1/8 2 2(9) 2(9)
3/16 2 2
1/4 3 2 2
3/8 2 2
1/2 2 2 3 2 2
3/4 1 1
1-1/4 1 1 4 1 1

Parcenthetical numbers refer to tests conducted at three testing spceds.
Other tests were conducted at a single speed.
*

Parullel to rolling.

Transverse to rolling.

*1hickncss direction.




Table 14

TUTANIUN: NUMBERS OF SPECIMENS TESTED

Alloy Thickness | __Compression ; Tcnsile
andy [p* | et | mF | p* | Tt
" Type S0A 1/14 ‘ |+ 1
1/8 1 @ | @
3/16 R S T 1 2
3/8 1 1 |2 1 1
2/4 1 1 f 3 1 1
1 1 1 4 1 1
T1-6A1-4V 116 | o T
1/8 | 4 €3) | (3)
1/4 1 4 | = | 1
3/4 ' RS R IV R T
1-1/8 1 [ 1 f<-"1 2 1 12
{ri-12Cr-11v-3a1 1/16 ( | 1 1
1/8 - | 4 3 | @
1/4 IR {3-~] 1 |
3/4 1 1 | 3 1 | a2
1-1/8 1 1 4 1

Parcnthetical numbers refer to tests conducted at three testing speeds.
Other tests werc conducted at a single speed.

A

" Parallel to rolling,
TTransversc to rolling.

Thickness dircction.




b. Compression Tests

The compression tests were conducted on doge-bone~shapoed specimens
similar to those for tension tests and at the rate of 0.05 in./in./min.
The thick portions at the .onds of the specimens were provided to give
lateral support to prevent buckling. The spocimens were instrumented

elther with an extensometer or a pair of longitudinol stroin gages.

The tests were conducted until buckling occurred or until the
copoacity of the machine was reached. It is believed that nll the exhibited

yield dato rerresent yielding of the material and not premature buckling.

c. Thickness Compression

Specimens ubout 1 inch thick .were manufoactured for aetermining
properties in the thickness directioni The specimens were formed by
stacking together a number of 1 inch squarc roupcas from coch sheet of
material. Strain was measured with an extensometer recording the overall
compression of the specimen. These specimens were loaded at .0.05 in./in./

min.

The lovad-deflaction curves show an initial .soft portion as the

chupons comprising the specimen are ‘being brought into contact, then a

8traight elastic region, and finally yielding. :Post-yicld behavior was

not interpreted for these tests.

d. Acoustic Tests

Dilatational and shear velocities were measured on 1 inch square
coupons from each of the materials. The tests were performed for the
thickness direction on all specimen thicknesses, and in o1l three directions

on specimeins over 1 inch thick,

3. Bsﬂults of Quasi~Static Tests

A total ci 234 static tests was conducted on specimens of the three

titonium cnd two a2luminum 2lloys to .characterize the moterials. Average

maznitudes of the elastic properties determined [rom the test program are

listed in Tables 10 and 16, and the results of the parameter studies are
given in Tables 17 and 18. For the titanium there was considerable

variability wong results from samples of /ifferent thicknessces: the

260




Table 156

TITANIUM DATA FROM STATIC TESTS (AVERAGE VALUES)

Young's Plasiic Yield Ultimote6 Poisson's
Modulus* Modulust Strength# Strength ¢ Ratio
kbar kber kbhar , kbar 5
Alloy (psi x 10%) | (pst x 103) | (psi x 107) | (psi x 10%)
Type G0A 1070 66 3.5 4.1 0.26
(15, 500) (960) (50) (65)
Ti-6Al1- |V 1210 7 9.5 8.6 0.29
(17,500) (100) (138) (139)
T{~13Cr-11Vv-3Al 1040 6 9.3 9.4 0.27
(15,100) (80) (135) (136)

Coefficient of variation (standard deviation/mean value) about 2 percent for
samples of a single thickness.

*Slope of line from yield point to lpercent strain.

*

Highly variable; negative
values were obtained from alloy Ti-13Cr~11V=-3Al in many tests.

An offset of 0.2 percent.

8 Obtained from peak of stress~strain curve before decrease to breaking.

261




Table 16

ALUMINUM DATA FROM STATIC TESTS (AVERAGE VALUES)

Young = Plastic Yield N Ultimate Poisson's
Modulus * Modulus Strength Strength* Ratio
kbar 5 kbar kbar . kbar .
Alloy (psi x 10%) | (psi x 10%) | (psi x 10%) | (psi x 10%)
6061-T6 710 103 2.8 3.1 Q.32
(16, 300) {1490} (40.7) (45.1)
2024-T8 745 32 4.4 4.9 0.33
(10, 800) (460) (63.6) (7:.0)
*

Coefficient of variation about 1 percent for specimens of a single
thickness.

t Average slope of stress—strain curve from yield to 1 percent strain.

0.2 perzent offset; coefficient of variation up to 1,6 percent for one
thickness and direction of rolling, up to 6 percent for all thicknesses.

Coefficient of variation of " 7 parcent or less for one thickness and .
direction of rolling, 3 percent or less for all thicknesses, ‘
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coefficients of variation {standard deviation/mean value) of the yield strength

-

Y and ultimate sirength U were usually about 5 percent and in some cnses 10
percent, This difference is attributed to real variations among specimens,
despite the special care taken in acquiring material of controlled quality.
The aluminum exhibited a coefficient of variation of 1 to 2 percent for
tests at a single thickness and 3 to 6 percent for tests at all thicknesses,

4. Elastic Constants from A~custic Velocity Measurements

Acoustic velocity measurements were made with samples of the aluminum
and titanium materials to determine the elastic constants of the materials
at nominally zero stress levels, The tests were conducted by transmitting
longitudinal (compressional) and shear pulses through thin specimens and
measuring the transit times. These transit times were then used to

compute Young's modulus E and Poisson's ratic V for each material.

Tie equations used to determine the elastic constants are the usual
ones for linearly elastic, homogeneous, isotropic materials. The samples
did not qualify as isotropic because their properties were different in
the three principal directions: parallel to rolling, transverse to rolling,
and in the thickness direction. These differences were small however, and
were neglected in the aralysis. This neglect is testament to the assumption
that wave propagation in one direction is but slightly affected by aniso-
tropy in the cther two directions. With the assumption of isotropy we
can compute longitudinal and shear acoustic velocities CL and Cg from
the travel times of the waves through the samples. These sound velocities

are related to the elastic constants as follows:

_ |E a-v
CL‘JT) Q-2 Q +v (108)

E 1
b = J"d' (1 + V) (107)

where O 1is the material density. Equations (106) and (107) can be
solved for E and V , obtaining
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s 2 -
(CL, fvsﬁ 2

vV = e (108)
2(21.»/’CS)~ - 2
E = 201+ ¥ CSp (109)
(1~2Y) 1+ 2
E o= ~l2ll o 70 ¢ 110
FR)) LL o (11%)

The measured acoustic velocities and the elastic constants derived

therefrom are exhibited in Table 19 for the five alloys tested.

The elastic constants calculated from the sound velocities are not
directly proportional to these velocities Wut are related in a compiex
manner to the square of the velocities. Because of this complicated
relationship, it i8 not obvious how the uncertainties in the weasured
velocities contribute to uncertainties in the elastic constanta. The
following analysis represents an attempt to define the uncertainties ip

those constants, basad on estimated uncertainties in the measured
velocities.

The probability distributions for the longitudinal and shear wave
velocities were assumed to be normal for convenience in the analysis and
for lack of a better assumption. The probability density functions for
all the variables ase certainly continuous functionz. For simplicity
in the analysis, however, we approximated distributions of the velocities
by a small number of points with equal probability. The points were
selected so that the means and standard deviations of the discrete and
continuous distributions were equal. Selected points were obtained by
dividing the continuous distritution into 10 interwvals of equal proha~
bility, that 1is, with equal areas under the probability distribution
curve. With this formulation we obtained 10 discrete, equally probable
values for each of the two wave velocities. We can combine these to
form 100 equally probable values for each of tke elastic constants E

and V., The resulting values of E and ¥ form discrete approximatior- to
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the desired continuous distributicns, Ca._ulations were made using

n~minal values for CL and CS'

The coefficients of variation (standard deviation divided by mean

value) of CL and CS were as: med to be 1 and Z percent respectively, The

resulting coefficients of variation for E and V are given in Table 29.
The mean valucs of both the elastic consianis c¢oincide with those computed

from the mean values of CL and CS. The coefficients of variation are

somewhat larger than those for either C, or CS' In general, we can

L
probably obtain E and V with somewhat less precision than we can obtain

either of the sound velocities.

Tabla 20

ILLUSTRATTON OF VARIABILITY OF ELASTIC CONSTANTS
DERIVED FROM ACOUSTIC MEASUREMENTS

Coefficient
of Variation
Measurement * Mean (%)
CL (mm/ubec)$ 6.0 1
Cy (mn/psec) * 3.0 2
8
E (kbar) 720 3.14
V§ 0.333 2.81

* CL and CS are arbitr..y; density was taken as J g/cma.

t Coefficient of vartation = ste~dard deviation/mean.
Assumed.

¢

Computed.
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5. Titaniur Properties Tests by the Manufacturer

The manufacturer, Titanium Metals <Corporstion of America, supplied

a list of test data for eacn thickness of the titanium alloys. Chemical
analyses showed about 0.11 percent 0 for all three types and 0.02 percent

N in Ti-13Cr-11V-3Al1 titanium and O.%l percent N in the other two types. The
tensile test values supplied are shown in Tables 21, 22, and 23, For the
Type 50A (pure alpha) titanium, three samples of each thickness were

tested and all values reported in Table 19. The variation of yield

among the three samples at cach thickness was studied. The coefficieat

of variation (standard deviation/mean value) at each thickrzss varied

from 5 to 12%. There was a clear trend toward decreasing yield strength

with increasing thickness; average yield values varjed from 54,000 psi
down to 47,000 psi.

Only average strengths from several tests were reported for Ti-6Al-4V
and Ti-13Cr-11V=-341 titanium. However, these were differentiated hy
direction of rolling. For the Ti-6A1-4V alloy, the yield strength was
co’ ‘stently 3000 to 4000 psi higher when tested transverse to the
direction of rolling than for parallel to reolling. There ws. a clear
trend of decreasing strength with increasing thickness. The Ti-13Cr-11v-
341 alloy was also stronger in the transverse direction than parailel to
the rolling direction, The vield data of this slloy ;lriéd considerably
from sheet to sheet so that no trend of strength variation with thickness
could be established,

Table 21
MANUFACTURER'S DATA FOR TYPE S0A TITANIUM
Thickness Yield Strength Ultimate Strength Elongation
{(1n.) (psi x 107) (psi x 10%) )
0.0625 56.0, 40.8, 57.3 70.6, 68.7, 71.8 28.0, 26.5, 28.0
0.125 49.9, 48.1, 58.1 66.4, 65.8, 66.8 27.0, 21.0, 29.0
0.1875 47.6, 60.7 72.8, 7:£.9% 26.5, 21.0
0.375 46.5, 44.3, 50.3 68.5, 67.2, 70.2 32.5, 31.0, 4.0
0.750 44.5, 40.8, 49.1 65.0, 63.8, 66.4 36.0¢, 35.0, 37.9
1.0 46.5, 42.9, 52.3 68.0, 85.5, 69.6 54.5, 53.0, %6.5
g
Average 49.7 68.0 4.8




Tahle 22

MANUFACTURER'S DATA FOR Ti~6A1-4V TITANIUM

'Thickness Yield Strength Ultimate Strength . Elongation .
Parallel | Transverse”™ | Parallel | Transverse® | Parallel ITransverse
(1n.) (psi x 10%) (psi x 10%) (%
|

0.0625 134.7 137.7 141.5 14€,0 14.0 12.0
0.125 132.5 144.7 136.6 145.7 15.0 15.0
0.250 133.7 138.0 139.1 142.6 16.0 14.5
0.750 126.8 130.9 134.3 137.4 15.0 15.5
1.125 121.9 126.1 129.3 131.9 13.5 16.5
Average 129.9 135.5 136.2 140.7 14.7 14.7

x®

Parallel and transverse refer to the direction of rolling.

Table 23
MANUFACTURER'S NATA FOR Ti-13Cr-311V-3A1 TITANIUM
Thickness Yield Strength Ultimate Strength Elongation
Psrallel | Transverse * | Parallel | Transverse * | Parallel | Tronsverse *

(in.) (pst x 103) (psi x 10%) %)
0,825 126.5 135.7 131.7 138.8 20.0 14.5
0.125 129.8 132.2 135.2 137.7 21.0 17.5
0.250 130.8 137.8 141.1 146.R 24.0 12.0
0.750 126.8 132.0 131.8 139.6 24.0 16.5
1.128 125.3 129.5 132.3 136.6 18.5 13.5
Average 127.8 133.4 134.4 139.9 21.5 . 14,8

i
:
l

Parallel and trasnsverse refer to the directiomn of rolling.
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4 6. Discussion of Quasi-Static and Acoustic Results

The elastic properties of aluminum devel.ped from the quasi-static

tests agree with those from the acoustic tests to within 1 or 2 percent.

A similar comparison for the titanium alloys shows that the values of
Young's modulus agree within 3 percent for the Ti-6A1-4V and Ti-13Cr-11V-3Al1
alloys but that the acoustic modulus is 10 percent high for type 50A. This
difference may indicate that the modulus decreases gradually with loading
inatead nf maiaiaining a cons*ont =odulus up o tae yield point. The values
of Poisson's ratio derived from the acoustic tests are up.to 20 percent
higher than those derived from the quasi-static tests: ﬁtbis disagreement

has not been explained.

A comparison of the manufacturer's test results and our data shows
that there is good agreement for yield and ultimate strength for type S0A
titanium., Our values for yvield strength are about 3 percent higher for tpne

Ti-6A1-4V and Ti-13Cr-11V-3Al1 alloys but the two sets of vrlues for ulti-

mate strength agree very well,

} 2T Our yvield <trength data on Ti-6Al-4V are about 25 percent below those

USRI S

! , of Maiden and Green (Ref.B) for the same .ange of strain rate. This difference
' sugpests that there were important differences in the retals tested by the

two organizations, although both sects had the same noi 'nal compositior and

were fully annealed. The increase in the yield strength was about 3 percent

S

i N per decade of strain rate according to the results of both orgsnizetions.
' ; Our results for 5061~T€ agree with those of Mejiden and Green (Ref.B)
; in exhibiting a vield streng:h of 41,000 ps! and no ktrein rate  [,ect,
. § The quasi-static measnrements have shown that the sluminum alloys
are not strain-rate~-dependent in the range of testing speeds used. The
titanjum alloys show a3 reste-dependence of strength: This rate effect
could lead (0 a variatjon of the Hugonjot elastic limit in shock cxperi-~
ments. The noted sample-to-sample variabilaty in properties strongly

suggests that any test series should be conducted on materisl of a single

shoeet,
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