{ B L
AFOSR-TR. 81 -085 8§

Grant Number:fu‘OSR—BO-ozu LEVEW

1 PINAL SCIENTIFIC REPORT

/

' TIME DEPENDENT INELASTIC BEHAVIOR OF MATERIALS

, 1 July 1980 =~ 30 June 1981 O
by . C N

> 80l R. Bodner
Material Mechanics Laboratory
Faculty of Mechanical Engineering
Technion-Israel Institute of Technology

Haifa, Israel

i July 1981

Prepared for
Air Force Office of Scientific Research/NA
Building 410, Bolling AFB, D.C. 20332

and
.EI: European Office of Aerospace Research and Development
/
Lnded i
S LH
2 blicrelea H
roved for Pu !
r ﬁiZtribuzionunlimited

Apﬁroved for public release; distribution unlimited.
)
N Yol 9/?
" 81 12 29 044

S “ )
it ihetic Ll ot IAE 1.k A Ta s

o nalitizie

<& W

"
.. gl L B
o A vk




e b2 D i g SRS, SRR

e v .

L SRR S

UNCLASSITIED " -

oy %:E:URITL’CLASE'-‘{C*TW" OF THIS PAGE (When Date Enterod; -
“F . READ INS c NS
i ) REPORT DOCUMENTA-T‘ON PAGE BEFORE COM;Engﬁg FORM '
T REPORT NUMBER —— OVT ACCESSION NO| 3. RECIPIENT'S CATALOG NUMRER
- ; r‘
AFOSR.TR- 81 -0855 ) 4709 777
4, TITLE (and Subtitle) M * | 5. TYRE OF REPORT & PERIOD COVERED
TIME DEPENDENT INELASTIC BEHAVIOR OF MATERIALS 1 ng 80 - 30 Jun 81
. FINAL
& PERFORMING 036G, REPORT NUMBER
| AT 8. CONTRACT GR GRANT NUMBER(Y)
$. R. BODNER . ) AFOSR-80-0214
9. PERFORMING ORGANIZATION NAME AND ADDRESS T0. PROGRAM ELEMENT, PROJECT, TASK
MATERIAL MECHANICS LABORATORY AREA & WORK UNIT NUMBERS
FACULTY OF MECHANICAL ENGINEERING 2307/B1 61102F

TECHNION-ISRAEL INSTITUTE OF TECHNOLOGY
HAIFA 32 000 ISRAEL

11, CONTROLLING OFFICE NAME AND ADDRESS ’ 12. REPORT\DATE

AIR FORCE OFFICE OF SCIENTIFIC RESEARGH/NA JUL 81
BOLLING AFB DC 20332 1;iNUMBER°FPAGES

14. MONITORING AGENCY NAME & ADDRESS(if different from Contralling Qftice) 1S, SECURITY CLASS. (of this report)

UNCLASSIFIED
15a,” DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

——

16. DISTRIBUTION STATEMENT (of thiz Report)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, 1f different from Report)

18. SUPPLEMENTARY NOTES

19. KEY WORDS (Continue on teverss side il necessary and ldentlly by block number)

CONSTITUTIVE EQUATIONS COMPOSITES PLASTIC WAVES
VISCOPLASTICITY CREEP STRAIN-RATE EFFECTS
INELASTICITY WAVE PROPAGATION DYNAMIC LOADING

e |

20. ABSTRACT (Continus on reverse side Il necessagy and ldentily by block number)

. This report reviews the progr of work performed under Grant AFOSR-80-0214,
sponsored by the United Stateg Air Force Office of Scientific Research through
the European Office of Aerospage Research and Development (EOARD) during the
peiord 1 Jul 80 to 30 Jun 81. "This period of the research program was devoted
to solving problems of the inelastic response of composite elements under
dynamic loading, examining wave propagation in rate dependent inelastic media,
and studying the creep response of metals. The reference mate;i;l representa-

] EDITION OF | NOV 65 1S OBSOLETE
DD 1 Jan'ra 1473 1INCLASSIEIED
SECURITY CLASSIFICATION OF THIS PAGE (Hhen Dete Entered)

{

o ———— e By A

Y Y Y R R RO R i o Y TR ’”{ﬁ%\.:"""?""?.’.",y"‘m-f". pualias o ol o S it o A

’ —— + a— b - -y
FORM g

RN Lt bt

—
i

NPT

Lo e

bidgabn Ly ks

ea btlsottsdeislt o

3 v s

.

oo b i o 5

P Men i



sn Data Enteted)

=< ]r-+ption was taken to be the constitutive ‘equations of Bodnernggggmufor,ngstLgex
- viscoylastic work<hardening materials. In particular, a theory for.the )
dynamic behavior of laminated slabs of eléstic-viscoplastic materials has
been developed. 1In addition, the constitutive equations were shown to pro-
vide realistic characterization of the time dependent inelastic behavior of

S
.‘...
: +

pe st e,

T O R T

: metals ranging from Creep to wave propagation donditionsn‘sl\\;
i
: 3
; ]2
: =2

o :

§ ;
3
g 3
: E

Y e TN I

snttf

UNCLASSIFIED B
SECURITY CLASSIFICATION OF Tu'r i AGE(When Data Enta-

A Rt RS CTIA LR Y
i A 3

e

-

R S G e e S o e, SN

L v A




PAGES
ARE
MISSING
IN
ORIGINAL
DOCUMENT




FINAL SCIENTIFIC REPORT

TIME DEPENDENT INELASTIC BEHAVIOR OF MATERIALS
1 July 1980 - 30 June 1981

Y < Skt
et doensbbedi s sl b b, Ll i i

by - \ K
g_;;-] . 0 - ) .o O
b Sol R. Bodner* BN o
§3 Principal Investigator S \55 :
| - | :
i >
?; ‘ ” |
! Abstract |
* :
] E

This report reviews the program of work performed under
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Aerospace Research and Development (EOARD) during the period

A1k

1 July 1980 to 30 June 1981. This period of the research

program was devoted to solving problems of the inelastic re-

sponse of composite elements under dynamic loading, examining

wave propagation in rate dependent inelastic media, and study-

ing the creep response of metals. The reference material repre-
sentation was taken to be the constitutive equations of

Bodner-Partom for elastic-viscoplastic work-hardening materials.
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In particular, a theory for the dynamic behavior of laminated
slabs of elastic-viscoplastic materials has been developed.

In addition, the constitutive equations were shown to provide
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Further work on the damage problem under the AFOSR research
program is being directed at consideration of anisotropic damage
development and its incorporation into a general anisotropic

formulation of the constitutive equationq.

An extension of the constitutive equations to include ani-
sotropic work-hardening hac been developed by Stouffer and Bodner
in 1979. That theory has recently been critically reviewed by
those authors who heve found that it is consistent and leads to
stress and strain fields that are essentially correct, but that
it requires modification to enforce the condition of zero volume
change due to plastic deformation. The resulting general theory,
[Related Public. No.7]}, is capable of including anisotropic work-
hardening, anisotropic damage, and pressure dependence of plastic
flow in conjunction with plastic incompressibility. It could,
therefore, serve as a basis for material characterization in
problems that involve those effects. Some new experimental work
to examine the anisotropic work-hardening theory has recently
been carried out at the Technion, and the preliminary results

tend to agree with predictions based on the theory.

At the other extreme of the loading spectrum, i.e. dynamic
and impact loading, the constitutive equations have been used
as the material characterization in an investigation of wave
propagation in bars. This much studied subject still has a number
of unresolved points which have led to some controversy since
certain response characteristics are sensitive to the details
of the material characterization while others are insensitive

to gross variations of the modeling.
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The other principal activity of the research program has been
the step by step formulation of a theory for the mechanical be-
havior of composite structural elements formed of elastic-visco-
pl&stic work-hardening constituents. Although there have been
a large number of investigations on the response of laminated and
fiber reinforced elastic elements to loading, almost no work
seems to have been done on the properties of composites in the
time dependent inelastic rangr:. 1In the present research program,
an effective stiffness theor was developed for a laminated slab
consisting of bonded alternite layers of two different elastic-
viscoplastic materials. Fach constituent was modeled by the
Bodner-Partom constitutive equations using the appropriate con-
stants for the material. Details of microstructural interactions
between the layers were considered to first order terms in the
formulation, which led to a set of equations and boundary and
initial conditions for the determination of the response of the
laminated slab to dynamic loading {Public. No.l]. A further ex-
tension of the work to include a higher degree of accuracy of

the microstructural effects is reported in Publication No.2.

Fiber reinforced metal matrix composites are also of consider-
able practical interest, and a wor'ing theory of the inelastic
behavior of such composites would be very useful. A first step

in the formulation of such a theory is given in Public. No.5,
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Personnel

In addition to the Principal Investigator, Professor S.R.,

Bodner, the following persons were engaged on the research

program:

Professor Jacob Aboudi (Tel Aviv University)
Associate Professor Assa Rotem (Technion)
Dr. Anthony Merzer (Technion)

Mr. zvi Zaphir (Graduate Student)

Prof. Bodner was a Visiting Professor at the University of
Illinois, Urbana, IL during August 1980 (with Prof. F.A.Leckie),
and at the University of Cincinnati, Cincinnati, Ohio during

September 1980 (with Prof. D.C.Stouffer).
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3. "Steady and Transient Creep Behavior Based on Unified
Constitutive Equations", A.M.Merzer, ASME Journal of

Engineering Materials and Technology (submitted for
publication).

Abstract - A set of constitutive equations, which has been used
to describe a variety of quasi-static and dynamic viscoplastic
phenomena, is applied to creep problems. Simulations of steady
and transient creep at constant stress are obtained which compare
well with experimental results both qualitatively and quantita-
tively. Simulations of creep resulting from rapid changes in

the applied stregss also compare well with observations. The
constitutive equations can be used to describe logarithmic creep.

These latter predictions are ccmpatible with experimental re-
sults in considerable deteil.

4. "Stress Wave Propagation in Bars of Elastic-Visco-
plastic Material," S.R.Bodner and J.Aboudi, (to be
presented at the 1981 Conference of the Society of

Engineering Science and to be submitted for
publication).

Abstract - A number of uniaxial stress wave propagation problems
are solved based on the unified, multi-dimensional, elastic-
viscoplastic constitutive equations of Bodner-Partom and a finite
difference numerical procedure. Solutions are obtained for

cases of a velocity imposed for a time period or indefinitely

at the end of semi-infinite and finite bars and for the con-
diticn of a high velocity superimposed on an applied low veloc-

ity after a time interval. Work-hardening is taken to be isotropic
for stress of constant sign, while an isochoric, anisotropic
work-hardening formulation is employed for problems involving
stresses of reversed sign due to unloading or reflections. The
numerical results are compared t» experimental data and to the
predi¢tions of the more classical plasticity theories.
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5. "Generalized Effective Stiffness Theory for the
Modeling of Fiber-Reinforced Composites," J.Aboudi,
International Journal of Solids and Structu=es (in press).

Abstract - Effective stiffness theory of the N-th order is de-
rived for the modeling of the three-dimensional time-dependent
motion of a fiber-reinforced composite. The fibers are assumed

to be of a rectangular cross section and are imbedded in the matrix
in the form of a doubly periodic array. The resulting theory re-
presents the composite as a higher order homogenous continuum

with microstructure whose motion is governed by higher order dis-
-placements. The derivation is systematic and can be applied to
elastic as well as anelastic composites to the desired degree of
accuracy.

Publication during current year of results obtained in
previous research program with AFOSR (Contract F49620-79-C-0196)

1. "Dynamic Response of a Slab of Elastic-Viscopiastic Material
that Exhibits Induced Plastic Anisotropy,"” J.Aboudi and
S.R.Bodner, International Journal of Engineering Science,
vo.18,1980,pp.801-813.

2. "An Average Theory for the Dynamic Behavior of a Laminated
Elastic-Viscoplastic Medium under General Loading,“J.Aboudi
and Y.Benveniste, International Journal of Solids and

e Structures, vol.l7,1981,pp.11-27.

: i 3. "An Average Theory for the Dynamic Behavior of a Laminated
Elastic-Viscoplastic Work-Hardening Medium," J.Aboudi and
i Y.Benveniste, Journal of Applied Mathematics and Mechanics
- (2AMM) , vol.61,1981.
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Other Publications Related to Research Program

"A Procedure for Including Damage in Conatitutive Egquations

for Elastic-~Viscoplastic Work-Hardoning Materials," S.R.Bodner,
Proc. IUTAM Symposium on Physical Non-Linearities in
Structural Analysis," Springer-Verlag, Pub.,198l1.

"A Relationship Between Theory and Experiment for a State
Variable Constitutive Equation," D.C.Stouffer and S.R.Bodner,
Proc. Symposium on Deformation Modeling, ASTM Special
Publication, 1981.

"Rapid Mode-III Crack Propagation in a Strip of Viscoplastic
Work-Hardening Material," J.Aboudi and J.D.Achenbach,
International Journal of Solids and Structures (in press).

"Numerical Analysis of Fast Mode-I Fracture of a Strip of
Viscoplastic Work-Hardening Material, J.Aboudi and J.D.Achenbach,
International Journal of Fracture (in press).

"Arrest of Mode-III Fast Fracture by a Transition from Elastic
to Viscoplastic Material Properties," J.Aboudi and J.D.Achenbach,
ASME Journal of Applied Mechanics (in press).

"Transition from Brittle to Ductile Fracture for a Rapidly
Propagating Crack," J.Aboudi and J.D.Achenbach, ASME Journal
of Pressure Vessel Technology, (in press).

"Anisotropic Plastic Flow, Pressure Dependence, and Incom-
pressibility," S.R.Bodner and D.C.Stouffer (in preparation).
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