&

/

DEVELOPMENT OF IMPROVED
DYNAMIC FAILURE MODELS

AN

3

- ~

- -x d"\
" )
.-

® .
.‘_7.'__ AN
~ ,'\~
.'-

Final Technical Report
(A Comprehensive Supplement)

15 February 1965

D. A. Shockey, D. R. Curran, and L. Seaman
With Contributions From R. D. Caligiuri,
D. C. Erlich, J. H. Giovanola, and T. Kobayashi

Prepared tfor:

U.S. ARMY RESEARCH OFFICE
P.O. Box 12211 :
Research Triangle Park, NC 27709

Contract No. DAAG-29-81-K-0123

; Approved for public release;
= Distribution untimited
-

(W]
= SR International

i 333 Ravenswood Avenue
e Menlo Park, California 94025
; (415) 328-6200

= TWX: 910-373-2048
Telex: 334 486




L A T e m L WA LV T Ten LA b T i L B Y P Tt el s e Tl N LT e e Tt T T Ta L AT aRatmRAarA YA T Yl NP

JEB e N R L R s )0 S ST e

- e
o foans
'. N
- The views, opinions, and/or findings contained in this report are those of NN

[]
':j the authors and should not be construed as an official Department of the t‘::-:-?
= Army pcsition, policy, or decision, uniess so designated by other
i documentation.

IEAC A
i e
.
ey
.. b
foo
i, ESANAS
= L -
. {-,
* T, - -
.

.c
—

g
".




PAGES
- ARE
 MISSING
IN
ORIGINAL

DOCUMENT



UNCLASSIFIED

SECUMITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

1s. REPORTY SECURITY CLASSIFICATION 1. RESTRICTIVE MARKINGS
20 SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT
Aporoved for public release;
2b. DECLASSIFICATION/DOWNGRADING SCHEDULE Distribution Unlimited
¢ PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMBER(S)
SRI Project 3722 Contract DAAG-29-81-K~0123
€s. NAME OF PEARFORMING ORGANIZATION b. OFFICE SYMBOL Ta. NAME OF MONITORING ORGANIZATION

(If applicadie)
SRI International U.S. Army Research Office

6c. ADOAESS (City, State and Z1P Code, i 70. ADDRAESS (City, State and ZIP Code)
333 Ravenswood Avenue
Box 12211

P
Menlo Park, CA 94025 Research Triangle Park, NC 27709

8s. NAME OF FUNDING/SPONSOQORING 8. OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (1] applicadle)

U.S. Armv Research Office

8c. ADDRESS (City, State and ZIP Code) 10. SOURCE OF FUNDING NOS.
PROGR PR TASK WOAK UNIT
Box 12211 QGRAM 0JECT OAK U

ELEMENT NC. NO. NO. NO.
Research Triangle ®ark, NC 27709

11. TITLE (Include Security Classification,
Development of Improved Dvnamic Failure Model

12. PERSONAL AUTHOR(S)
Shockev, Donald A., Curran, Donald R., and Seaman, Lynn

134 TYPE OF REPORT 130. TIME COVERED 14  DATE OF REPORT (Y 16. PAGE COUNT ot
Final Technical ¢rom 10-1-81 1o 9-30-84} - ‘Irfébruary 1985 AL

16. SUPPLEMENTARY NOTATION The views, opinfons, and/or findings contained in this report -
are those of the author(s) and should not be construed as an official Department ad
of the Army position, policy ox decisjon, unless so degignated by other documentation. -

17 COSATI CODES MP:SUBJECT TERMS (Continue on reverse if necessary ond identify by block number)
£18LD GROUP SUE. GA. ~"Shear band model, ductile fracture model, 3

torsionmbar, Taylor test, E:eeﬂm-eee—mw

T
N _

‘Q,,‘Als\TRACT {Confinue on reverse if necessary and identify by block aumber)
-lmproved computational models were developed for dynamic material failure by shear
banding and ductile fracture. The research effort involved theory, experiments and
numerical analyses.

A high performance split Hopkinson torsion bar was constructed and used to measure
flow stress, failure strain, and shear banq {nstability strains in VAR 4340 steel at
strain rates ranging between 800 and 6000 8 *. Taylor-type rod impact tests were *-~
performed to measure the dynamic flow curve as a function of temperature (to 947°C) and
initial hardness. The fracture surface topography of tensile bars was quantitatively
analyzed to ascertain details of the ductile fracture process and seeck their dependence on
microstructure. Observations and data from the experiments guided the modifications to
the failure models.

."|~'|..... .l'

/.

«.\{J
20. OISTRIBUTION/AVAILABILITY OF ABSTRALY 21. ABSTRACT SECURITY CLASSIFICATION

e
)

UNCLASSIFIED/UNLIMITED O same as mer. (3 oTic users O

22s. NAME OF RESPONSIBLE INOIVIDUAL 22b TELEPHONE NUMBER 22¢ OFFICE S8YMBOL
{include Area Code!

DD FORM 1473, 83 APR €DITION OF 1 JAN 73 1S OBSOLETE. UNCLASSIFI1ED
SECURITY CLARSIFICATION OF THIS PAGE

PRS B

e AR R




UNCLASSIFIED

el Y

SECURITY CLASSIFICATION OF THIS PAGE

S

AN

Viahility of the models was verified and their usefulness in ordnance design was

demonstrated by incorporating the models into the; C-HEMP finite difference code and
simulating various armor penetration scenarios. ' . I

~

\

et

P R N U
' v
WA Xs

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE




“d’e EERE st 0 v

R

PP e ir & AR

T

LIST OF ILLUSTRATIONS....e0cenvneees

CONTENTS

Crvesressas v

LIST OF TABLESQ....o--n-.n-oco-.oooc..oooc.-c.t.coltnoo...|00t00l

STATEMENT OF PROBLEMD..tc-.QQQA-Aocono-l--.ooohocooncoooooooooo--

ExECUTIvE SUHMARYQC'Qololltooco.-.oooo-o.--ono'-'ovcuoo-c---n.ooo

I

1I

II1

v

INTRODUCTION'.O'..'I....Q...ll.!..0..00'.Q.‘.I.‘...‘QQ.I..

SPECIMEN MATERIAL (VAR 4340 STEEL)--HISTORY AND
CHARACTERIZATION. .. ceveeveereereosssssosssscsscsascassnnsae

A.

B.
C.
D.
E.

DYNAMIC SHEAR EXPERIMENTS....

AQ

B.
cC.
D.
E.
F.

ROD
A.
B.
c.

Procurement, Chemistry and Thermal-
Mechanical HiStOTYicoseroesrsoconccncsnscnssoenessonnvose

Microstructure and Inclusion Size Distribution........

Standardized Heat Treatment..cscescees

SR NN N NN N AR N

Mechanical Properties...-..............o....-.........

Tensile Tests at Elevated Temperature
and Strain RAte...ieeecevscssncsnssess

SRI High Performance Split Hopkinson
Torsion Bar (SHTB):vcetesieostesacesaseesascssssassana

esss 8080000 emre

¢ 60 cB IS0 000 LR RESISEOERIIORTLTS

Dynamic Stress-Strain Curves for VAR 4340 Steel.......

Metallographic ObservationS8..cceeecscesssssocvcocossons

Optical Dynamic Strain MeasurementS....c.csoesceseccase

Measurements of Temperature Near Shear Bands....ee....

References......

8000020000000 00ta0s et 0000005008000

IMPACT (TAYLOR) TESIS-&-.-........-....0-000000000.00‘

Historical Perspective and Technique Development.ess..

Experimental Technique-...........-.........-.........

Analytical Technique........................-..-...;..

Experimental and Analytical Results of the

Rod Impact Tests..

.o

---------

ReferenCeBescereceeacsassonescocsonsssncscsanscnssnses

2t
BN
:'.~:'.:,\.‘
e
O
vii O
N
hS o~

xv

xvii

I-1

I1-1

I11-1
11-4
I11-9
11-10

I1-11

I1I-1

ITI-1
IT1-5
I11-9
I11-16
ITI-25
I11-32

Iv-1
1v-3
IvV-6
1v-9

1v-17
Iv-21




- W
R R A S G AN SN I TR AT A At s Sl P e et TSty

V DERIVATION OF THE ADIABATIC SHEAR BAND NUCLEATION
AND GROWTH RATE FUNCTIONS USED IN SHEAR4..coccectiesocsaass V=1

A. IntroductionNe.cceseescttscossoncceancsssasenssnssssaess V-1
B. Nucleationfi Rat@ccseenevccctrsscncatessososcssasssscens V=2
C. Orowth Rat@.csccoerscesssssconscssssaccorssessncressvaceses V=8
D. Size of Jog, Buiceeveoetosvrvearessessosssesssesanssnnses V=9
E. Discussion and RecommendationB8escicssessncecsesveessss V=10

Fl References.o-.........-............‘...o..-......-..-o v-lo

V1 THE SHEARBANDHODEL (snm‘).......-...-....-....--...... Vi-1

Aa Introduction-........-.............-o....--......-..-. VI-I

: B. Orientations and Size DistributionsS..c.cencecceccsasss VI-S
C. Microprocesses for the Shear Bands...cceocvsvevncenses VI-B
D. Stress~Strain Relations for SHEAR4...ecvvetrencnsceaess VI-19
E. Fitting the Shear Band Model to Data..cccecesseceecee, VI-28
F. Sample Results with the Shear Band Model.....coeesesss VI=34
G. Concluding RemMATKSB....cosesscosscscsnssssoassnsssscsane VI=-37
H. ReferencesS.isesssccescccscesscssassossssccascsnssncasrs VI=38
VI1 MECHANISM OF DUCTILE TENSILE FRACTURE IN
VAR 4340 STEEL...cseesecosscrsacntotsseressssasssssavesosess VII-1
A. IntroductionN.ciccesciasccecsnscsssssesssccssncesvsasens VII=~1
3 B, Previous WOTK .....cco0ceecccccascoscascansssssnsssoses VII-2
. C. Topographic Analysis of Fracture
Surfaces: The Concept.....ccoovvectecssossesceesassse VII=3
D. Experimentsl Proceduref..c.vesesvecsssscsnsasscescoses VII-4
E. Reconstruction of the Fracture Process...c..sveveaasse VII-S
F. 1Influence of Microstructure on
Microfallure Processes...coeesveccesccssccsansasscasss VIII-8
G. Di8cussioNececccccossscssorssorsecnsccrsassorssossonreaecss VIII-10
He ReferenceS.cssccesassosssccscsrsssnsaoscssnsosrcsrarsensesse VIII-11

----------
.....

[SESCIRCIN
B ASC At
DRSS

K S
o

o
A - -
- s




N A AR g SpA S, St Syt i gl S At SruiafOnti A, Sy S v me A b, oo i st e N il Bt i S S P 2 o PO

VIII A MICROSTATISTICAL MODEL (DFRACT2) FOR DUCTILE FRACTURE
UNDER LOADINGS RANGING FROM QUASI-STATIC TO IMPACTS....... VII1I-1

A. Introduction.ceisvceccccesonsuccassssssssscvassssnsass VIII-1
B, Previous WorkKeesseeescsoenssssnancrsscassnsnsssesansss VIII-1
C. Features of the Model......cioevneersccessscsesasensss VIII-1O0
D. Taests of the Model..ccceenrsoeessoconcossacosossnossse VIII=24
E. Explorations with the DFRACT2Z Model.ic:sveecsaosscecesss VIII=24§
Fo SUDMMALY:oesesoeovocccoscescssencnsasssstancocnssssssass VIII-28

G. Referen:es.................u......o..n-.....-....... VIII_ZQ
IX RECOMMENDATIONS POR FUTURE WORK.:..:eoseeessssccccanssnsanas IXK-1
X PARTICIPATING SCIENTIFIC PERSONNEL:¢ccsessossssoceascsnsesse X-1

XI PUBLICATIONS.O.O.........0......."00.0............0‘.ll.- XI-I

e

: J
'l
o nla e,

7
Aocession ggl‘d_ﬁ;_l
TNTIS CRAXI
|

DTIC TAT
Unannourccd O
Justifie ' 0T

st
e e

.
By —— e
pictrivti-/ - Pt
. =T » .

ce L (S
Avall s vt IO
- Lo (%

Dist 1 o

o

Ty S S TP M e L R P AT T e TP T T, S O e P T SR Sl e . et '-_'.\-
AR Pl ot e S ik h e e T N VA PP Wt&uﬂg—r‘w #._s‘w oy -‘.ﬁ oo B e A e e a T )



et St e e dinds Sk S i i A ACA S IRR MY AU TR S Sralgre s Sria lun 8 - Tt (a2 3 TacibasrhasaiaeCle SRS N caAeali bl Pl S S T ML T SR S IO

ILLUSTRATIONS

I1.1 Microstructure of 2-1/2-inch~diameter VAR 4340 Steel
Bar Stock Transverse to Rolling Direction.ecisvcescesse II-13

I1.2 Microstructure of 2-1/2-inch~diameter VAR 4340 Steel
Bar Stock Parallel to Rolling Directioneececeesseersses 1I-14

II1.3 Microstructure of l-inch-diameter VAR 4340 Steel
Bar Stock Transverse to Rolling Direction.seseeseescess 1I-15

I1.4 Microstructure of l-inch-dismeter VAR 4340 Steel
Bar Stock Parallel to Rolling Directioncc.cosesncesssss ITII-16

I1.5 Decarburized Surface Layers in the VAR 4340 Steel
Bar StOCk PI.’OdUQEd by Republic Steel........-....-...-. 11-17

I1.6 Microstructure of 2-1/2-inch-diameter Air Melt 4340
Steel Bar Transverse to Rolling Direction.cesceeesesess II-18

NECEN

I1.7 Microstructure of 2-1/2-inch-diameter Air Melt 4340 Pt?}}g
Steel Bar Parallel to Rolling Direction....ccecessesee. II-19 bt

II.8 Microstructure of 2-inch-diameter Tube of Aircraft }:}ﬁﬁ{
Quality 4340 Steel Transverse to Rolling Direction..... II-20 ARG

II.9 Microstructure of 2-inch-diameter Tube of Aircraft
Quality 4340 Steel Parallel to Rolling Directioneees... II-21

11.10 Inclusion Size Distribution for 4340 Steel Processed
by Different Melt PracticeB..ccevscecssssononssansnnces 1I-22

I1.11 Microstructure of 2-1/2-inch-diameter VAR 4340 Steel
Bar Stock After Standardized Heat Treatmentececescessss II-23

I1.12 True Streas-True Strain Curves (With Bridgman
Correction) for HRC 40 l-inch-diameter VAR
4340 Steel Bar at Room Temperature Under
Quasi-Static Loadinge..ccccveesocrrerecsesaranncscansss 11-24

11.13 Effect of Temperature on True Stress-True
Strain Curves (Withcut Bridgman Correction)
for HRC 40 l-fnch-diameter VAR 4340 Steel Bar
at Elevated Strain Rate.scceceoossonesscavscsssoscessesess 1I-25

I1I1.1  Schematic of Split Hopkinson Torsion Bar..eseescessssss ILI-34

I11.2 View of SHTB Looking Along the Input Bar Toward the
Release Clamp and the Static Loading Mechanismeseeeveess III-35

11103 Release Clamp--.-.-‘..................................‘ 111-36
II1.4 Inctident Shear Stress Wave Measured in the Input Bar... III1-37

vii




...............

III1.5
I11.6
IIX.7
I11.8

II1.9

I11.10

I11.11

I11.12

111.13
1II.14

I111.15

I111.16

I1I.17

III.18

111.19

111.20

111.21

111.22

111.23

Hexagonal Coupling Between Specimen and Bar....cesveees
Specimen for SHTB ExperimentScscesvessescessecssecsaons
Coupling for High Temperature Insert Bars«c.cescecscese

Streas-Strein Curve for 4340 VAR Re 40 for Four
Strain Ratesc.‘00.00!l.lll.l..l.llll.l.....l...\.0.'..'

Circunferential Displacement Profile Across the Rq 40
Specimen Width for Tests at Three Strain RatesS...cceee.

Stress-Strain Curve for 4340 VAR Re 33 at Two
strﬂin Rates.".'QIQCOOOOOOQII0.0‘!........0.....0.....

Circumferential Displacement Profile Across the Ry 33
Specimen Width for Tests at Three Strain Rates.ssevsses

Procedure for Metallographic Observation of
Shear SpecimenNB.cccetitieassssssocecasrsncccssssnsnnces

Map of Crack Path in Specimen NT9....cccuecsascnnssasss

Photograph of Circumferential Edge of Fracture Surface
1“ Spectmen NT900|.0-..000000'.lC.lll...l.lC..OI'..IOQQ

Optical Micrographs of Matching Segments of the Two
Fracture Surfaces of Specimen STl6.ccvsrcvessncencensna

Electron Micrograph of Matching Segments of the Two
Fracture Surfaces of Specimen ST16.c.coevescssscacsanse

Electron Micrograph of Shear Fracture Surface
in Specimen ST16, Showing Smeared Area and
Dimple Area‘QCc.lllll.!...l..............0........'.!'.

Electron Micrograph of Shear Fracture
Surface Showing Smeared Area and Changes
in the Local Flow Direction.ceseeersssctccesscsnccocens

High Magnification Electron Micrograph of Elongated
Dimple Area; Arrows Point to Carbide Particles:..se....

Polished and Etched Cross Sections of
Specimen ST16 Showing Fine Microstructure and
White-Etching Microstructure..sceesceseecosocassancsassas

Optical Micrograph of Matching Segments of the Two
Fracture Surfaces of Specimen NT9.......ccivennsascnnss

Electron Micrograph of Shear Fracture Surface of
specimen m."l’..00.l.....0..'..0.‘.0...........0..'.

Electron Micrograph of Shear Fracture Surface of
Specimen NT9 Showing Partially Smeared Dimple Area.....

111-28
I11-39
I11-40

III-41

I11-43

I111-44

I111-45

I1I~46
II1~-47

I1I-48

ITI-49

I11-50

I11-51

I11-51

111-52

I111-53

III-55

111-57

I1I-58




I11.24 Electron Micrograph of Matching Details of the Shear
Fracture Surfaces of Specimen NT9.....iic000veeesaseees III-59

I11.25 Schematic of Cross Section Along Dashed Line in
Figure III.Z&bOQ.l.D'..C....l.llQIIIDCOOOOQOQOQIOUI'.'. III-60

I11.26 Sequence of Failure of Unbroken Ligaments
With Increasing Relative Displacement of
NO SDECimen H&lves’°specimen t\'T9 sessNeRectesOOROIRIIOERETS 111‘61

I11.27 Schematic of Experimental Arrangement for Optical
Strain MeasurementS:iv.vesecsesssasesosescsasssssnsases II[=62

111.28 Photograph of Experimental Arrangement for Optical
Strain MeasurementBesssveceessssascanancsssssossosacsess III-63

I11.29 Synchronization of Strain Gage Records and
High~Speed PhotOgraphy.cesesecsscesescssssocssssessssss III-64

I11.30 Stress-Strain Curve for Test NT9....cccvevsetsoscacasnss III=65
111.31 Time Sequence Photographs for Test NT9...ecececsessasss III=66

111.32 Deformation Profiles at Different Times Obtained
from High-Speed Photographs of Test NT9.....:c00000000s III=67

I11.33 Strain Profiles at Different Times Obtained
from Deformation Profiles in Figure II1.32
for Teat NTg.....l....ll.......'...'--.'....Q00.".0l.l 111-68

I11.34 Strain Rate as a Function of Time at the Shear Band
Location for Test NTO...c.cceeevesossssnancsscsssnsanss IIT=H9

I11.35 Stress-Strain Curve for Test NT6..cccvevesersccsesesnss III=-70
111.36 Time Sequence Fhozographs for Test NT6....coecveeesasss III-71

I11.37 Deformation Profi.:»s at Different Times Obtained
From High-Speed Photographs of Test NT6..cecssssoessess III-73

; III.38 Strain Profiles at Different Times Obtained
: from Deformation Profiles in Figure II1I.37
for Test m6....'.'.'......'.......'....Cl.‘l...‘...... III-74

II1.39 Strain Rate as a Function of Time at the Shear Band
Location for Tegt NT6..eerscasecsccrsscosossnssossscscase III~7S

I11.40 1Indirect Shear Band Temperature Measurement.sssssceesss ILII=76

IXI.41 Specific Heat as a Function of Temperature
for 1010 Steel-...............o-.....................-. 111-77

s .

I11.42 Temperature Histories at Different Thermocouple

N Locations x in SHTB Experiment8...cooesceesncsscsssases II1I-78

:

‘

‘

: 1x N
L .
A AT T, ‘ ".._:.. : : .‘: .'t R Y U U IR TR P SRR P \"-.-'._:'\- N ‘\.'_-.-._:.-"-'_ e e e .n\_--- S e T e e e e ":;' .\::

SO N T e A S N N A A T e e e e et e e Ty




el 1R

Iv.l
Iv.z

ARV ER SRR A

1v.3

AL

1V.4

) s

"
g
9
b .
-

Iv.s

IvV.6
1v.7

Iv.8

1v.9

IV.10
IV.11

Iv.12

Iv'13

IV.14

IV.15
Ivl 16

Iv.17

Iv.18

IV.19

IV.20

______

Lo .. P I B IR S I I e T -
b s P o B L b e e it e i e L o s

Schematic of Two Rod Impact Configurations..c.cococecess

Schematic of Two Rod Impact Configurations for
Blevated TemperatuUreBesccssscsssssssssssssssssssssscsas

Silhouettes of Two 4340 Steel Rods at 947°C Following
Double Rod Impact at 335 m/a (Test No. 7)ececenscnceses

Comparison of Ambient Temperature 4340 Stcel (R; 39)
Rod Deformation Profiles ~25 us After Impact,
From ASRI Test No. 8 and SRI Teat No. Bivevensnconences

Comparisons of Slice Through Impact Region of
4340 Steel Rods Recovered from Ambient Temperature.....

Symmetric Rod Impact Tests at Ambient Temperature......

Silhouettes of 4340 Steel (HRB 94) Rods During
Symmetric Impact at 457 m,8 (Test No. &4)..ccncevcancans

.2~ Rod Impact Tests at Elevated

©t 28802000600 0CICEEsBSIRIETI ORI TODE

End View of Apparatus
Temperature.sccsescsses

Crose Section of Apparatus for Asymmetric Rod Impact
Tests at Elevated TemperatureS.sceccesssssvsscnscsscsasse

Uncertainties in Obtaining Digitized Rod Profiles......

Deformation Contours from 4340 Steel (Ry 94) Symmetric
Rod Impact Test No. &4 at 457 m/8ccsevserescsncnnansncss

Cell Outlines at Three Times During
Simulation of Smetric Rod Illlpact...-‘......-.-.u..-.

Vectorial Representations of Principal Stresses
and Strains During an Interval of Plastic Flow
with HOl‘k‘Hat'dening-......-.............----.........o.

Equivalent Plastic Strain Histories at
Impact Interfaceicscsrosrosscrarecscassscsnsocacsnccnnas

Equivalent Plastic Strain Histories Along Rod Axis.....

Equivalent Plastic Strain Rate Histories at
Impact Interface...cccevceeseoscsrenssssscsscrccscsccenas

Equivalent Plastic Strain Rate Histories
Along Rod AXL1B.cocrcceeiscascosssocnssnenrssnsnsacrsccnns

Temperature Calculated from C-HEMP SRI Simulation of
Test No.

AOODQDIOII....."...Q.'l'..Q'.'..l.l....b.h.ll

Deformatlon Contours 28 us After 4340 Steel Symmetric
Rod Impact at 457 m/Becvvencncenaerassccnsecscsoancacss

Static Tensile and Compressive Data for 4340
Steel, Ambient Tewperature, for Three Hardnesses.......

DAL SRR A AN B L L R P I

1v-24

IV=25

1v-26

1v-27

Iv-28
Iv-29

Iv-30

IV-31

1v-32
IV-33

Iv-34

IV-35

Iv-36

v-37
1v-38

Iv-39

IV-40

IV-41

IV=-42

IV-43




e—

LM e a s v 3 e

1v.21

1v.22

Iv.za

Iv.24

V.25

IV.26

1v.27

1v.28

1v.29

Iv.30

Iv.31

Iv.32

v.l

V.2
VI.l

Comparison of Experimental Profile 28 us After
Symmetric Impact of 4340 Steel Rods, with
Computed Profiles, Using Different Flow Curvegs.........

Calculated and Experimental Profiles at
Internediate Times After Impact at 457 m/8.esvesenensss

Measured Hardness Values in Deformed Regions
of 4340 Steel Rods Recuvered from Symmetric
Impact at ‘57 m/s.i.IQOQQDOOCI.l.0..‘!.0.!...0'!“..."

Slice Through Impact Region of 4340 Steel Rods
(Rp 94) Recovered from Symmetric Impact at 457 m/s,
ang Enlarged Views of the Damaged RegioN...vevesssccsas

Silhovettes of 4340 Steel Rod at 721°C Following
Asymmetric Impact at 178 m/s (Test No. 12)cccevonscoans

Silhouettes of 4340 Steel Rod at 947°C Following
Asymmetric Impact at 181 m/s (Test No. 13)eiieievcaenes

Comparison of Final Experimental Rod Profile
and Computational Profile S0 ps After Simulated
Impact for ASRI Test No. 9 (4340 Steel at 340°C)sveccss

Comparisonrn of Final Experimental Rod Profile and
Computational Profile 50 ps Afrer Simulated Impact
for ASRI Test No. 10 (4340 Steel at 403°C)eivcicececnces

Comparison of Final Experimental Rod Profile and
Computational Profile 50 ps After Simulated Impact
for ASRI Test No. 12 (4340 Steel at 721°C)esvesccenccns

Comparison of Final Experimental Rod Profile and
Computational Profile 100 ps After Simulated Impact
for ASRI Test No. 13 (4340 Steel at 947°C)ececncccccacs

Comparison of Final Experimental Rod Profile and
Computational Profile 40 us After Simulated

Impact for ASRI Test No. 8 (4340 Steel at

Ambient Temperature)..ceccecessscscecsosssossnssasssscns

Input Flow Curves Used in C-HEMP Simulations of
4340 ASRI Tests....l..l..........".O..-'OQ..!DI...‘.OI

Computational Simulation of Plane Strain Crack
Loaded in Pure Shear...c.icecicescssonsosnssocsnsscncnces

Static Adiabatic Yield Curves for 4340 Steel...ccoccves

Framing Camera Photograph of Armco Iron Fragmenting
Cylinder at 56 ps After Detonation..sssesecscssscscsesne

xi

V=44

IV=45

IvV~46

V=47

IV-48

1V-49

IV=-50

IV-51

IV=-52

IV-53

IV-54

IvV-55

V=12
v-12

Vi-41

[
.

-
RS
Y
|\~
N
o




i

o
;

e
3
Y

Q:;f
e
| RN
W
V1.2 Fragment (a) of 4340 Steel Cyliunder (Rp 40) p
and Photomicrographs (b and c) of a Portion of RN
Cylinder, Photographed with the Light from Different '
: Directions to Contrast the Directions of Slip on .
; the Bands.....'...ll.l...'l.....QQ..O.I'.OQ'O..‘.C..... vI—az
i VI.3 Relative Locations of the Coordinate Directiouns and

Initial Orientation of the Shearing PlanesS...ceveecsess VI=&44

V.4 Six Shear Band Orientations Provided in the
s“AR‘ mdel..l.....".....'.'..'.l...'.’..'l"....l'.. VI-AS

- VI.S Shear Band Distribution for Experiment 2 in
' 43&0 Steel' Rc60.‘.‘.00.0....!.l..l..l.l......l....!'l VI-A6

VI.6 Shear Band Size Distribution Represented by a Series
Of Points a“d Exponent 181 Line Segments- ¢ssser00000 00 VI-’07

VI.7 Shear Band Depth d Versus Displacement B DatAsceeeeesse VI-48

; VI.8 Comparison of Crack Opening as a Function of Stress
.. ftom several Theories..l.ll'I........"I..“........0.. VI-69

V1.9 Comparison of Crack Opening as a Punction of Strain
from Several TheoriesS:.cccoccessnsscsossstscessescossss VI=50

- VI.10 Strees-Strain Relations Assumed in the Theoretical
i Models for Crack Opening.cceccscersvssascsssnsssssssaces VI=51

VI.11 Assumed Crack Opening Volume Changes During Loading,
Uuloadins and Reloading....I...O.IQ.I...I.......l.l.'.. vl-sz

? VI.12 One of the Orientation Planes Showing Loadéns from
? an Initial State o to a Final State o', by a
. Combination of Elask?c and Plastic Strains...cevevvees. VI-53

. VI.13 Steps in Obtaining Cumulative Shear Band
Distributions from Contained Fragmenting
Cylinder n‘ta..'.0.l.I......0.0...0.0..0‘..‘...O......l vl-sb

VI.14 Computed Plastic Shear Strain in the Mode 1}
Direction at Three Axial Positions in 4340
' steel Cylinder'..0!D...COQOOll..!.....‘.........l.l..QI vI-SS

Vi.15 Measured Number of Shear Bands Versus Computed
Plastic Strain for Determining an Initial Estimate

- of the Nucleation Rate Parameter...csceceencccsscesocss VI=56
Vi.16 Measured Size Parameters for Shear Band Versus

> Couputed Plastic Strain for Determining an Initial

- Estixzate of the Growth Rate Parameter..ccccsecosecosesss VI=57

N VI.17 Plastic Strain Contours in 4340 Steel Fragmenting

- Cylinder in the Mode 1 Orientation at 100 us

';; Aftel‘ Detonation: SHEARA Simulation.o..--.-........... VI-SS

(N

xi1

e
(S R}

L I ]
R




vI1.1l8

VI.19

VI.20

VI.21

VI.22

VI.23

VII.1

ViI.2

VIiI.3

VII1.4

VII.5
VII.6
VII.7

VII.8

VIII.1

VIII.2

VIII.3

VIiIL.4

Simulation of a Blunt 4340 Steel Rod Penetrating a
RHA Plate at the Ballistic Limit (750 m/8)ececccercnncs

Simulation of a Blunt 4340 Steel Rod Penetrating a
mpl‘te at 1550 m/a (at 28 us)..........‘I..I...‘....

Three Views of a Steel Cylinder After Impacting a
Quartizite Target at 140 m/Bccescerocorescencanscccansns

Contours of Plastic Strain in the Direction to Form
a Core at the Head of the Projectile: SHEARS
Simulation of a Taylor Test with 4340 Steel.c.ccscerese

Proposed Stresa~Strain Path Showing Thermal Sofening
and the Nucleation Threshold for Shear Bandinge..c.eoeces.

Results of a SHEARS Simulation of a Taylor Test
Using Thermal Softening: Contour Lines are for the
Cone-Forming Orientation of Shear Bande.cccecoescencane

SEM Photographs of Conjugate Fracture Surfaces
in HRC 40 VAR 4340 Steel Tensile Barcccececeescoscscscses

Stereopair of SEM Photographs of Fracture Surface A
(in Pig. VII.1) at 100x Magnification...cceescsassosons

Stereopair of SEM Photographs of Fracture Surface B
(in Fig. VII.1) at 100x Magnificationecccsceeccosonnses

Conjugate Topographic Maps for Stereopairs in
Figures vII.z and VIIQ3.0..QIQOODQOQDODOIOAll.‘....l.ll

Fractured Area Projection PlotSc.cccssececssscscastaccse
cros.-sectioml Vim of FAP Plot‘c-ocoo-oonu.aoo.-oooo

Correlacion of Topographic Data with Microstructural
Features on the Fracture SurfaC@ececscecccrcacrcencnrsns

Microstructures of VAR 4340 Steel on Planes
Beneath the Fracture Surface, as Revealed by
Different Btchants.'.’Q'I...C'.OO...ll...'ll..ll..l.l..

Void Expansion Under External Teneion for Several
Initial Relative Void Volumes.scoveoevoocescccscconssnns

Relations Between the Elastically Computed
Stress State, the Yielded State, and the Gurson
Yield Curve for a Normality Condition.....ceocancesanse

Nucleation of Voids in the Smooth Round Bar
Ten.ion Te‘t.ll.l...l.'.li’l.....l'.'!.l.".l'l.l".l.'

A Faumily of Gurson Yield (Threshold) Curves for
several void volumes...0.0'."."....0.0.‘IOIIQIOIOQOOO

VI-59

VI-60

Vi-61

Vi-62

Vi-63

VI-64

VII-12

VII-13

Vii-14

VII-15
VII-16
ViIi-18

ViI-19

VII-20

VI1I-32

VIII-33

VIII-34

VIII-35

.
.

I_' )
v
"

)

.
vy

.. ey e
; .l St XL AN
+ . A
.

v ]
. c"- - .‘.' L] .,
. " ", N .

F

"{‘9 ]
(..

R
o el



DR N A DN R R R [T Subn ey hie b i s DA b A Ralvt sy yae Jag Jia Siak be e 7 00 0 T Sl T i I I S T YU N

VIII.S Stress-Strain Paths for Uniaxial Strain Simulation
of Several Strain Rates (1145 Al with Yield =
0.2 GPa)............IIQ..'.I....""O'l...........’l'l. VIII-36

TS EENY VY Y V.Y M UL v )
.

-~
)

VII1.6 Computed Histories of Axial Stress (g;), Mean
Stresses (P), Miges Stress (o) , Threshold Pressure
(Pyy)» and Threshold Yield Stress (o.) for
Unlaxial Strain Teat at a Strain Rate of 10°......ceee. VIII-37

VII1.?7 ©Pressure-Shear Stress Paths Followed by Fracturing
Aluminum at Two Strain Rates in Uniaxial Strain........ VIII-38

VIII.8 Peak Axial Stress as a Function of Strain Rate
for Uniaxial Str!ih Experihents..'-.......u........... VIII-39

VIII.9 Uniaxial Stress Loading at Several Strain Rategs........ VIII-40




COCILIL BRI

DML N |

%

‘I.s-

II1.1

11.2
11.3
II1.1
Iv.l
Iv.2
V.l

vi.1
vVI.2
Vi.)

VIII.1

D T Lt T T .

TABLES

Inventory of VAR and ESR 4340 Steel Shipped

to AMMRC.eiceoseoscessonssvcesscascscrssssansssncsossossas
Mechanical Properties of 4340 Steel Alloy.ecessoceacses
Chemical Composition, Wt% of 4340 Steel AllOoy.ceevacess
Results of Temperature MeasurementS...ccecoececcsvecsce
Rod Impact Experiments Performed..coccecceccsecvecccncss
Equation-of-State Parameters Used in ASRI Simulations..

Comparison of Derived and Experimentally Determined
SHEAR4 Nucleation and Growth Parameters for 4340
steel in cpc Bxperiments......t’.....0’..0....000..'.0.

Oriesntation Options for Shear Band Modelinge.seceeccoss
Input Data for 8“““0......'.....0...'.-0'....0..00'.0
Shear Banding and Yield Parameters for 4340 and

RHA steel..0000--0.0.ltoooo-o.btooolo.o0-.1.0000000..-.

Fracture Propertiel......-.....................n-.....

xv

IT-3
11-4
I1-4
1I1-3
V-2
1V-12

v-11
Vi-6
VI-31

vi-33
VIII-26

A
L.,

N P
. .
o

’
-

PR A AR

CIRN. 4
®

ARl P 4%
W -_‘n. -r\{'

-

o ol i o)

.




STATEMENT OF PROBLEM

The traditional empirical approach for designing armor and weapons
is usually lengthy and costly and is becoming less tractable as more
conplex systems are introduced. A more efficient approach that combines
test firings with numerical finite element and finite difference methods

is currently being developed by the DoD. The numerical methods are
capable of handling complex shapes, deformations, and material behavior, S,
bur reliable models of material disintegration under high-rate loads are .

BN,
B

P
+%a

lacking. The objective of this program was to develop computational

models for dynamic failure by shear banding and ductile tensile fracture.
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EXECUTIVE SUMMARY

Background
The purpose of this three-year SRI program, funded by the Army

Research Office, was to develop improved failure models to be used in
numerical calculations of material failure under conditions of high
strains and strain rates. Applications of interest to the Army include
armor penetration by kinetic energy penetrators and fragmenting

munitions.

The improved failure models were to be based on the actual failure
i phenomenology, and the model parameters were to be based on material
properties measureable ‘n the laboratory. In previous work performed for
the Naval Surface Weapons Center,l* the Army Materials and Mechanics
Research Center,2 and the Ballistic Research Laboratory,3 we had
ascertained that the primary failure mode for armor penetration and

fragmenting munitions was the nucleation, growth, and coalescence of

‘e 4 ) .M . " v~

adiabatic shear bands, and a secondary failure mode was the nucleation,
growth, and coalescence of microscopic “"ductile” voids. (The term
“ductile” refers to the ellipsoidal nature of the voids, which grow by
local plastic flow rather than by "brittle” cleavage cracking.) The goal

e 0 U ..

of our program was therefore to develop and test improved failure models

for the kinetics of adiabatic shear banding and ductile void behavior.

Yor ease of use in numertcal wave propagation computer codes, the

‘. NEEOL YLt

K failure models were to represent the evolving shear band and void damage
" as internal state variables in the ~ontinuum constitutive relations for
the material. The internal state variable chosen was the damage

distribution function that gives at each material point the current

*Referencee are listed at the end of this summary.
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number per unit volume of shear bands or voids as a function of size and
orientation. Thus the damage function serves as a link between the
continuum level, where stresses and strains are calculated, and the
microscopic level, where the damage processes actually occur. The above
approach had been used successfully in previous work on dynamic cleavage
cracking and void formation in a variety of solids loaded in simpler,

one-dimensional strain geometries."

Approach

At the beginning of the program, in cooperation with researchers in
a parallel program at Brown University, we selected vacuum arc remelted
(VAR) 4340 steel as the baseline material to be studied. One reason for
selecting this material was that we had previously obtained extensive
experiments on shear band behavior from controlled fragmenting cylinder
(CFC) data on three hardnesses of 4340 steel.’ A second reason was that
by varying the melting/processing procedures for this steel, we could
obtain several different microstructures and hence examine
microstructural effects on shear banding. The procurement and
characterization of the VAR 4340 steel is described in detail in Section
I1.

The prior data hase for shear banding in 4340 steel consisted mainly
of the CFC data referred to sbove. We supplemented these data, for which
the shear banding occurred under conditiong of significant compressicn
and shear, with data from Hopkinson torsion bar experiments and Taylor
tests. The Hopkinson torsion bar experiments were performed under
conditions of pure shear, and the Taylor tests were performed under
complex conditions of compression, tension, and shear that are close to

those existing during armor penetration.

Because existing Hopkinson bars were unable to adequately test the
high strength steel, a first step in our program was to design and
congtruct a new Hopkinson torsion bar facility that extended the range of
testing to strain rates of 10* 87! in materials with yield strengths of
2000 MPa. This facility represents an extensicn of previous capabilities

§=-2
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by nearly an order of magnitude in both material strength und strain
rate. The details of the development of this facility are given in
Section III.

The capabilities of our rod impact testing facility were also
expanded during the program to allow for the testing of specimens at
elevated temperatures. It was demonstrated that for 4340 steel, friction
along the impact interface did not noticeably affect the specimen rod
deformation profiles, and therefore an asymmetric rod impact test
(hardened plate=-into-rod) was almost as valid a method for determining
the dynamic flow curve of this material as the symmetric rod-into-rod
technique (which can only be used with room temperature specimens). The
asymmetric rod impact technique was used on 4340 steel specimenc at
temperatures up to nearly 1000°C. Details of the Taylor test experiments

are given in Section 1IV.

Previous work had resulted in several preliminary computer models
for the nucleation, growth, and coalescence of shear bands. At the
beginning of this program, a previous model, SHEAR3, was used in a series
of parametric calculations for both fragmenting cylinder and armor
penetration tests to determine the material properties that should most
affect the shear banding behavior. Comparison of these caiculations with
metallographic examination of test specimens showed that deformation-
induced anisotropy was expected to be an important factor, especially in
dynamic punch tests or armor penetration. For example, planes in the
material that were originally orthogonal were observed to become so

skewed that they became almost parallel in the vicinity of a penetrator.

The SHEAR3 model could handle only rigid body rotations, and could
therefore not adequately describe the predicted and observed strong
skewing. We therefore embarked on the development of SHEAR4, a model
that could account not only for such large deformations, but also for
anisotropic hardening resulting from varying amounts of slip in different

orientations.

The inputs required for the SHEAR4 model include not only the usual
stress-strain relations for the intact meterial, but also the equations

s-3




that govern the nucleation, growth, and coalescence of the bsnds. These
equations were derived from basic mechanics considerations and were
confirmed by correlations with the experimental data. The details are

given in Section V.

The SHEAR4 model, as completed, handles plasticity with a multislip
plane algorithm similar to that deacribed by Peirce, Asaro, and

Needleman6

for singie crystals, but also describes nucleation, growth,
coalescence, and tensile opening of shear bands in the multiple material

planes. The details of the SHEAR4 model are given in Section VI.

We also performed an experimental and theoretical effort on the
secondary failure mode, ductile tensile fracture. Micromechanisms of
ductile tensile failure and the sequencing of microfailure events in 4340
steel under uniaxial tension were ascertained by applying a quantitative
analysis technique to the fracture surfaces of a round bar tensile
specimen. The results were correlated with metallographic observations
to identify the role of various microstructural features on microfailure
processes. These observations and data are intended to guide
development of the computational model for ductile fracutre, DFRACT2.
Details are given in Section VII.

The development effort for the ductile fracture model, DFRACT2, was
partially funded by a parallel program for the National Science
Foundation (Research Grant No. MEA 8108186). Thie model describes the
uucleation and growth of ductile voids under both quasi-static and
dynamic strain rates. We performed parametric calculations with DFRACTZ2
to study the predicted effect of various load paths on the void behavior,
and especially on the "void softening” that has been postulated to aid in
the nucleation of shear bands.” We have also deaigned, but not
performed, numerical calculations with DFRACT2 to attempt to reproduce

the tensile bar results obtained from the topographic technique. The

above work is described in more detail in Section VIII.
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Summary of Experimental Shear Band Results

-

DO
N
e,

The Hopkinson bar and Taylor test results provided data that

supplemented the previous CFC data; these new data resulted in a

e

significant modification of our prior nucleation function, as well as, we %}E}
believe, a significant improvement in our understanding of the nucleation §§$
process. ;—;

Before discussing these experimental results, we must firgst define $§§
vhat we mean by a shear band. Present understanding of shear band ﬂ}j
phenomenology has been recently reviewed by Asaro and Needleman.® The ??Ei
term "shear banding” has been used in the literature to refer to a i:t
variety of phenomena ranging from plastic flow localization within a Si?
single crystal to formation of macroscopic regions of intense shear %igi
gstrain. The nucleation process is thought to be triggered in most cases i:&'
by material softening mechanisms. On the microscopic level, as reviewed i::
and discussed by Peirce, Asaro, and Needleman,6 "geometric softening” “?E

caused by the rotation of individual crystallographic slip planes can

cause shear band nucleation. Another postulated microscopic softening

mechanism is the interaction of microscopic voids.? However, the shear
bands observed in the fragmenting cylinder, Taylor test, Hopkinson bar r;i
experiment, and previcus dynamic punch tests were macroscopic in size,
many grains in extent. The softening mechanism believed to nucleate "
these bands is thermal softening caused by the nearly adiabatic heating i::
operative at high plastic strain rates. That is, when the heating

softens the material more rapidly than the material work hardens, the

shear stress will begin to decrease with increasing plastic strain.

; A variety of theoretical studies has shown that the above situation EL:
. 1+ conducive to the growth of perturbations in the plastic flow to cause Cfﬂ
. .'.‘

localization of the strain into regions of intense strain. However, to o

-~ -, .

. our knowledge, all of the earlier localization analyses have considered a

.
*r

plane strain situvation in which the localization occurs in a plane of

infinite extent, a condition far removed from the observed situations, as

XOR !

discussed below. AN

RO

.- 'y
e
! hL.
- » -
- . .‘
: )
X




BB B s e T W TRt E TR N Ve e R, P R R W 2 v P TR YR e A B R a, Bre S ma Tttt vl b rE e P e ¥t . - = N Al M i

. e
.

v

' % e

Y l../ L
+
"t

o4
P e

2

The detailed experimental reeults of the earlier CFC and dynamic

TRSSY

v

punch experiments, together with the Hopkinson bar and Taylor test
experiments performed during the present program, are given in Sections p

)
II1, IV, and VI. The results can be briefly summarized as follows: N

L The observed shear bands are not infinite sheets, but nucleate as t' o
small penny-shaped or half-penny-shaped planar {mperfections with Les
radii on the order of 0.1 mm, and thereafter grow radially
outward like macroscopic dislocations with edge and screw
components. In the Hopkinson bar experiments the bands on
different planes coalesced by ligament tearing and the associated
formation of microscopic voids.

® The temperatures in the bands inferred from Hopkinson bar
thermocouple measurements are extremely high, (100°-1200°C). The
energy dissipated by a shear band is estimated to be about 0.17
MJ/m.

o There {8 no obvious correlation of the nucleation sites with
microstructural features, but there 18 a correlation with
macroscopic (~ 0.1 mm) flow perturbations such as surface
ripples, large voids, or large strain gradients at projectile or >
specimen corners. A possible correlation between the nucleation S
sites and prior austenitie grain houndaries may exist, since void ;_
formation was found in Section VII to occur preferrentially at AN
prior austenite grain boundaries. -—

° The shear bands nucleate at a constant critical strain resolved
on each individual material plane that experiences significant
shear strain. That 1s, the nucleation is a function of the »
resolved plastic strain on each material plane, and is thus not a RN
function of the equivalent plastic strain. The nucleation strain
for 4340 steel (HRC 40) determined in Hopkinson bar tests is 0.1
to 0.15; in contained fragmenting cylinder tests this quantity :
was inferred to be about 0.25. -

® In the Hopkinson bar experiments, the shear bands were invariably
agsoclated with microscopic voids.

® The extension rate or "growth velocity” of the shear bands

appears to obey a growth law of the form: <

P ":
{ s

where R is the band radius, eP is the resolved plastic strain,
and the subscript i refers to the 1'th material plane.

Ri/Ri « ¢

® The "jog” or amount of 8lip accoumodated by a band is PO
proportional to the band radius. -
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Summary of SHEAR4 Development

The details of the SHEAR4 development are given in Sections V

and V1. The main features of SHEAR4 are summarized as follows.

The plasticity in the intact material 1s handled in the manner
proposed by Batdorf and Budiansky,lo and recently extended by Peirce,
Asaro, and Needleman.6 in single crystals. All the plastic shear
deformation is constrained to occur by slip on a discrete number of
planes in the material. The slip is partitioned among the planes by a
time-dependent stress relaxation model, thereby assuring a unique
solution. On each material plane, shear bands are nucleated when a
threshold strain on that plane is exceeded. The number, sizes, and
spacing of the bands are determined by the initially present
imperfections and by heat flow considerations, as discussed in Section
V. After nucleation, the bands extend according to a growth law derived
in Section V. Eventually they coalesce and form fragments with specific
size distributions, as described in Sections V and VI. As the bands
nucleate, grow, and coalesce into fragments, they are allowed to open
under tension (see Section VI). The evolving shear bands relax both the
continuum mean stress and deviator stress (Jl and J;) as elastic strains
are converted into plastic shear strains and band opening strains. In

short, the evolving damage softens the material.

SHEAR4 has been debugged and tested in a variety of numerical
calculations during this research program. For these calculations, the
SHEAR4 subroutine served as the constitutive relations in the C-HEMP two-

dimensional, Lagranglan wave propagation code. C-HEMP was dcveloped in a

. parallel program funded by BRL (Contract No. DAAK11-78-C~0115). First,

SHEAR4 was dehugged by calculations that forced a single material cell
through a variety of strain histories. Next, SHEARG and C~HEMP were used
to computationally simulate CFC, Taylor tests, and dynamic punch teste.
Full computational simulations of the Hopkinson bar tests have not yet
been attempted, but a cowputation was completed of a planar fuperfection
in a specimen subjected to pure shear, a situation closely akin to the
Hopkinson bar tests performed during the program.

s-7
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The calculations were of two types. In the first type, SHEAR4 vas
used only in the nultiplane plasticity mode--that is, no shear bands were
allowed to nucleate. In such calculations we studied the conditions for
nucleation and growth of individual bands. For example, in the
computation of a planar imperfection subjected to pure shear, we ohbserved
the behavior that led to the derived nucleation rate and growth rate
equations (see Section V). In the Taylor test calculations, we observed
the nucleation and growth of a single shear band at the flow perturbation
caused by the corner of the impacting rod, in agreement with experimental

observations.

In the second type of calculation, both the multiplane plasticity
model and the gshear band kinetics model were allowed to operate
simultaneously. These calculations gave good agreement with the large
numbers of shear bands observed in the CFC experimenta. In such
computations, modeling each individual band would have been prohibitively
expensive. Another such calculation simulated the impact of a long rod
kinetic energy penetrator on armor plate (see Section VI).

In this calculation SHEAR4 correctly predicted the coalescence of many
bands to form a "plug” that allowed penetration. Furthermore,
correlation with prior SHEAR3 calculations and experimental data showed
that the correct ballistic limit (the impact velocity required to ensure

penetration) could be inferred.

Summary of Ductile Tensile Fracture Experiments and DFRACT2
Model Development

Micromechanisms of ductile tensile fracture were studied by
quantitative topographic analysis of the fracture surfaces of a round bar
tensile specimen of the baseline VAR 4340 steel. Microfracture features
were correlated with microstructural features, and the results can be
used to guide the development of the computational model. Details of
this work are given in Section VII. The results can be briefly

summarized as follows:



® Ductile tensile fracture in the baseline VAR 4340 steel occurs by
the nucleation, growth, and coalescense of voids. All voids that
nucleate participate in the macrofracture process; that is, there
18 little collateral fracture damage.

e Microfracture initiates at numerous sites internal to the tensile
bar. The number of nuclei increases with plastic strain; this
relationship is quantifiable.

e Microfracture nucleation occurs predominantly on prior austenite
grain boundaries, and microfracture growth tends to follow these
grain boundaries. Thus initial stages of growth occur on
surfaces oriented at large angles to the tensile axis.

o In general, microfractures expand symmetrically, and their rate
of growth is quantifiable from the data. The large number of
voids ohgerved makes a statistical determination of the growth
rate possible; however, such an evaluation has not yet heen
accouplished.

L] Microfracture coalescence occurs in such a way as to maintain
equiaxed fracture areas. Coalescence rates can be cstimated
using an analysis similar to that used for growth of individual
microfractures.

° Unbroken ligaments are commonly observed within areas of
coalesced microfractures.

The secondary failure mode--ductile void nucleation, growth, and
coalescence--is modeled by the DFRACT2 subroutine referred to above.
DFRACT2 was used {n a series of calculations in which a single material
element was subjected to various deforma=ion histories. A key result was
the observation that under uniaxial strain conditions the DFRACT2 model
predicted rapid shear stress relaxation. This apparent softening is not
a consequence of matrix material softening because the matrix material is
still hardening in the calculation. 1Instead, the softening is a curious
consequence of the imposed normwality condition for the yield surface
derived by Gurson.}! This softening may play a key role in the observed

formation of shear hands hetween voids in high strength steels.

In the present research program, we also designed calculations to
model the intergranular void activity observed in our tensile bar
experiments (Section VII). The planned calculations wi’® require ffu.
zoning to allow the specification of different DFRACT2 parameters in
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grain boundary cells rather than in the grains themselves. However,

these calculations have not yet been performed.

Conclusions and Recommendations

Improved failure models for shear band and void kinetics have been
developed. As desired, the models reflect the actual microscopic process
pheromenologies, and the input parameters are measured in laboratory
tests. Purthermore, the preliminary computational simulations with both
SHEAR4 and DFRACT2 have produced results that show promise for practical

applications.

As discussed in Section V, the current shear band nucleation rate
function in SHEAR4 {s based on a gseries of assumptions thac are
reas 1able and are in agreement with existing experimental data.
However, those assumptions need to be tested further by performing
experiments designed for that purpose. Por example, a key parameter in

the nucleation rate function is the number per unit volume of macroscopic

(> 0.1 mm) plastic flow perturbations, that is, the concentration of

nucleation sites. Experiments should be performed to introduce

artificial perturbations, and to compare the observed shear bands with i?ii;
the SHEAR4 predictions. Foi

In addit.on, the multiplane plasticity feature of SHEAR4 should be 3?47;
applied to single-crystal plasticity in the manner of Peirce, Asarou, and i::::
Needleman.® Many existing problems in plasticity theory could he E;t;ﬁ?
examinad profitably in this way, including the role played by latent ;ngi
hardening and the conditions for formation of isothermal microscopic ;é;é;

shear bands. Further, the SHEAR4 model should be amplified to treat

plane stress deformation and tensile opening of shear bands.

Additional measurements of the strain profile as a function of time
in the vicinity of a developing shzar band would be most useful in the
modeli{ng effort, as would experiments to measure the effects of
compressive stress on shear band behavior. Firally, a firmer knowledge
of the dependence of shear band initiation and growth behavior on the
macroscooic stress and strain should be sought. This knowledge could be

s-10
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obtained by computational simulation of Hopkinson torsion bar
experiments. Additional Hopkinson bar experiments should also be
performed to further study the mixed void and shear band hehavior

observed during the program just completed.

Future advances in the understanding and modeling of ductile tensile
fracture can be expected from further investigations of fracture surface
topography using the methods described in Section VII. The topographic
analysis data should be reduced to obtain quantitative relationships
between strain and nucleation, growth, and coalescence of voids.
Investigations at higher magnification should be conducted to examine the
roles of inclusions and carbides. Surfaces of specimens fractured by
dynamic loads should be examined, additional metallographic examinations
should be performed, and the time-resolved fractographic results should

be correlated with microstructural features.

As for the DPRACT2 model, it should not only be tested against the
tensile bar data obtagined during this program, but also be used to study

the void softening effect on shear band nucleation, as mentioned above.

Finally, the evolving SHEAR4 and DFRACT2 models should be applied to
practical applications such as armor fragmentation arising from kinetic
energy penetration. This research program has brought these models to

the point where their usefulness can be teated.
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1 INTRODUCTION

The state of understanding of the response of metals to ultrahigh
loading rates was recently reviewed! by a committee of the Natfional
Materials Advisory Board (NMAB) under contract with the Department of
Defense and the National Aeronautics and Space Administration. Because
of the current importance of conventional and near~term anti-armor
weapong and thelr penetration of armor, the study focused on metallic
materials under loading conditfons typical of direct exposure to high

explosives and impact.

The committee noted that the traditional empirical approach for
designing armor and weapons has often been effective in gaining
successive incremental improvements over the established state of the
art. However, as more complex weapon and armor systems are introduced,
the usually very lengthy and expensive emplirical approach becomes less
and less tractable. 1In recent years numerical finite difference and
finite element methods have been developed to the point where they are
capable of handling complex shapes, deformations, and material behavior

and therefore promise to be useful in armor and anti-armor design.

The computational approach to ordnance design is an iterative
procedure {n which approximate computational simulations of an ordnance
event are first performed using esti{mated values of material
properties. Test firings are then conducted to evaluate the performance
of the design, to provide data for comparison with calculated results,
and to indicate the adequacy of the material property values. The test
results then suggest changes in the initial ordnance design and guide the
selection of material descriptions and dynamic material property tests
for the next series of computational simulations. Test firings of a

second generation design are then performed, and the results are compared

with computational resultas, as hefore. The iterative process is repeated
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until the ordnance refinements produce the desired performance. This
approach, currently being developed by the DoD, reduces the overall
design effort because the interaction of experiments and calculations

leads more rapidly to an acceptable design.

Material responses that must be modeled in computational simulations
of ordnance events include a thermodynamic equation of state, plastic
flow, and material disintegration. The committee found that existing
descriptions of thermodynamic equations of state are adequate for most
calculations in crdnance design aand that concepts of perfect plasticity
are adequate for many ordnance applications, although continued research
was recommended to extend our understanding in preparation for future

needs.

The most serious limitation in efficient ordnance design was found
to be in the modeling of material disintegration. Disintegration can
occur by several mechanisms, depending on the material and the conditions
of stress, temperature, and strain rate. Detailed examinations of
material recovered from many and varied ordnance events have identified
three main wmaterial failure modes: brittle fracture, ductile fracture,
and localized shear failure. Of these three microscopic failure wodes,

the last two are more common in metallic arwmor.

Although simple failure criteria may suffice to obtain relisble
computational simulations of certain ordnance evente, other situations
require a detailed model and hence a detailed physical understanding of
nucleatfon, growth, and coalescence of cracks, voids, and shear bands.
Wheress & significant amount of vrelevant research has already been done
in this area, much more 18 required to sllow adequate computations to be
performed. The committee therefore recommended accelerated research on
the mechanisms and modeling of materisl failure by cracks, voids, and

shear bands.

The research program described in this report responds to the NMAB
coumittee recommendations by striving toward a better understanding of
the micromechanical details of material failure and toward the
development of jimproved microfailure models. The research focused on the
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failure modes most common in metallic armor, namely, failure by shear
band and void activity. This report presents the results of this

program.

The next section describes the baseline specimen material, vacuum-
arc-remelted (VAR) 4340 steel tempered to a hardness of HRC 40, and gives
the reasons for its selection. Section III describes the design and
construction of a high performance Hopkinson torsion bar facility, and
the results of experiments for measuring dynamic shear stress-shear
strain characteristics, shear strain localization behavior, shear band

nucleation and growth kinetics, and shear band temperatures.

A comprehensive analysis of the Taylor rod-on-plate impact test and
several experimental modifications to this test are prasented in Section
1V, along with shear band observations and measured dynamic compressive

stress-strain curves at various temperatures.

Nucleation and growth rate functions are derived from theoretical
considerations and compared with the experimental data in Section V. 1In
Section VI we descrihe the computational model for shear bands (SHEAWL)

and demonstrate its use in several sample calculations.

Section VII describes the topographic technique for deducing the
micromechanical details of the ductile failure process and deducing the
sequence of microfailure events. We then present the results obtained
from applying this technique to the rupture of a tensile thar of the
baseline steel and discuss how failure on a microscale is influenced by
microstructure. Section VIII describes the development of a ductile
fracture model, DFRACT2. Section VIII further ehows the capability of
DFRACTZ in several examples. Recommendations for future work are given
in Section IX.

Sections X and XI 1list the personnel who participated in this
research and the publications and presentations resulting from the
work.
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11  SPECIMEN MATERIAL (VACUUM ARC REMELTED 4340 STEEL)--
HISTORY AND CHARACTERIZATION

A. Procurement, Chemistry and Thermal-Mechanicsl History

RNR S  LPCULRY BN R

After discussion with pergsonnel from the ARO, the Army Materials and

Mechanics Research Center, and Brown University, SRI selected vacuum arc

remelted (VAR) 4340 steel for the baseline specimen material. A primary
I reagson for choosing 4340 steel was that shear band behavior 1is best
characterized in this material and a significant data base already
exists. A second reason was that microstructural effects, particularly
effects of inclusion size distribution, can be studied in 4340 by
performing shear band experiments on heats produced by different melting

YRR S

practices. Third, it was felt that 4340 gteel represents, as well as any
ﬁ other material, the clasa of steels used in various Army ordnance

: applications. Vacuum arc remelting was specified because it produces a
I homogeneous, clean, high quality steel with excellent, reproducible

mechanical properties.

Procuring an appropriate quantity of VAR 4340 steel to supply the

‘ nceds of the Brown/SRI program within a time frame that would not
F inordinately delay the programs proved to be a formidahle task. All

suppliers we contacted were efther unwilling to produce the material in

the (relatively) small quantity we requirtred, or quoted us delivery times

of more than one year. After several months of searching, the problem

was finally golved by an offer from workers at AMMRC.

The AMMRC had previously placed an order with Republic Steel Compaany
for a quantity of VAR 4340 steel and, upon hearing of our needs, kindly

agreed to allow ARO to purchase some of the steel for the Brown/SRI

program,

The material for this program was obtained from heat number 8652106,

a nominal 90~ton, electric-furnace, argon-oxygen-decarburized (AOD)

11-1
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refined electrode heat. One 20,000-1b, 32-inch~diameter ingot, the
eighth of nine ingots poured froa this air-melted heat, was vacuum—-arc
remelted (VAR) by the consumable electrode vacuum melt procesa*, then
forged into rod and plate. From this VAR ingot, Number 3841687, a 9-inch
by 7-inch forging and a l4-inch square forging were produced.

Prom the 9-inch by 7-inch forging, Republic rolled two recog billets
for rerolling. Omne recog billet was rolled to 5-9/16-inch square, then
reheated and rerolled to a 2-1/2-inch round. The second recog was rolled
to a 4~inch square recog, then reheated and rerolled to a l-inch round.
Both the l-inch- and 2-1/2-inch~diameter bar products werc annealed to

produce a spheroidized structure and reduce the hardness to a level where

the bars could be cut by a saw. The l4-inch-square forging was reheated
and forged into three shapes: 8-inch square, S-inch by 12~inch, and 4~
inch by 18~inch. These slabs were then mill annealed.

Brown University requested ore 10-foot-length of 2-1/2-inch-diametor
bar and fifty 12-foot-lengths of l~inch-diameter bar; SRI requested six
10-foot-lengths of 2~1/2-inch-diameter bar and eight 12-foot-lengths of
1-inch-bar. Both Brown and SRI also requested 40 feet of 6-inch-wide by
1/2-inch~thick hot rolled and annealed plate, but Republic was not able
to produce this shape. Therefore, we requested Viking Metallurgical
Corporation in Albany, CA, to forge, roll, and anneal ten 8 ft by 6 inch
by 1/2-inch pileces from ten equal pieces of a standard slad
(approximately 55 inches by 12 inches by 5 inches thick) furnished by
Republic and to ship half the lot to Brown and half to SRI. The unused
forgings from the ingot were shipped to the Army Materials and Mechanics

Research Center, where they can be made available for future needs of

Brown and SRI, as well as for other research programs.

A 33-inch-diameter, 20,000-1b ingot, the second in the nine-ingot
pouring sequence (ingot No. 3710046), was electroslag remelted, forged

- -wt vy gty -
D . .

* R
The consumable electrode remelting process generates heat by an arc BN
batween the electrode and the ingot. The process is performed inside a 3:}if
vacuum chamber. Exposure of the droplets of molten metal to the reduced AR
pressure reduces the amount of dissolved gas in the metal. fﬂégﬁ
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into slab and bar, and also shipped to the Army Materials and Mechanics
Research Center to the attention of Albert A. Anctil. This ESR ingot was
not planned for use in the Brown/SRI program; it is mentioned here and
included in the table only as an aid for keeping track of the sum of
material purchased by the Army from this particular heat. An inventory
of the VAR and the ESR material is given in Table II.1.

Table II.1

INVENTORY OF VAR AND ESR 4340 STEEL SHIPPED TO AMMRC

Nominal

Dimensions Number of Ingot Remelt Weight
Shape (inches) Pleces Number Practice (1b)
Bar 2 1/2 dia x 48 15 3841687 VAR L
Bar 2 1/2 dia x 48 16 3710046 ESR 1206
Slab 5 x5 x 48 S 3841687 VAR 1716
Slab 5 x 5 x 48 S 3710046 ESR 1702
Slab 8 x 8 x 48 1 3841687 VAR 900
Slab 8 x 8 x 48 1 3710046 ESR 960
Slab 5 x 12 x 48 3 3841687 VAR 2730
Slab 5 x 12 x 48 3 3710046 ESR 2660
Full ingot 32 dia x 1 1/2 1 3841687 VAR 304
cross section
Full ingot 33 dia x 12 1 3710046 ESR 3260
cross section 33 dia x 8 1 3710046 ESR 4620

33 dia x 1 1/2 1 3710046 ESR 340

The data on mechanical properties and chemical composition provided
to AMMRC by Republic are siven in Tables 11.2 and II.3.

I1-3
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Table II.2

MECHANICAL PROPERTIES OF 4340 STEEL ALLOY"

0.2%

Offset Ultimate

Yield Tensile Reduction
Remelt Dimensions Strength Strength Elongation 1in Area
Procedure of Forging (XSI) (KSI) (%) (2)
VAR 5 in. sq. 233 27N 12 43
ESR 5 1n. 8q. 236 273 13 47
VAR 8 in. 8q. 230 269 13 45
ESR 8 in. 8q. 227 268 13 47
VAR 5 in. x 12 {n. 234 271 12 44
ESR 5 fn. x 12 in. 232 269 11 44
VAR 2.5 in. dia. 232 272 12 47
ESR 2.5 in. dia. 234 276 14 48

*Average of four - tranverse orientation; tempering temperature was 475°F.

Tahle 11.1
CHEMICAL COMPOSITION, WT. 2 OF 4340 STREL ALLOY

Remelt

Procedure No. [ Mn P S S{ Cu Ni Cr Ho Al N ] N ppa
A0D 8652106 0.42 0.66 0.007 0.001 0,24 0.19 1.73 0.94 0.22 0.032 .- -- --

ESR 3710046 0.41 0.70 0.008 0.001 0.26 0.21 1.73 0.90 n.22 0.03% 0.008 0.004 1.8
VAR 3841687 0.42 0.46 0.009 0.001 0.28 0.19 1.74 0.89 0.21 0.031 0.005 0.001 1.0

B. Microstructure and Inclusion Size Distribution

The nicrostructure of both the l-inch and the 2-1/2-inch bar stock
was thoroughly examined by SRI. Figures II.l and I1.2 illustrate the
microstructure of the 2-1/2-inch-diameter bar on polished and etched
sections taken transverse and parallel to the rolling direction,
respectively. Comparison of FPigures II.la and II.2a indicates a
pronounced texture in the 2-1/2-inch-diameter bar parallel to the rolling

11~4 Sl




direction. The prior austenite grain boundaries indicated by the white
patches in Figure II.la, are not as obvious in Figure I1.2a, suggesting
that the austenite grains were flattened and strung out parallel to the
bar axis during hot rolling. Also, there are dark bands running parallel
to the bar axis in Figure I11.2b, indicative of inhomogeneous segregation
of chemical aspecies during hot rolling. However, the degree of banding
is less than would be produced by alternative melt practices. (See the
band structure for the air melted material, Figure 1I.7a). Furthermore,
the effect of the banding on mechanical behavior is minimum when
specimens are tested in an orientation parallel to the working direction,

and all teats in the SRI program were conducted in this mode.

Figures IT1.3 and II.4 show the structure of the l-inch-diameter bar
transverse and parallel to the rolling direction, respectively. The low
magnification views in Figures II.3a and Il.4a illustrate that the
material is relatively inclusion free and generally isotropic. There is
some indication that the bar may be slightly textured (handed) parallel
to the bar axis, as is to be expected from a hot rolling operation, bdut
the banding 1s not as pronounced as that in the 2 1/2-inch-diameter
bar. Figures II.3b and 11.4b indicate that the structure itself is a
mixture of ferrite with spheroidized carbides (white areas) and fine
pearlite colonies (dark areas). This structure is typical of 4340 steel
that 18 air cooled from above the eutectoid temperature and subsequently
annealed at 1200-1300°F for several hours. The implication of both of
these observations is that the 2-1/2-~inch-diameter bar received more hot
working than the l-inch-diameter bar, but why this should be the case is

not clear.

There 1is one other significant difference betweenr the 2-1/2~inch-
diameter bar and the l-inch-diameter bar. As illustrated in Figures
I1.1b and II.2b, the structure of the 2-1/2-inch-~diameter bar 1s
spheroidized cementite in ferrite with no pearlite. This indicates that
unlike the l-inch-diameter bar, the pearlite that formed when the 2-1/2-
inch-diameter bar was cooled across the eutectold temperature was

completely spheroidized during the suhsequent annealing atr 1200-1300°F.

II-5




The implication is that the 2-1/2-inch-diameter bar was held at the
annealing temperature much longer than the l-inch-diameter-bar, but why

this should be the case is again not clear.

These differences in microstructure are reflected in the relative
hardnesses of the 1- and 2-1/2-inch-diameter bars. Hardness measurements
taken across the bar cross section every 1/4 inch for the 2-1/2-inch-
diameter bar varied from HRB 87.8 to B8.1 (UTS = 85 ksi); measurements
taken every 1/8 inch on a cross~section diameter of the l1-inch-diameter
bar varied from HRB 96.5 to 99.0 (UTS = 110 ksi). The higher hardness of
the l1-inch~diameter bar 1s consistent with the fine pearlite present in

the microstructure.

The above-~described differences between the 1- and 2-1/2-inch-
diameter bars is somewhat disconcerting, particularly since the bars came
from the same heat and were processed by the same vendor. However, these
differences probably had little bearing on the results of this progranm,
because most of the differences visible in Figures II.l through II.4 were
eliminated by the standardized heat treatment given to all specimens

before testing, as described later in this section.

The 0.5~inch-thick rolled plate was not tested in any of the

experiments conducted by SRI; thus its microstructure was not analyzed.

The prolonged exposure to elevated temperatures (>1400°F) during the
hot rolling operation caused both the 1- and 2-1/2-inch-diameter hars to
decarburize at the surface. As shown in Figure II.5, the decarburized
layer in both bars is about 500 pm (0.02 inch) deep. This decarburized
layer presented no problem, however, because it was machined away during

specimen preparation.

One of the original objectives of the program was to assess the
effect of inclusion number, size, and shape on the initiation and growth
of shear bands in HRC40 4340 gteel. As shown in Figures II.l1l through
I11.4, the VAR material procured from Republic Steel contained (as
expected) only a few, round MnS inclusione randomly distributed through
the material. The fact that the inclusions are small and uniformly
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dispersed imparts reproducible mechanical properties and promotes
igsotropy, making the VAR 4340 steel a desfirable baseline material.
However, the inclusion content in this material cannot be altered by heat
treatment or further thermomechanical processing. Thus, it was necessarty
to procure other batches of 4340 steel produced by different melt
practices to study effects of different inclusion size distributions. We
obtained a 2-1/2-inch-diameter bar of air melted 4340 steel. This air-
melted heat, also produced by Republic St.2l (Heat Number 8090158), had
nominally the same composition as the VAR heat but with substantially
higher phosphorous (0.15 wtZ) and sulfur (0.013 wtX) content. This is to

be expected from a conventional electric furnace air melting practice.

As for the VAR material, the structure of the steel is spheroidized
cementite in ferrite, Figures I1.6b and I1.7b, consistent with a long
term anneal at 1200-1300°F. The increase in sulfur content clearly
resulted in an increase in MnS inclusion content. Note particularly the
long stringers of MnS inclusions and the heavily banded structure visible
in Pigure II.7a. Again, there is a notficable difference in the
microstructure between the transverse and parallel directions, indicating

the material is highly anisotropic in properties.

To obtain a third condition of inclusion size distribution, we
examined the microstructure of an existing length of 2~inch-diameter
aircraft quality 4340 tubing that had been heat treated to HRC 50.
Because "aircraft quality” usually means an air melt plus vacuum arc
remelting, we expected the inclusion content of the tubing to be similar
to that in the VAR bar. Figures 1I.8 and II.9 show the structure of the
tubing transverse and parallel to the tube axis. Couwparison of Figures
II.8a and I1.9a with Figures II.la, 11.2a, 1I.6a, and II.7a, show that
the difference between the VAR and the aircraft quality material is not
nearly as great as the differences between the VAR and the air-melted
material. The structure of the tubing 1s fine, tempered martensite,

conajistent with a hardness of HRC 50.

In preparation for the contained fragmenting cylinder experiments to

examine the effect of inclusions on shear banding (these experiments were
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later deleted from the program), we quantified the inclusion size
distributions for the three different heats of 4340 steel. On each of
the specimens previously mounted and prepared for metallographic

¥

»
£,

examination, several random areas were selected and photographed at 100x

N
s,

»

sagnification. All of the inclusions visible in each of these

[P0
.’f.

photographs were counted and measured. If the aspect ratio of the

v
7

iaclusion was about one, the measured and tabulated dimension was the
diameter. If the aspect ratio was greater than one, both the minimum and

maximum dimension were measured and the average of the two was tabulated.

The resulting data are plotted in Figures I1.10, II.1l1, and II.12.
The ordinate is the cumulative number of inclusions per unit area greater
than a given size; the abscissa is inclusion gsize in micrometers. In all
cases the total area examined was around 3 x 1072 cn? ar? sufficient
numbers of inclusions, usually about 100, were counted to make these
cumulative size distributions statistically significant. Hence, we feel

these plots are rerresentative of the actual inclusion size distributions

in the three materials.

Close examination of Figures I1.10 and 11.11 shows that, as
expected, the air melt 4340 exhibits a greater total number of inclusions
(intercept with the vertical axis--about 6 x 10° inclusions per square
meter) than the VAR 4340 (about 10° inclusions per square weter). At any

given size, there are more inclusions in tt:> air-melted steel than in the
VAR steel, and the largest measured inclusic 1in the air-melted steel is

about twice the size of the largest inclusion in the VAR material.

Note also that the transverse and longitudinal size distributions
converge at small inclusion sizes for both the eir ma2lt and the VAR
(Figure I1.10) materials. This is as {t should be, since the only
differr nce between the two directions is in the size of the inclusions
and not in the total number. Note that, in the air-melted material, the
perallel direction inclusion distribution is to the right of the

transverse distribution, indicating that the inclusions appear bigger in

.
.

*
n

the parallel direction. That is, the inclusions are ellipsoidal in
shape, with the major axis of the ellipse parallel to the rolling



direction. In the VAR material, however, the situation is reversed,
indicating that, in this material, the inclusions are shaped like thin
digks, with the thin dimension perpendicular to the rolling direction.

Figure 11.10 also shows the inclusion size distribution for the
aircraft quality 4340 in the transverse direction; the longitudinal
distribution was not measured. The aircraft quality 4340 has a higher
total inclusion content (>2 x 10° inclueions per square meter) than the
VAR material, but the transverse distribution in the aircraft quality
4340 1ies to the left of the transverse distribution in the VAR material,

NV T VYV VT R V=V e - %

indicating that the inclusions in the aircraft quality material are, on
the average, smaller. This may be because the aircraft quality material

was taken from a heat with an exceptionally low sulfur content.

In general, then, these inclugion size distrihutions appear

reaeonable and are consistent with expected behavior. If experiments on

the effect of inclusions on shear band initiation are undertaken in the

future, these size distributions will be useful in designing and

interpreting the experiments.

c. Standardized Heat Treatment

Workers at the ARO, the AMMRC, Brown University, and SRI agreed on a
hardness level of HRC 40 for the baseline material for this research

program. Thus it was necessary to heat-treet this material anbsequent to

machining specimens, but before performing the tests. It was also

important to standardize this heat treatment among all invesgtigators to

prevent microstructural variations from interfering with the comparison

and analysis of test results.

The following heat treatment was specified to achieve this hardness:

o Normalize: 1650°F (900°C) for 1 hour per inch of thickness, air
cool.

® Austenitize: 1600°F (870°C) for 1 hour per inch of thickness,
still oil quench.

& Temper: 850°F (450°C) for 1 hour per inch of thickness, oil
quench.

--------------------------------
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The concern was raised that heat treatment of 4340 into the HRC 40
range could cause temper embrittlement of the material and influence the
test results. After some consideration we hecame convinced that temper
embrittlement effects would be small or nonexistent in this case because
(1) 4340 steel exhibits only a very shallow trough in the toughness vs
tempering temperature curves, (2) 850°F is outside the slight trough that
does exist, and (3) the sulfur and phosphorus levels in this heat of 4340

T .S ¥ 2 0 F e & aEm—

are particularly low. Therefore, the above heat treatment was performed

for all experiments in the SRl program.

Figure I1.11 shows the microstructure of the 2-1/2-inch~diameter VAR
4340 bar stock after it was subjected to the above heat treatment. The
structuvre is now tempered martensite instead of the spheroidized
cementite plus ferrite characteristic of the received material (Figures
I1.1 and I1.2). The acicular martensite laths are quite large, but are

consistent with the 850°F temper. Hardness messurements taken across the

o JJMEEN I ) o . " v " IEES

diameter of the bar indicated that this heat treatment resulted in a

LR S e

uniform hardness in this material of HRC 40 + 1.

D. Mechanical Properties

Tensile bars, 0.350-inch in diameter with a l-inch gage length, were
machined from the l-inch-diameter stock of the base line VAR 4340

AR M ANANG IO

gteel. They were heat treated according to the standard echedule

mentioned above. Then three quasi-static tensile tests were performed.

The tests were performed on a MTS servohydraulic machine at an
extension rate of 0.4 mm par aminute. The speciuens were instrumented
with an extensometer to measure elongation up to the point of necking.
During this uniform deformation phase, the tests were stopped several
times to check for the development of a neck. After the onset of
necking, the extensometer was removed and specimen extension was
interrupted at regular intervals to measure the neck diameter and the
neck profile by means of a micrometer. This neck geometry data was used
during data reduction to apply the Bridgman correction to the stress

after necking.

................................................

...........
..........
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During the extension hold periods, the specimen was observed to
creep slightly until an equilibrium load was reached (after about 1
minute). The load drop during this creeping phase was as high as 5 %,
hut upon renewed extension of the specimen, the load increased again to

the level 1t had reached at the beginning of the hold period. The

- an. a— e .

occurrence of room temperature creep in low strength steels is well
documented, but it was not expected, at least to the extent observed

here, in high strength stesl.

St at.— e 8.e s

The true stress-true strain curve for the base line VAR 4340 gteel
at room temperature and low strain rate {s shown in Figure II1.12. The
material has a yield stress of 175 ksi, and an ultimate tensile etrecs of

4 4 s EEER . .Y

191 ksf and shows only limited strain hardening. The ductility was
exceptionally high for a material of this strength level; we measured a

reduction of area of 53X and a true strain to failure of 68%.

Fractographic observations made on the room temperature, lov strain

rate gpecimen are presented in Section VII of thie report.

E. Tensile Tests at Elevated Temperature and Strain Rate

For comparison with the quasi-static tensile behavior just reported,
and as an aid in the modeling effort discussed later, three additional
tensile tests were performed at an alevated strain rate (4 to 6 per
second) at three temperatures (20°C, 200°C, and 400°C).

O IR IR LI LN

The specimens were 0.35-inch-dfameter round tensile bars with a 1-

LR
Y Yet.

inch gage length. To avoid changes in microstructural and mechanical

properties from prolonged heating, we brought the specimens to

g temperature quickly using three 6-~inch linear infrared heaters. The

f linear heater slements were oriented parallel to the tensile specimen ;

; axis and spaced 120 degrees apart at a distance of 9-inches from the :

f specimen axis. Parabolic reflectors focused the infrared light on the t}53 5y
E specimen. The load was aspplied with an MTS loading system at its maximunm L'/'/
" cross-head rate by using a step-function command signal to a ::i;;;t
3 controller. Specimen deformation (elongation of the gage section and ;:;:;:
- i
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reduction in specimen diameter) was photographed with a Hycam camera at [Qg
approximately 5000 frames per second. &5

Testing was done as follows: The infrared heaters were turned on to
heat the specimen, and the tempereture of the specimen was monitored by
an iron-constantan thermocouple gpot-welded to the surface of the
specimen and covered with glass fiber tape. When the temperature reached
the desired level (6.5 minutes were required to reach 200°C; 15 minutes
for 400°C), the heaters were switched off, and the high-speed camera

NN AN TR LT TV ¢ 0T e T Y AIEB L e s

drive motor was turned on. When the framing rate of the camera

.
o

stabilized at the desired level, the camera generated a synchronizing

pulse. This signal was used to trigger a high-intensity flash lighting
system and simultaneously initiated the loading of the specimen with the
g MTS system. The applied load and the grip movement were recorded by s
E Nicolet digital oscilloscope as a function of time.

The deformation history of the specimen was deteroined from the
high-speed photographs by measuring the gage length marked by thin strips
of glass fiber tape and diameter change as a function of time. Each
frame time was determined from the timing mark recorded on the film. The

applied load and deformation were correlated through the time reading to

-

establigh the stress-strain relations. P
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The initial portion of the stress-strain relation (up to the
observation of maxirum load) was established by calculating the

<

¢ engineering stress (applied load divided by the original cross-sectional Eﬁ
f; area) and engineering strain (elongation divided by the original gage %%
;: length). After the maximum load was reached, the stress was computed by ?Z
wi dividing the load by the actual cross~sectional area, and the strain by t;
Ef taking the logarithm of the ratio of the original cross-sectional sres to g;

the instantaneous cross-sectional area. Becauss we have photographs of ?i

the necked section profiles, Bridgeman's corraction can be applied to ?ﬁ
I: account for the effect of nonuniform stresses at the necked section. F
R However, this correction was not applied at this time. The resulting ;;
- true stress-true strain curves at three temperatures are shown in Figure oy
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{a) Overall View Near Center of Bar Showing
a Few MnS Inclusions

it

(b) Higher Magnification Viev: 'liustrating the hos
Spheroidized Cementite in Forrite Structure '

JP-3722-133 !

FIGURE 1.1 MICROSTRUCTURE OF 2-1/2-inch-DIAMETER VAR 4340 e
BAR STOCK TRANSVERSE TO ROLLING DIRECTION .
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(a) Overall View Showing Substantial Banding
and Some Inclusions

(b) Higher Magnification View lllustrating the
Spheroidized Cementite and Ferrite Structure

JP-3722-134

FIGURE 1.2 MICKOSTRUCTURE OF 2-1/2-inch-DIAMETER VAR 4340
BAR STOCK PARALILEL TO ROLLING DIRECTION
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{b} Higher Magnification View lllustrating
the Ferrite and Fine Pearlite Structure

JP-3722-136

FIGURE 1.3 MICROSTRUCTURE OF 1-inch-DIAMETER VAR 4340
