g R D T g

B e & ML

ARL TR 750194

INFLUENCE OF MICROSTRUCTURE AND SECOND

PHASES ON FRACTURE TOUGHNESS

BATTELLE
COLUMBUS LABORATORIES
COLUMBUS, OHIO 43201

JUNE 1976

FINAL REPORT 1 JUNE 1971 — 31 MAY 1974

Approved for public release; distribution unlimited

METALLURGY & CERAMICS RESEARCH LABORATORY/LL
AEROSPACE RESEARCK LABORATORIES

Building 450 — Area B

Wright-Patteraon Air Force Base, Ghio 45433

AR FORCE SYSTEMS COMMAND
United Btates Ailr Force

~é
B
1
2y
[
4

Lt ™ b BB o e s AN G e 1t e




NOTiCES 0

When Covernment drawings, specifications, or other data are used for any
purpcse dther than in connection with a definitely related Government. procurement
overation, the United St:tes Government thereby incurs no responsibility nor any
obligation whateoever; and the fact that the Government may have formulated,
fumished, or in any way supplied the said drawings, epecifications, or other deta, is
not to be regarded by implication or otherwise az in any manner licensing tl.e holder
4 or any other person or corporstion, or conveying any rights or petmission to manu-
tacture, use, or seli any patented invention that may in any w1y be reiated thereto,

Oiganizations or individuals receiving reports via Aerospace Research Labora- I A
tories sutomatic mailing lists should refer to the ARL number of the report received ;
when correcponding about change of addruss or cancellation. Such changes should : k
be directed to the specific lsboratory orginating the report. Do not returr. this copy; R A
, retain or destroy. EEE B
Reports zre not stocked by the Aeruspace Reseurch Laborstories. Copies may P
| be obtained from: ok
e
; National Technical Information Services T
' Clesyinghouse i 3 /.‘?
Springfield, VA 22161 IR I
L
f S B
? g
: This tecbnical report has been reviewed and is approved for L
! publication. 3! /
;2 1
FCR THE COMMANDER: fi ! 1
| @/ﬂazz Lo
ELTZABETH DAY ] 1
? Technical Documents 0
f and STINFG Office 4,
;

—

AR <sEioh W o /Ahis report has been reviewed and cleared for open publication and public
- i dse by the appropriate Office of Information in accordance with AFR 190-12

P

; 4 T
; wi .. ¢hd DODD 6230.0. There is no objection to unlimited distribution of thi.s report to
: agh G the public at large, or by DDC to the National Technical Information Service,
g’-"&"\n:'..‘ !
(. v et ‘

1}
g
4
i
e 2
s B
1

ik e L
it dnke 2 e




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

READ INSTRUCTIONS

/7 ' REPORT DOCUMENTATION PAGE BEFORE CONDLRTING FORM

2. GOVY ACCESSION NOJJ 3. RECIPIENT'S CATALOG NUMBER

REPORY NUMBER

"‘\ ARL&75-8194 f ‘7
4. TITLE (and Subtitle) s/ TYPE OF REPOMT & PERIOD COVERED
INFLUENCE OF MICROSTRUCTURE AND SECOND PHASES | ( {I‘ji“‘ .KC?{IS‘;LM [74 |
ON FRACTURE TOUGHNESS, - — - | Wi y
6. PERFORMING ORG. FEPORT R

7. AUTHOR(a) 8. CONTRACT OR GRANT NUMBER(s)

,r:“ 1 l” L
) 6. T./uaha _F33615-71~C~ 1915/

N
~—

- .47 C. R.Barnes &
i A. R. Rosenfield /”- 3
] ING ORGANIZATION NAME AND AODRESS 10. FROGRAM ELEMEN PROJECT TASK ]
BATTELLE JOE ARE A & WORK uNIT NUMBE
. b (¢ J ¥
] Columbus Laborateries /4) .1/“ J{,,, / RO ?é%?%Fse R e i
4 Columbue, Ohio 43201 Sl (TR IR ET s
E 11. “ONTROLLING OFFICE NAME AND ADDRESS - ]2 _REPORT DATE L = '~3
) | 2. _REPORTC )
t METALLURGY & CERAMICS RESEARCH LAB (LL) //[TK June«ds75 | ;
' BEROSPACE RESEARCH LABORATORIES (AFSC) AT RUwETR O F PAGES ;
3 WRIGHT-PATTERSON AFB, OHIO 45433 117
E 14. MONITORING AGENCY NAME & ADORESS(/f different from Controlling Oftice) 15. SECURITY CLASS. (of this report)
H E
: UNCIASSIFIED 3
E 15a. DECLASSIFICATION/DOWNGRADING
] SCHEDULE «
‘ 16. DISTRIBUTION STATEMENT (of this Report) -3.
¢ o
4 Approved for public release; distribution unlimited. %
P
- 17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, I different from Report) 5
3 P
E 18. SUPPLEMENTARY NOTES ?
| E
g :
E 18. KEY WORDS (Centinue on teverse side If neceasary and Identily by bloeck number) 2
% fracture toughness 7000-series aluminum alloy shear rupture 3
[ plane strain ductility slip band offset grain boundary sliding ;
2 micromechanisms plastic instability inclusions
AISI 4340, Maraging Steel strain localization precipitate particles i}
20. ABSTRACT (Continue on reverss side If necesaary and identity by block number) The microstructure ) second }
phases, and micromechanisms contributing to fracture toughness of AISI 4340 steel, 1
The

1 maraging steel, Ti~6Al-4V, and 7000-series aluminum alloys are examined.
study focuses or high strength alloys and the component of toughness arising
: from strain localization and shear rupture, which is shown to be related to the
‘ "plane strain" duccility. Methods of measuring plane strain ductility are

and a new double-bend method which can be applied to both plate and

e b T bt b

% examined,

. sheet coupons is devised. Successive replicas of the bend specimen surface are

[ lused to follow the development of slippir regions and cracks under (Continued)

FORM

_ DD | 5n7s 1473  EDITION OF 1 NOV 65 15 0BSOLETE UNCLASSIFIED \/
t SECURITY CLASSIFICATION OF THIS PAGE (When Data Enl‘erey'
h Afl FORCE - 7-2.75 - 200 4 . " ‘.

! / /_4 /

i
H




. - EEE 3

UNCLASSIFIED
\zgu RITY CLASSIFICATION OF THIS PAGE(When Data Entersd)

'ELplane strain' biaxial loading, and to measure slip offsets. The alloys
display a tendency for & more coordinated slipping of neighboring grains
under "plane strain" flow leading to strain localization: (a) the formation
of coplanar arrays of slip bands or sliding grain boundaries called '"super-
bands", (b) the growth of superbands which can accommodate large shears,

(c¢) initiaiton of shear microcracks within the bands, and (d) the linking of
the cracks into a macrocrack. The susceptibility to strain localization and
shear rupture is traced to a number of microstructural elements, including
(2) fine, coherent precipitate particles cut by dislocations, (b) inclusions,

and (c¢) the grain size and character of the grain boundaries.

b AR i L W e LN

o i

Lk

L O N

T e s -

T g

UNCLASSIFIED
V SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




- PREFACE

This final technical report was prepared by Battelle's Columbus Laboratories,
Columbus, Ohio, on Contract AF 33615~71-C-1915 for the Aerospace Research
Laboratories, United States Air Force.

The report describes work carried out on this contract startizn 1 June 1971

g and ending 31 May 1974.

— The research described was accomplished on Project 7021, "Structure and
Properties of Solids" under technical cognizance of the Metallurgy and Ceramics
Research Laboratory.

The authors wish to acknowledge the custaining interest and generous assistance
of the late Mr. James A. Roberson of ARL, who guided this program from its inception
and passed away shortly before the work was completed. They wish to thank
Drs. D. Clausing and H. Lipsitt for stimulating discussions. They are indebted to
Drs. T.M.F, Ronald and D. P. Voss for making available experimental material and
unpublished measurements. They also wish to thank Messrs. D. Osborne, C. Price,
and G. Wheeler for assistance with scanning microscopy, and Ms. C. Pepper for her

work on the manuscript.

F
5
A
4 Chi et Tugw cessiwen i e G PO T G s e

" rseams e



SUMMARY !

The microstructure, sccond phases, and micromechanisms contributing to fracture

i E
1 toughness are examined. The study focuses on high strength alloys and the component J;
3 ‘ of toughness arising from strain localization and shear rupture, which is shown to be

] related to FfS’ the "plane strain" ductility. Methods of measuring ?PS are examined, E
] 3
3 E

and a new double-bend method which can be applied to both plate and sheet coupons

is devised. Successive replication of the bend specimen surface is used to follow the 3

progressive development of particular slipping regions and cracks under 'plane

strain" biaxial loading.

The Eés-values of AISI 4340 steel, the 250-grade and 300-grade maraging steel,

el L

the Ti-6Al1-4V alloy, and the 7075 aluminum alloy in the form of plate and sheet,

and a higher purity 7000-type aluminum alloy were measured in a variety of heat

g

treated conditions and, in one case, as a function of specimen orientation, The
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distribution of the size of slip offsets was also measured at different strains.

All of the alloys display a tendency for a coordinated slipping of neighboring

RECISEI TR r ST RN

grains under 'plane strain'" flow, thereby setting the stage for an instability
involving (a) the formation of coplanar arrays of slip baands or sliding grain
boundaries called "superbands", (b) the growth of superbands which can accommodate

large shears, (c) initiation of shear microcracks within the bands, and (d) the

‘m,_.,,‘..,_l.,w.,“,w‘<.
S, ¥ gl M

: linking of the cracks into a macrocrack. The work shows that the degree with which

(Ps—values correlate with KIc varies directly with contribution of the localization=-

; shear rupture mode of separation relative to the void nucleation and growth mode.
The straia localization is attributed to a relative softness or softening on the

part of the slipping region compared to the more lightly deformed matrix. The

susceptibility to strain localization and shear rupture is traced to a number of

A AR ac N | Ei U e

microstructural elements including (a) fine, coherent precipitate particles cut

by dislocations, (b) inclusions, and (c) the grain size and character of the grain

boundaries.
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for the aluminum alloys in Figure 1. Corresponding values are Oy ~ 830 MNm

SECTION I

INTRODUCTION

The toughness levels of metals geueraliy decrcase as the strength level s
raised by alloying and heat treatment. 7This trend is fllustrated in Figure 1 for
aluminum alloys. At the same time, the minimum fracture toughness requirements
become more stringent as the yleld strength is raised (see Figure 1, caption). The
intersection of these two trends defines a yield strength ceiling beyond which
fracture safe operation cannot be assured. For service in olving extensive
fatigue or the stress corrosion type of stable crack growth (Requirement 2 in
Figure 1), a maximum yield strength of roughly Oy ~ 350 MNm“2 (~ 50 ksi) is indicated
2
(~ 120 ksi) for titanium alloys, and at Oy~ 1250 MNm-2 (~ 180 ksi) for steels.(z)
The utilization of higher strength levels and attendant opportunities for increased
structural efficiency depend on improving the fracture toughness or the crack
detection practice.

Tﬁis report describes a study aimed at identifying the wmetallurgical factors
that underly the loss cf toughness at high strength levels. Crack extension in these
materials usually proceeds by the "ductile" or "fibrous" mode with its character=
istic "dimples". The failure process involves(3’4)

(i) slip induced fracture of hard particles cr inclusions either

by cleavage or by separation of the particle matrix interface,
(ii) the growth of the voids produced by these fuilures,and
(iii) the linking up of voids and their joining with the main crack
front.
Beginning with Krafft(s), various attempts have been made to formulate the process
of hole growth and linking up in the plastically strained region surrounding the
crack tip,including detailed continuum elastic-plastic analyses by McClintock,(G)

Thomasson(7), and Rice and Johnson(a). A highly simplified view of the contribution

1
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COMPARISCON OF TOUGHNESS VALUES DISPLAYED BY 2000 and 7000 SERIES
ALUMINUM ALLOYS ACCORDING TO DEVELAY(1) WITH 2 HYPOTHETICAL TOUGHNESS

REQUIREMENTS. Requirement 1. No stable crack growth:

a* = a5, and 0—59 > 0.036 m/2,

the component is not exposed to cyclic loading or environments that
produce stable crack growth. Requirement 2. Extensive stable crack

This requirement is appropriate when

K
a* = 5a, and alg =2 0.08 m1/2‘ This requirement is appropriate when

cyclic loading and/or stress corrosion produce a 5-fold increase in
the natural flaw size during the service life. The 2 requirements are
derived in the footnote on page 3.
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ligaments which limit the extent of the highly strained region that can be generated

at the crack tip(s). This concept defines the relation beiween K. and the fc, the

Ic
volume fraction oi cracked patticles(g):

173 1/?

T
K. =~ ZUY!) 6 f

~1/6
Ic (1)

where oY is the yield stress, E is the elastic modulus, and D is the particle
diameter. Figure 2 shows that the negative 1/6-power dependence on volume fraction
is indeed obtajued. However, large differences in tougnness which correlate with
strength level are oktserved at the gsame volume fraction.

The loss of toughness with increasing strength level,which is illustrated in
Figures 1 and 2, is associated with strain localizing instabilities within the
region of large plastic strain along the line proposed by McClintock, et al(lb),
Berg(17), and Griffis and Spretnak(ls). Figure 3 illustrates the concept schemati-
call&: The instabilities tend to confine shear into narrow bands and, by intensi-
fying strain locally, accelerate the linking of voids. Additional evidence of the
contribution of localized shear to the linking up process has been reported by Cox
and Low(14). These workers find that voids in the 4340 steel link together before
they coalesce when the total void volume represents as little as 3%-9% of the total
cross section. The voids are linked by shear failures of the intervening waterial
(91%-97% of the cross section) which occur along shear bands connecting the voids, a
(19)

phenomenon analogous to the '"void sheet' formation of Rogers and the "slip

Footnote to Figure 1 caption.

The toughness requirement for a particular component depends on the sensitivity

of the flaw detection procedures, as well as on the safety factor (the ratio o/oy,

the design stress to the yield stress), or the cyclic load and environmental histories,
and on the size and geometry of the part. At the present time, good NDI practices

can reliably detect surface cracks 2ap = 1.27 mm-long (0.05 in.-long). The ratio

ology = 0.8 is frequently used in aircraft design. For the case of a deep surface

flaw oriented normal to the stress axis Kj. = O\fFE*, where a* is the critical

flaw size. The toughness requirement then takes the form

K 2 0.8 oy Vv (0.64 mm) ° na*/ao.

b bk Lo 2 < asd b 2 e e
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decohesion" of Griffis and Sprctnak(18). These shear failures were not observed in

the 200 grade 18 Ni-maraging grade which is tougher (see Figure 2). This steel
cuptures only after the voids have grown and occupy 100% of the cross section,
i.e., after they impinge and coalesce.

The nature of the instability has become more understandable iv the light of

(20,21) (22) (23)

recent studies by Clausing , and Mohamed and Tetelman , and McGarry

Clausing studied the ductility of a number of alloys in the form of "plane strain"
tensile specimens (Figure 4b). The gage section of this test piece is subjected to
unbalaaced biaxial tensiow and "plane strain" like the state of stress and strain at
the root of a crack (Figure 4a). In both cases, slip displacements are confined to the
xy plane (hence, the term ''plane strain") along the characteristics &, 8; flow in the
yz plane along ', B' is in both cases constrained. Similar patterns of deformation
are produced in the center of the notched sheet coupon (Figure 4c) and on the tension
side of a wide, plastically bent stripsy the displacements parallel to the surface
along a', B' arc constrained by the large plastic strain gradient in the thickness
direction.T

Clausing measurad the plane strain ductility (true fracture strain displayed by
the "plane strain' tcnsile specimen) of seven different steels covering a wide range of

strength levels. The piane strain ductility decreases more rapidly withk strength

level than the ductility of ordinary round test pieces. He also demonstrated that

the slow bend, V-notch Charpy energy values for these steels are consistent with the

"Plane strain" biaxial loading is produced when plastic deformation in one of the
principal directions is constrained as in the "plane strain'" tension, bend,anu
sheet coupons illustrated in Figure 4b-e. These produce a state of unbalanced
biaxial tension and "plane strain", o0y = 1/205, 03 =0; ¢ = - €&, €2 =0,
analogous to the state of stress at the root of a notch or crack (see Figure 4a).
They do not reproduce the high triaxial stress state characteristic of the plastic
zone of a notch or crack at distance 2 2 foot radii from the crack tip. For this
reason 'plane strain" is written with quotation marks.
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idea that fractures initiate whea the plane strain ductility is exceeded at the notch

In a similar vein, Mohamed and Tetelman(zz) find that the peak strain required

root.
for fracture initiation at the root of & Charpy specimen is independent of root

radius and decreases with yield strength level. Their strain values

display the same trend with streagth level as Clauzing's planc strain ductility,
and appear to be quite similar in magnitude to Clausing's when averaging effects are
(23)

2
taken into account( 4). Similar results have been obtained by McGarry . A corre-

lation between Kc-values and the '"biaxial" ductility has also been reported by Weiss

and Sengupta(zs).
The implications cf these findings is that the "plane strain" deformation, even

in the absence of triaxiality, simulates the events responsible for crack extension

20 . X : . , .
at the root of a crack. Clausing( ) has examined the microscopic distribution of

slip in plane-strain tensile specimens of a number of steels and finds thrt '"plane
strain'" plastic flow is different from that observed in axisymmetrically strained
bars. The main differences are that in plane strain, deformation tends to be con-

fined to groupings of slip bands~-referred to here as "super bands" which are aligned

parallel to the zero strain axis (the traces of o and 8 slip systems on the yz-plane

in Figure 4b). The resulting strain concentrations within the superbands lead to

the formation of shear cracks and fracture at smaller values of the nominal strain
than under axisymmetric conditions where the failure initiates in the interior of

the test piece.

The general aim of this program was tc identify the contribution of micro-
structure and second phases to the fracture toughness. Emphasis was placed on high
strength alloys and the structural elements affecting strain localization and shear
rupture. The work sought to exploit the concepts reviwed in this section by
estahlishing the connection between KIC and EPS (the "plane strain" ductility). This

made it possible to equate the events observed on the surfaces of "plane strain"

b st e b2 LB S
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bend specimens with the micromechanisms of slip and rupture at the tip of a crack.

To facilitate the metallographic studies a new, more convenient method for measuring
Efs-values which can be applied to both thin sheets and platés was devised. The Efs-
values of AISI 4340 steel, the 250- and 300-grade maraging steel, the Ti-6A1-4V alloy,
the 7075-sluminum alloy in the form of sheet and plate, and a higher purity 7000~type
aluminum alloy were measured in a variety of heat-treated conditions. These measure-
ments were acccmpanied by detailed metallographic studies of the mechanisms of slip
and rupture on the surfaces of the "plane-strain'" bend specimens. The distribution
of slip offsets was measured. The research identifies the fine precipitate

particles, inclusion particles, grain boundaries, and grain size as the micro-

structural elements making major contributions to the strain localization-shear

rupture mode of crack extension.
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SECTION II

EXPERIMENTAL PROCEDURE

The high strength alloys used in this study are identified in Tahle 1. 1In
addition to ordinary tensile specimens, 4 different types of '"plane strain' test
pieces were employed, (1) the Clausing plane-strain tension specimen (Figure 4b),
(2) a wide bend coupon (Figure 4d), (3) an edge-notched 'plane strain' sheet coupon
(Figure 4c¢), and (4) a wide double-bend coupon which consists uf two ordinary bend
coupons riveted together at their ends (Figure 4e). The dimensions of these test
pieces are given in Figure 5. The simple jig used to strain the bend ccupons is
illustrated in Figure 6.

The initial experiments were carried out with the Clausing "plane strain"

tensile specimens and with ordinary bend coupons, but several problems were encountered.

The geometric constraints underlying the Clausing test piece lead to a realtively
small recessed gage section+, which makes it difficult to measure strezin and to
observe the surface in the microscope. Furthermore, the Clausing configuration
cannot be adapted to the study of relatively thin sheets. Thickness measurements with
an ordinary micrometer (to establish the strain at failure) proved erratic and
unreliable, particularly since these involved reassembling the broken pieces. To
overcome this difficulty a ~ 100 ym orthogonal grid was applied to the gage section
of the specimens by vapor depositing copper onto the surface through a fine mesh
screen (see Figure 7). While the ordinary bend coupon makes it possible to enforce
"plane strain" flow near the surface of a sheet coupon, it does not lend itself to
the measurement of the plane strain ductility. This is because cracks on the teasile

side are relatively stable since the displacements they produce can be accommodated

+ In order to insure plane strain conditions in the Clausing test piece the
length or y-direction dimension of the reduced section (see Figure 4) must
be 1/3 to 1/5 the overall width or z=-direction dimension, while the thick-
ness or x-direction dimension cf the reduced section must be smaller than
~ 1/5 the length of the reduced section to provide even a small uniformly
strained region and to accommodate fillets. 1In other words, a 2 mm
initial gage length requires a specimen 3 to 5 cm wide.
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FIGURE 5.

(a) (b) ©)

TEST PIECE DIMENSIONS: (a), (b) and (c¢) are double-bend coupons which
were machined to a thickness of 0.060 in., (d) "plane strain" sheet
coupon, and (e) Clausing plane strain tension specimen. Configuration
{c) was used exclusively for the maraging grades
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FIGURE 6. SIMPLE THREE-POINT BENDING FIXTURE. The strip
specimen is forced against 2 fixed pins and
plasticaily bent by the moveable cross piece :
in the center. The cross piece, a rectangular
plate with a rounded bearing edge, slides in
grooves cut in the 2 end plates, and is actuated
by the screw in the base. The arrangement facil-
itates observation of the tension surface of the
strip while the specimen is being bent
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on the far side of the neutral axis which remains in compression. To overcome this
problem, measurements were attempted with the edge notched sheet coupon shown in
Figure 4c, which also enforces '"plane strain'" in the center of the reduced section.
However, it was found that the fractures did not initiate in the plane strain region
in the center but in the vicinity of the notch root, presumably because of the strain
concentrations in these regions.

The "double bend"™ specimen evolved from the idea of combining bending with
tension and thereby restricting flow in the third direction without notches and
making surface cracks more unstable. This is accomplished by interfacing two strips
and fastening them together at their ends (see Figure 4e). When the double=-bend

specimen is bent, the strip in tension suffers a net extension and is exposed to a

net tension in excess of the yield stress. Figure 8 illustrates the variation of

El’ the maximum principal (true) tensile strain.r with distance along the y-axis of

a double bend specimen, and shows that the local strain is essentially uniform over a
distance of about 2 to 3 mm. Since the intermediate (transverse) strain, ?2, measured
in the z-direction was in all cases less than ~ 1%, plane strain conditions are main-
tained to a close approximation. The results in Table 2 demonstrate that the critical
strain values at fracture are relatively insensitive to surface preparation or the
presence of vapor deposited copper. Table 2 also illustrates that an increase in the
width-to-thickness ratio of the plastically bent strip from 8.3 to 16.6 is attended by
a modest 117 decrease in the ductility, presumaoly connected with a closer approach to
TT.

the "plane-strain' biaxial loading state Since the aim of this program was to

The-principle (true) tensile strain ?1, was determined from ihanges in the grid
spacing along the y-axis averaged over 0.1-0.2 mm, &, = fn _i .  As shown in
Figure 8, the peak value of the strain after fracture was takén as the plane strain
ductility, € = EfS

€l,max

t1t But beyond the resolving power of the strain measuring technique.
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TABLE 2. INFLUENCE OF SURFACE PREPARATION AND SPECIMEN WIDTH ON THE
"PLAIN STRAIN DUCTILITY" OF 7075-T6 ALUMINUM AS MEASURED WITH
A "LUUBLE~-BEND" SPECIMEN (2)

_ ~ () - (©)
Condition ‘PS wPS

Specimen A, width/thickness = 8.3

Electropolished surface 0.18 <0.01
0.20 <0.01

Electropolished surface 0.18 < 0.01
with vapor deposited 0.18 _ < 9.01

copper grid

Handground (600 A grit) 0.18 <0.01
surface with copper grid 0.18 < 0.01

As~rolled surface with
copper grid 0.18 < 0.01

Specimen B, width/thickness = 16.6

Electropolished surface 0.15, 0.17, 0.16 <0.01
with vapor deposited
copper grid

Galiin b San i e

(a) Dimensions of specimens are given in Figure 5.

(b) €pg - plane strain ductility. This is the value of €1, the maximum
principle (true) strain at fracture in the lcag direction of the
bent strip, measured in the center of the coupon.

(c) 6@3 - The value of 32, the intermediate principle (true) strain or

transverse, z-direction (true) strain at fracture measured in the
center of the coupon. :

18

CRCAEY IR

ERE PN

R etB i

T

b

P PO WU NPT B R TR ;0

TR I,

R

i Tl

e ¢ i

e

il i kAl

Lkt ek b T

LB T e el Yo St et 2 s P



L

codalib il

E
£
£
:
E

it

e

e o i S

R R

measure the "plane strain'" ductility, a width to thickness ratio of Lt 6 was employed

where practical.

An effort was also made to establish that the "plane strain" ductility measured
on the surface of a plastically bent strip corresponds with the ductility of a
Clavusing plane strain tension specimen. Figure 9 shows the longitudinal strain
distribution measured on the surface of the Clausing specimen. The unusual two-peak
distribution arises after the onset of necking with the conceatration of strain in two
intersecting shearing regions, inclined at about ~ 45° as shown schematically in Figure

10. Figure 9 illustrates that the two-peak longitudinal strain values measured on the
surface of the Clausing specimen correspond closely with the peak value measured on
the surface of the plastically bent strip (width-to-thickness ratio = 16.6). These
veak strain values are larger than the maximum reduction~in-thickness strain value
(for the section AA measured at the center of the Clausing test piece in Figure 10)
which corresponds with the trough between the two peaks in Figures 9 and 10. This is
because the through-the-thickness-strain represents a weighted average of the strain
of the two heavily deformed bands and the lightly deformed regions adjacent to them.
It should be noted that Clausing's '"plane strain" ductility values, which are based
on through=-the-thickness strain measurements, undervalue the plane strain ductility

rperesented by the maximum longitudinal values of the plane strain tension and

pend specimens.

T Comparison of plane strain ductility values for AISI 4340 steel at 2 strength
levels.
YIELD STRESS DUCTILITY _
MNm*~2 (Ksi) 7 Clausingﬂa) This Study(b)
€ps  €a5 €ps/€ps  €ps  €ag  €pg/eas
1123-1157 (163-168) .22 0.61 0.36 0.32 0.50 0.64
1460-1474 (212-214)  0.10 0.47 0.21 0.16 0.32 0.50

(a) Based on the maximum thickness reduction €3 = - £n t] of "plane strain"
tension specimens (20) 2 to

(b) Based on the longtudinal strain €1 = In 1 , measured on the surface of
plastically beat strips.

To
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Clausing plane- strain
tension specimen
cross section

FIGURE 10.

SCHEMATIC REPRESENTATION OF THF DEFORMATION OF THE
CLAUSING "PLANE STRAIN" TENSION SPECIMEN CROSS SECTION.
The 2 peaks in the distribution of longitudinal strain
are observed where the two, ~ 45°-inclined, heavily
deformed regions of the neck intersect the surface.
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The progressive development of slip markings and cracks on the surface was
followed with platinum-carbon-shadowed cellulose acetate replicas which were taken
from a prepolished surface at regular strain intervals, without unloading the test
specimen. The distribution of strain on the surface of bend coupons was determined
from measurements of the vapor deposited grids, or by monitoring the distance between
prominent inclusions, grain boundaries, or other microstructural features visible

on successive replicas. The size of slip cffsets was also measured on replicas by

using the simple scheme described in Appendix A.

SECTION III
EXPERIMENTAL RESULTS

1. AISTI 4340 STEEL

"Plane strain' ductility values derived from double-bend specimens of the AISI

4340 steel heat treated to different strength levels are presented in Figure 11,

«r

together with fracture toughness values for this grade of steel. The two out-

standing features of the results are:

1) As noted by Clausing(20’21), the "plane strain" ductility is
substantially smaller than EAS’ the conventional fracture strain
value displayed by a round tensile bar.

2) The decrease in the plane strain ductility with lower tempering
temperatures and higher strength levels, correlates with the
corresponding decrease in Kyo-values for this steel. While

' Tensile properties of the 4340 grade employed in the present study:
gy OyLT eu"/;(b) EL%  RA%
Condition MNm-2(Ksi) MNm~2(Ksi)

Q and T(38), 1 HR 204°C 1470 (214) 1920 (278) 4.3 7.0 28

Q and T , 1 HR 538°C 1120 (163) 1210 (176) 4.0 9.5 39

(a) Austenitized 45 minutes at 840°C and oil quenched.

(b) Uniform elongation.
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FIGURE 11. VARIATION OF DUCTILITY AND TOUGHNESS OF 4340 STEEL WITH
TEMPERING TEMPERATURE, The plane strain ductility &, S
is from the present study; Kjc gnd conventicnal roung bar
ductility from Jones and Brown( 8) and Kula and Anctil(29)
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convention ductility values also tend to decrease with lower
tempering temperatures, there appears to be a closer corre=-
¢ lation between €PS and K;. in this case.

Surface observations of the mechanism of deformation and fracture of the

R, Ly ik e

E various test pieces (the round bar, "plane strain'" tension specimen, and bend

specimen) provide an explanation for these results:

® As shown in Figure 12, slip bands on the surface of conventional

round tensile bars are relatively short, limited in size by micro-

structural boundaries and uniformly distributed. 1In contrast, slip

T AT TR e TR

in Clausing "plane strain' tension specimens and in '"plane strain"
bend specimens tends to become concentrated in ~ 1000 ym-long bands.
These bands are collections of slip bands with similar orientations,
and are referred to as "superbands'". The traces of the superbands

on the surface are parallel to the zero strain z-axis aand corre-

spond with those of the ,B characteristics (see Figure 4). There

s e vy

appear to be no significant differences between the superbands

observed on the surface of "plane strain" tension and bend specimens

e T

(compare Figures 12 and 13).

® (Cracks initiate at the surface within the superbands. As shown in
Figure 14, the crack nuclei are inclined at ~45° to the free surface,

again consistent with the traces of the &, B characteristics.

® Crack nuclei join and grow in depth within the superbands. The dark

TN AR L T T e e R ey T e

lines evident on the surface of the specimen, reproduced in Figure 15

at € = 0.10 and 0.15, are probably cracked superbands which are more

i easily distinguished in scanning micrographs of Figure 16, The dimples,
characteristic of fibrous fracture, are visible on the crack surfaces

as shown in Figure 17(a) and (b). One of these cracks ultimately

PR A M e

becomas unstable, causing the specimen to break. The outline of the
break on the surface corresponds with the outline of a preexisting
superband. This was established by comparing the outline of the broken
edge with the replica of the superband(s) that existed in that location

prior to fracture. As shown in Figure 15(e), the two outlines coincide.
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FIGURE 12.
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INFLUENCE OF S1:... OF STRAIN ON THE DISTRIBUTION OF DEFORMATION

ON THE SURFACE OF AISI 4340 STEEL: (a) and (b): axisymmetric
(round) tensile bars, (c) and (d) Clausing '"plane strain"

tension specimens:

(a) 204°C temper, € = 0.10
(b) 538°C temper, € = 0.20
(c) 204°C temper, € = 0.12
(d) 538°C temper, € = 0.22

Arrows identify principle strain direction
25
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FIGURE 14.

: A ..’ﬂ
: L g wY
3\&:-’;&.-:}.;-.-*5

(d)

PROFILES OF SUPER BANDS NEAR THE 232°C TEMPERED 4340 STEEL BEND
SPECIMENS: (a) and (b) show surface steps arising from slip

bands inclined to the surface; (c¢) and (d) show microcracks formed
in the plane of the slip band. The white layer is a protective

nickel coating.
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* (b) € = 0.03 LE
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s '
? FIGURE 15. DEFORMATION BANDS ON THE SURFACE OF A 204°C TEMPERED i3
; 4340 STEEL BEND COUPON. The photographs are of 13
: cellulose acetate replicas of the same region of the j‘
é, specimen after different amounts of strain: (a) € =0, G
: (b) € = 0.03, (¢) € =0.05, (d) € = 0.10, and (e) € = 0.15.
; The quantity € is the true strain in the longitudinal direc=~ %

; tion. The dashe.l line in (e) shows the location and path 1

; of the fracture which occurred after an additional strain § ;
: of 0.01. The letter a identifies a prominent inclusion :
% visible on all the photographs; the letters b and ¢ and ¢

g the small arrows point to 2 superbands already evident at

E 5% strain. The large arrow identifies the principal

strain direction.
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FIGURE 16. SCANNING ELECTRON MICROGRAPHS OF CRACKED SUPERBANDS ON THE SURFACE
OF PLASTICALLY BENT 4340 STEEL STRIPS IN THE VICINITY OF THE
FRACTURE: (a) 204°C tempered € = 0.16, (b) 538°C tempered € = 0.32
The black sputs on the micrograph on the lefi{ are artifact (stains
on the surface that occurred after deformation).
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17.

(a) (b)

SEM STEREO PAIRS OF CRACKED SUPER BANDS ON THE SURFACE OF 538°C
TEMPERED 4340 STEEL BEND SPECIMENS: (a) and (c) left-hand photograph
35°-tilt; (b) and (d) right=hand photogr.ph 45°-tilt
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e The tendency for forming superbands with intensce strain concentrations
is noticeably less pronounced at the higher tempering temperatures.
Figures 12 and 13 reveal that superbands are broader and less sharply
defined in the tougher 538°C tempered condition at a given strain level

than in the material tempered at 204°C.

® Consistently with the greater uniformity of slip, cracks nucleate in the
superbands at higher (average) strain in the tougher condition and are grown
to a larger size beforc becoming unstable,as evidenced by the larger
offsets displayed by the cracks in the 538°C tempered samples (compare

Figure 16(a) with Figures 16(b) and 17(a)). The greater resistance to crack
nucleation and growth is reflected by the larger average strain (plane

strain ductility vaiue) sustained by the specimen before fracture.

These observations show that the "plane strain' ductility of heat treated
4340 steel can be traced to the formation of superbands and the tendency for these
to crack. The correlation between EPS and KIc implies that similar processes are
at work at the crack tip. Scveral other features of these processes may aid in
understanding the origins of toughness.

Figures 15, 18-21 show the progressive development of superbands and cracks
by way of a series of replicas taken, of the same region of the sur-face. These
replicas show that the superbands begin to form at reiatively small strains.
Traces of some of the bands are already evident on the replicas taken at 5% and 8%
strain. Agother unusual feature of the superbands is that they occasionally
involve two orthogonal slip bands. This is evident in Figure 14(b), which shows that
a trough has formed betwcen the two slip bands. Such a trough is also apparent
between the two prominent deformation bands in Figures 17(c) and 17(d) when these
two photographs are viewed as a stereo pair.

It is a'so apparent that the larger, 5-10 pm,inclusions play a role in the
rupturc process. This is more evident in the micrographs of the tougher, 538°C

tempered condition (sve Tigures 20 and 21), which show that the ruptured inclusions
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(c) € =0.15

FIGURE 18. EXAMPLES OF DEFORMATION BANDS ON THE SURFACE OF A 204°C TEMPERED 4340 STEEL
BEND COUPON. The photographs are of cellulose acetate replicas of the same region of
the specimen after different amounts of strain: (a) € = 0,05, (b) € = 0.10, and
(¢) € = 0.15., The vertical markings at a and c¢ are inclusions strung out in the
rolling direction. The letter b identifies a void associated with an inclusion just
below the surface. The arrows at d and e identify 2 superbands which began to
develop at small strains. The large arrow identifies the principal strain direction.
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FIGURE 19. FORMATION OF A SUPERBAND AT A RUPTURED INCLUSION
ON THE SURFACE OF 204°C TEMPERED 4340 STEEL BEND
COUPON. The photographs show cellulosee acetate 1
replicas of the same region after different i
amounts of strain: (a) ¥ = 0.09, (b) € = 0.12,
and (¢) € = 0.15
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DEFORMATION BANDS ON THE SURFACE OF A 538°C TEMPERED 4340

STEEL BEND COUPON. The photographs are of cellulose acetate
replicas of the same region of the specimen after different

amounts of strain: (a) € =0, (b) € =0.08, (¢) € = 0.13,

(d) € = 0.19, (e) € = 0.23, and (f) € = 0.30. The letter a

3 identifies a.prominent inclusion visible on all of the photographs;
' the letter b and the arrows identify a developing superband,
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FIGURE 21, FORMATION OF SUPER BANDS AND CRACKS BY RUPTURED JNCLUSIONS ON THIE
SURFACE OF A 538°C TEMPERED 4340 STEEL BEND COUPON. fThe photo-
graphs show cellulose acetate replicas of the same region after 3
F different amounts of strain: (a) € = 0.08, (b) € = 0.11, (e)
4 | € =0.19, (d) € = 0,23, and (e) € = 0.30. The lctters a, b, ¢, and d
identify inclusions which are involved in the developing superband ;
I and rupture shown by the swmall arrows. The large arrvow shows the R
3 i principal strdin direction. !
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tend to produce strain concentrations and superbands which ultimately form the path

of the final rupture. While Figurce 19 shows a similar event in progress in the

204°C tempered material, the involvement of visible inclusions with superbands is

less apparent in this condition (see Figures 15 and 18).

Figures 22 and 23 show the appearance of individual slip bands at higher

magnifications. These bands are typically 10 pm to 20 ym long and involve slip

offsets as large as 2-3 microns. Figures 24 and 25 show that cracks tend to form

at the base of large 2-3 1 slip offsets. Figure 26 shows the distribution of the

size of slip offsets measured on the surface o sanples tempered at different

temperatures. In all cases, the bulk of the slip o<fsets is smaller than 1 ym.

However, there are indications that larger offsets are obtained for a given strain

as the tempering temperature is reduced. There is also an indication (see Figure 27)

that the slip band offsets at the various tempered conditioans may be comparable when

the comparisor is made at ?1= Eés, the strain corresponding to the onset of fracture.

2. NI-MARAGING STEEL

Plane strain ductility values from double-bend tests of 250-grade and 300-grade

maraging steel are presented in Figure 28 together with toughness values for 250-

grade material reported by Srawley(zsz The heat treatments and tensile properties
of the two lots of the 250~grade were essentially the same. Toughness values of

q'-
Heat treated by solution amnealing at 816°C for ! hr. and aging for 6 hrs.

at the indicated temperatures:
Mechanical Studies of 250-Grade Maraging Steel

PRESENT STUDY srawi Ey (28)

Oy Tyt Ty %uLr
Aging Treac't. S Mym > (Ksi) M¥m~2 (Ksi) €LEL  %RA Mym 2 (Ksi) MNm 2(Ksi) %E4  IRA
Underaged, 399°C 47 1469 (213) 1469 (213) 14 65 1400 (203) 1434 (208) 14 57
(267) 1841 (267) 12 59 1786 (259) 1834 (266) 11 51
50

Peak aged, 482°C 49 1841

565°C 47 1503 (218) 1572 (228) 15 61 1407 (204) 1503 (218) 15

Overaged,
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FIGURE 23.

W
(c) € =123%
SLIP OFFSETS ON THE SURFACE OF 538°C TEMPERED AISI4340 STEEL
BEND SPECIMENS OBSERVED ON TRANSMISSION MICROGRAPHS OF

CELLULOSE ACETATE REPLICAS
41
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FIGURE 25.

(b) € = 23%

CRACKS AT THE BASE OF LARGE SLIP OFFSETS ON THE SURFACE 538°C TEMPERED
AI1S14340 STEEL BEND SPECIMENS, The cellulose acetate replicating
medium which seeped into the crack cavity looks like a tongue on the

stripped replica and cast a long shadow
43
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n

replicas uf regions of the surface of plane strain (double)_bend ;
specimens subjected to about the same plane strain (0.13 < €< 0.16) ;
44 3

'S % 4

E

E

DISTRIBUTION OF SLIP OFFSETS ON ELECTRON MICROGRAPHS OF 4340 STEEL
TEMPERED AT DIFFERENT TEMPERATURES. The measurements were made on
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the 250-grade and 300-grade maraging steel are also similar at comparable streanth
levels, as shown in Figure 28(b). The main features of the results may be summarized
as follows:

® Plane straia ductility values displayed by the maraging grades are sub-
stantially greater than the values for the 4340 steel at the same strength

level. This is also true of K C-values (see Figure 28b). The EP ~values

I S
plotted for the 250 grade actually represent lower bocunds because the

specimens cracked but did not actually rupture.

® Unlike the results for the 4340 steel, the plane strain ductility values

for the maraging steels do not seem to correlate with KIC-values.

Microstructural studies revealed that rupture of the maraging steels under
"plane strain'" biaxial tension also proceeds by the formation of superbands, as shown
in Figures 29 and 30. However, two important differences are evident.

(i) The large slip offsets that contribute to the aucleation of cracks
occur at the grain boundaries. Evideace of this can be seen in
higher magnification optical micrographs (Figures 30, 31) and in the

scanning electron micrograph (Figure 32).

(ii) 1In contrast, slip offsets within the grains are noticeably finer in
the maraging grade than in the 4340 steel. This is shown in Figure 33,
and more quantitatively by the siip offset measurements presented in

Figures 34 and 35.

3. 6A1-4V-TITANIUM ALLOY

The fracture behavior and appearance of heat treated Ti-6A1-4Vf plane=-strain

bend couponsf* was similar to that of thc maraging steels. Fracture proceeded

t Heat treatment mechanical properties: y = 958 MNm -2 (139 Ksi), Oyt = 1055 MNm~2
(153 Ksi), uniform elongatior 6.1%, E4. 10%, R.A., 28%, ?PS (ordiuary bend
specimens) = 0,736,

t+

Ordinary bend coupons rather than the double-bend coupons that evolved later
in the program.
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APPEARANCE OF SUPERBANDS ON THE SURFACE OF 250-GRADE MARAGING STEEL
"PLANE-STRAIN" (DOUBLE) BEND SPECIMEN: (a) superband and (b)
example of a cracked band. Material in the peak &g ed condition;
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FIGURE 32.

(c) (d)

SCANNING ELECTRON MICROGRAPHS OF SURFACE OF 250-GRADE MARAGING STEEL
PLANE STRAIN (DOUBLE) BEND SPECIMEN: (a) superbands, (b) cracked
band, (c¢) and (d) stereo pair of deformed surface showing grain
boundary offsets
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FIGURE 33.

(b)

SLIP MARKINGS ON THE SURFACE OF 300-GRADE MARAGING STEEL IN THE PEAK-
AGED CONDITIONS SHOWING SLIP BANDS AND GRAIN BOUNDARY OFFSETS: (a)

cracked superband and (b) grain boundary offsets in the vicinity of
the band
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from the plate displayed variations of Eé

reported by Ronald ard Voss

by the formation of suparbands which crack,and this is shown in Figures 36 and 37.
Figure 36(f) illustrates that the path of the final fracture corresponds with
smaller cracks and bands present vefore the break occurred. Although relatively
large ~ 2 um slip offsets could be observed within the grains (Figure 38), the
cracks responsible for fracture appear to be associated with large slip offsets at
the grain boundaries. These offsets, which outliné the grains on the initially

smooth prepolished surface,and nucleate cracks are evident in Figure 37(b) and

Figure 39.

4, 7000-SERIES ALUMINUM ALLOYS

Results of plane strain ductility measurements derived mainly from
double-bend tests are summarized in Figure 40 and Tables 3 and 4, together with
yield strength and toughness values. The 7075-aluminum plate is one of three
described by Kaufman, Nelson, and Holt(BO) and has been studied by Ronald and Voss§31)
The bend specimens cut from this plate had the orientations shown in Figure 41. The:
7075-aluminum alloy sheet is a standard commercial product. Alloy X was designed to
have a small volume fraction of inclusions and intermediate particles, but its
hardening behavior is otherwise similar to the 7075-alloy sheet and plate (see
Figure 40). Alloy X did display a substantially larger grain size,and this facili-
tated the metallographic observations.

Taken together, Figure 40 and Tables 3 and 4 indicate a close connection

between 'plane strain" ductility and fracture toughness values, although an exact

1:1 correlation cannot be supported. Three of the four orientations of strips cut

with aging similar to the K -values'

S

The variations in EfS

Ic
(31)

-values with orientation are

not unlike the variations of the K. -values obtained for the different orientations

Ic

.r

Obtained from DCB specimens loaded in the weak, shoot transverse direction (load
normal to the rolling plane and the crack in the rolling plane).
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(c) € =0.12

DEFORMATION MARKINGS ON THE SURFACE OF THE AGED Ti~6A1-4V BEND
The photographs are of cellulose acetate replicas
of the same region of the_ specimen aftex different amouats of
€ =0, (b) € =0,04, (c) € ~0.12, (d) € = 0.19,
The dashed line in (f) shows

FIGURE 36,
SPECIMEN,
strain: (a) b
(e) € = 0.24, and (f) ¢ = 0.30.
the location of the final rupture
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(f) ? = 0.30

FIGURE 36. (Continued)

57




e R AN S S T A R g R 1 s

A T Ny

AT Leiid b bilie s wh i cl i Ly
! i T e T N— —
T N PO P

SanNvdg dI1S 3HL J0 dSvd dHI 1V SAOVED

4 aNy S13s440 dI1S INIMOHS ‘9€°0 = 2 FOVIHIS NAWIODAAS dN3E Ah-1V9-Ll I 40 SHAVED04DIW WES

M ARCE: S K¢

@®
n

15 i i et o e et ciobotEal e




i :
V\v .
;' ‘ 2
:
3 3
r %
L
3
3 :L
4 3
. ;
] 1
F

B | M L ol

E
E
i
E
:
E

R L

|
: (b) €

= 237 3
1 i

. FIGURE 38. SLIF MARKINGS ON THE SURFACE OF AGED Ti=~6A1-4V BEND %
SPECIMENS, € = 0.23 OBSERVED ON TRANSMISSION MICRO- ]
GRAPHS OF CELLULOSE ACETATE REPLICAS

3
E

© 4

59 b




T ol ALt =< o) SO S mCAR DVL B Ls S S0 o00 MHCIP- S AL PSR = =1 S S S S Vb 1 P L

satiepunogq uread ayiy e Surdojsadp saanssiy pue s39s3Jo dITs moys sydeaBojoyd syl
*SNIWIDAS aNIL Av=-1V9-T1Ll 39V 40 FOVAINS FHI 40 SVOITAIY FIVIIOV IFSOTINTIID J0 SHAVHOOUIIW NOISSIWSNVIL ~6€ JdNOId

%6z =2 (2) 162 = 2 (®)

60

e -

PR PR Y TR P g P I N N N DU R P oyt P R T P Y T




L PR W e

1 P it

T PTRATY T ey

P e e g e i e

|

FIGURE 40,

90

ox 7075 Al sheet
[~ og Alloy X sheet

7 |
e % 7075 Al plate ofter Ronald 8 Voss '

3
v
d
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0 TOlsms 163°C
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= n Yigld stress -
50 —+ + + T
o 7075 plate ofter Ronald & Voss ¢ 120°C
P ~ ' # 163°C
2 Kic
S
< 30
L 1 |
20 BETT)
1 1) | T
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*_ oy Alloy X shee! ﬁ\\ o
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a | LT -
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nane 63°C ortentations lder\}ifeed in Figure 41
° 0. | 1o 100 1000
Aging Time, hrs at 163°C
— [ i |- |
(o] | 10 100 1000 10,000

INFLUENCE OF AGING ON THE YIELD 3TRENGTH, FRACTURE TOUGHNESS, CON-
VENTIONAL AND '"PLANE STRAIN" DUCTILITY VALUES FOR 7000-SERIES
ALUMINUM ALLOYS. Double-bend specimens of the 7075 aluminum sheet

and Alloy X sheet were cut with the long axis parallel to the
The double-

Aging Time, hrs ot 120°C
()

rolling direction and a width/thickness ratio of 16.6,

bend specimens cut from the plate had the orientations shown in

Figure 41, and a width to thickness ratio of 8.3. The ori.enta_\tion of
the fracture toughness specimens of the 7075 Al alloy plate is SL

61

D PP S S SOV S VS S

v, LBl et 1 i,

i

i

ottt et ] w2

PESRER AP



TR

T S T AT [ 8 TS AT TR o 17 T aor s 7Y AT g R T AT
i U e A mE oo, rnmm e

*UOTIVATP
Buyrroz 03 (a118xed yimoid oead {uoIIVBATP 28aaasuwal Suol 9y3 uy parjdde peoy ()
*U0IIVAIATP
9s12asUR1) 3uo] 03 [aITeaRd YIM0a3 }OBID {UOTIVAITP Bup(loa o3 (arieied paridde peol (P)
*UOTIITPUOD PaATIIII sy (D)
*0,0Z1 3w sanoy 47 pa8e puB ‘payoduenb z33wm ‘sajnurm 61 30F D,68% I® pa3wail uoyanios (9q)
¢ *040C1 3® sanoy g1 palde pus ‘payousnb 193A ‘sajnuIm G 203 J,58% I® paieai3 uvoignjos (&)
1
; 0s S 91°0 6°6 €6 (z8) s9s  (sL)  o0zS ()P2Y H=2d
; 1L /A AN\ S°€l 0°11 (82) o%s (29) oLy (qyP>3
m L
; €L 6L £€2°0~ 9°61 1°81 (€L) 00§ (os) o%e Euawﬁmvé
) ®) Sd, T8 % vomEsuold (), w (1SN) UMW UOTITPUOD
| o <3 - eaEHl 11 A
| T/e- 0 f

LIFHS WANIWNIV SL0Z

Ly . s ZagZe.

Loatardy SR TR TRL PRI NI RSNPYS L ER TR S

R RIS PR} il i AL L 1 i AT L e o oo T

FeppEow

! d0d SIANTVA SSIANHONOL MMDHU<mm ANV ALTTILONG NIVYIS INVId ‘SAILYH0Nd ATISNIL AYVNICEO ¢ FTIGVL

62

ks it

M baki 2t 1 il



e T e

S

o R T ey

TABLE 4.

FOR 7075 Al PLATE IN THE PEAK AGED CONDITION

FRACTURE TOUGHNESS AND "PLANE STRAIN" DUCTILITY VALUES

labdatiact T

SPECIMEN ORIENTATION Kic _
Toughness(a) Bend(b) Mym™~3/2 (ksi Vin) €ps
Longitudinal (LT) A @  (26.3)@® 0.26

d

Transverse (TL) B (d) (22.6)( ) 0.14

Short Trans- p¢e) (d) (23.0y¢®) 0.12

verse (8T)

(a) Longitudinal: crack plane normal to plate rolling direction, crack
growth parallel to plate-width direction; Transverse: crack plane
and direction parallel to rolling direction; Short transverse: crack
plane parallel to plane of the plate, crack direction parallel to
width direction.

(b) Orientations identified in Figure 41.

(c) The orientation of the slip planes activated in D are comparable to
those of the short transverse direction.

(d) Kaufman, Nelson and Holt(30).

(e) Ronald and Voss(31).
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(see Table 4). The €.

Ps-values for the 7075-gheet vary with aging like the Kc-values

for the material (Figure 41, and Tabie 3). 1In contrast, elongation values for the

7075 and Alloy X sheet do not recover after overaging as the KIc-values do.

The distribution of slip on the surface of Alloy X bend specimens in various

heat treated conditlons is illustrated in Figures 42-47. The results of measure=-

ments of the distribution of plane strain deformation on the microscale are shown

in Figure 48. Additional mechanical property data for these conditions are given

in the footnotef. The microstructural observations may be summarized as follows:

1)

2)

3

The rupture of the aluminum Alloy X bend specimens proceeds in essen-
tially the same manner as those of the 4340 and maraging steel.
Deformation tends to become concentrated in superbands--collections

of slip bands whoge traces on the surface are normal to the principal
stress axis--that extend over ~ 2000 ym (~ 20 grains). Cracks initiate
at heavily slipped regions (coarse slip bands or sheared grain
boundaries in the overaged samples of Alloy X) within the superbands.
These cracks join, grow, and ultimately rupture the specimen. Figure 42

illustrates the main features of this process.

Figures 43 and 44 show the progressive development of superbands on
replicas of the aged condition taken of the same region of the surface
after different amounts of strain. Quantitative measurements taken from
these replicas (see Figure 48b) indicate that the pattern cf heterogeneous
deformation is already apparent at a strain of 9%, which is less than the
9% necking strain in simple tension. These measurements show that the
deformation is very unevenly distributed in the high strength, aged
condition, but is essentially uniform when the same material is in the
soft, as-solution treated condition (see Figures 45 and 48) or in the

heavily overaged condition (see Figure 48).

Figures 44(e) and 44(f) illustrate that the fracture path is trans-
granular and roughly parallel to the pattern of coarse slip bands within

PROPERTIES OF ALLUY X~-SHLET

Ultimate’ tniform
Yield Stress Stress Elonga~ Planc Strain(a)
Condition Mm=2  (Ksi) MNM®  (Ksi) tion % ZEL %RA Ductility

Solution treated 50 (7) 170 (24) 43 45 - -

15 min at 4B5°C

and WQ
Aged 24 hrs. at 500 (73) 560 (81 9 15 49 0.15

120°C
Overaged 24 hrs. 170 (25) 370 (53) 17 19 34 0.22

at 350°C

a) Mecasured with the Clausing "plane strain" tension specimen.
P
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FIGURE 41. ORIENTATION OF "PLANE STRAIN'" DOUBLE-BEND SPECIMENS CUT
FROM THE 7075-ALUMINUM ALLOY PLATE. The letters L, T
and S stand for longitudinal- {or rolling-), transverse-
and short transverse- (or thickness-) direction,
respectively. The first letter identifies the direction
of the maximum tension stress axis of the bend specimen,
the second the direction of crack extension in the bend
specimen.
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FIGURE 42.

(c) (d)

SCANNING IN ELECTRON MICROGRAPHS OF 'PLANE STRAIN' DEFORMATION OB-
SERVED ON THE SURFACE OF A PLASTICALLY BENT STRIP OF ALUMINUM ALLOY
X IN THE PEAK AGED CONDITION: (a) example of super band (arrows),

(b) close-up of deformation within super band, (c) coarse slip band
in the crack nuclei at its base, and (d) view of “ailure surface of
sheard super band showing large and small dimples. The long direc-
tion of the bent strip is vertical.
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06l— Solution-treated | UR—
and quenched 100 m
€:0.2I

04—

02— I

0 | | 1 | | | 1 { 1
(a)

0.6} Peak aged L
—- €:006 100 pm
— €:020

04} l

—
02 L
| 77
0277, v %%/7/7/*/70/ .
0 4 174 00 0 A A A1
(b)

L Overaged e
06 é=021 100 pm
Q41—

0.2

0 [ | ] | | 1 ] |
Distance, tension direction
(c)
INFLUENCE OF HEAT TREATMENT ON THE PLASTIC STRAIN DISTRIBUTION ON

THE MICROSCALE FOR "PLANE STRAIN' DEFORMATION, The true stain
measurements were derived from replicas of the type shown in

Figure 14, taken on the surface of plastically bent strips of a
7000~type alloy (Alloy X): (a) solution treated and quenched con-
dition, (b) the peak aged condition shown in Figures 13 and 14, and
(c) overaged. The average grain boundary intercept is 90 um.
Mechanical properties of the 3 conditions are summarized in the Table
in the footnote on p. 65.
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the grains. Higher magnification electron micrographs showed that the

A A s

deformation of the aged condition had two distinct components, (a) coarse

ald

slip and (b) fine slip, as shown in Figure 49. Cracks invariably

iy S Lo ol e

initiated at the base of the coarse slip bands with - 2 pm-4ym offsets
(see Figures 50 and 51). Figure 44 provides little evidence that crack
initiation in this alloy is assisted by inclusions visible on the surface.
3 Figure 44(a) shows a feature near a triple point that may be subsurface

inclusion.

ok by o

i 4) The large reduction in plane strain ductility that accompanies the over-

aging of Alloy X (see Figure 40) is associated with a change in mechanism
of cracking. As shown in Figures 45 and 46, prominent superbands are

visible in the overaged material, but the cracks are mainly intergranular.

el it bl

T
N

Micrographs of the surface 'plane strain" bend specimens of the 7075-

1 sheet alloy (see Figure 52(a), (d), and (e)) display prominent superbands. Compared

with Alloy X (Figure 42), the commercial alloy displays a finer and indistinct

1l

grain structure and many more inclusion particles. Higher magnification pictures

(Figur=s 51(a), 52(b), (c), (£), and (g)) reveal that the cracks are initiated at

the base of prominent bands whose traces on the surface are normal to the maximum

A el ez b

TR T T P T i

principal stress direction (the y-direction in Figure 4). Because the cracks
are essentially straight, transgranular, and normal to the tensile axis, the cracked

slip bands bear a superficial resemblance to cleavage microcracks in mild steel.(jz)

T T T S Wy e
Fi

£ In contrast to Alloy X, the overaged 7075-sheet alloy specimens were not embrittled

and did not display obvious grain boundary cracks (see Figures 52(f) and (g)).

R
a2 el b ial

However, the slip bands were frequently associated with ruptured inclusions on the

surface (see Figures 51(b), 52(c), and 52(f)).

TR

The 7075-alloy plate material exhibited the characteristic lath-like

T .

EPRTTER

; grain structure shown in Figure 41 with average grain length, width, and thickness
E of 540 pm, 122 pym, and 15 pgm. The "plane strain" ductility of the %

plate depended strongly on the --ientation of the test coupons, as summarized g
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FIGURE 49.

(b) € = 23%

SLIP STEPS ON THE SURFACE OF THE AGED ALLOY X-BEND
SPECIMENS, STRAINED {1 = (0,23, OBSERVED ON TRANS-
MISSION MICROGRAPHS OF 2-STAGE CELLULOSE ACETATE
REPLICAS: (a) coarse slip offsets and (b) fine

slip
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in Figure 40(c). The micrographs of the fractured double-bend specimens reproduced

in Figure 53 show there is a connection between the plane strain ductility values

and the grain structure:

LT-Orientation, Coupons of the LT-orientation displayed the highest

ductility values,and these were substantially independent of aging condition. The

micrographs of the surface (Figures 53(a) and (b) show that the extent of the slip

bands, which traverse the small, grain thickness dimension, is strongly limited by

the gral.. poundaries. As a consequence, hoth the slip-band nffsets and cracks

produced by these slip'bénds reﬁatn celatively small compared with the slip bands

of the sheet alloy (cumpare Figures 53(¢ and (b) with Figures 51(b), 5%(b}, (c),

(£), and (g), particularly in the light of the larger amount of strain imposed on

the LT-condition) Ultimately, the bands do extend across the boundaries (see

arvay #l in Figure 57(b)), produulng a superband- like array and large slip’ offeets

Figure 54 illustrates that the slip bands are similar in appearance to those in the

Alloy X (see.Figu}es 59 and 51). 1In both cases cracked bands with offsets of

~ 4=6 ym are evident. In the 7075 alloy plate, many of the individual slip bands

.‘are associated with ruptured inclusions,

IL-Orientation.

Specimens of the TL-orientation with a grain structure

very similar to the LT-orientation (see Figuresg 41, and 53(c) and (d)) displayed

‘much lower ductility values. In this case the E}S-values vary with aging very much

like the KIc-values for the plate. Here too, the extent of the slip bands is

strongly limited by the longitudinal boundaries. However, much longer cracks are

apparent at a much smaller strain. The reason for this may be connected with the

Inclusion particles which tend to be concentrated at the grain boundari A

number of the slip bands in Figur2 53(d) are clearly associated with ruptured

particles in the longitudinal boundaries. There is also a hiat that portions of

the long cracks are ruptured transverse boundaries, whose frequency is
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(Continued)

FIGURE 53.

"

(¢) TL, 25 hrs at 120°C, €pg = 0.14
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FIGURE 54. LARGE SLIP OFFSETS ON THE SURFACE OF FRACTURED 7075-ALLOY PLATE LT-
ORIENTATION BEND SPECIMENS €p. = 0.26 OBSERVED ON CELLULOSE ACETATE

REPLICAS: (a) slip bands angs(b) slip offset with cracks at its
base
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*
twenty=four times as grcat 1in the TL-urientation as in tne LT-orientation. It is

therefore possible that the greater tendency for cracking is associated with the

higher incidence, weak trangverse boundarigs. Other evidence of weak boundaries ig

e o B ]t el

diascussed in paragraph on TS-orientation which follows.

The micrographs of the LS-orientation show superbands

LS-Orientation.

similar in appearance to those of sheet alloy (compare Figurcs 53(e) and (f) with

Figures 52(a), (d), and (e)). In contrast to the LT-orientation, the slip bands

traverse the grain width, which is twenty-eight times the thickness. The longi-

TR IR T

tudinal boundarics do not appear to be cffective obatacles to these longer slip

bands. As a result, longer cracks are in evidence. Figures 3(e) and (f) illustrate

the effect of overaging, which produces a threefold increase increase in zPS in

1 ? this case. The nature of the slip bands does not svem to be altered by overaging;

It appears that the

T however, much more deformation is evident on the surface.

ey

slip bands are more stable and more resistant to cracking in the overaged condi-

E' tion.

]
+ IS-Orientation. Micrographs of the TS orientation, which displayed the
B lowest Eés-values (see Figure 40), are reproduced in Figures 53(g) and (h). The

slip bands appear "ragged'" and are not as well defined as in the other orientation.

TV e s e

e The bands and cracks are 'ragged" because they involve inclusion particles at the

- grain boundaries, and enforce the view that the slip and cracking in this orien-

tation is intergranular. It appears that the longitudinal grain boundaries are

relatively weak, and this tends to support the suggestion, made early, about weak

transverse boundaries.

The grain length-to-width ratio.
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SECTION IV

DISCUSSION

There is much common ground among high setrength alloys. The Fbs-meanurements

and metallographic studies of Clausingfzo'ZI) Spretnak, et a1$18‘23) and the present

study show a propensity for slip to become localized and concentrated and for

cracks to form within the heavily sheared regions. Thene two features combine to

curtail ductility,

1. SIGNIFICANCE OF "PLANE-STRAIN" DUCTILITY

The "plane strain' ductility is an integrated measure of the rate with which

»
the following three processes proceed with straint: 1) strain localization and

concentration, 2) shear crack initiation, and 3) shear crack growth to the

critical size. The signature of strain localization and shear rupture mode of

separation is a fracture surface with "fine", closely spaced, submicron size

k.ﬁimp1e~like markings. This type of surface is situated between the relatively

smooth, large, multimicron dimples associated with indfvidual ruptﬁred inclusion

particles(14’32’33). The fine dimples represent perturbations or ruptures produced

by the strength giving precipitate particles in the matrix(la), or pasasibly by

intermediate particles(31) or void clusters}(lg’aa) The large, smooth dimples are

the signature of the vof{d nucleation and growth process which {s competitivé'with

strain localization and shear rupture. Consequently, the fracture of a material

like AISI 4340 steel (GY a 1450 MNm-z) with & 3mall ?Fs-value corresponding to a
.0w resistance to localization and shear rupture is expected to display more fine-

dimpled regions on the surfaca than a material like the maraging steel (0Y1a 1300

€ -valuef*. This is confirmed dramatically by the

«1500 MNm.2) with & high €,

In the presence of a modeat hydrostatic stress component, hydrostatic = 0.5 Oy

t++ Provided the resistance to void nucleation and growth are the same.
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results summarized in Table 6, which indicates that the portion of fine-dimpled area
varies lnversely with ?PS'

"Plane strain' ductility assumes special importance because notches and cracks
enforce planc=-strain flow and are therefore vulnerable to localization and ahear
rupture. Clausing(zo) has shown convincingly that "plane strain' ductility valucs
correlate closely with the toughness of notched bars. The present work, which
indicates that Clausing's method significantly understates ?Ps-vaIUea, ralses doubt:
about the idea that the "plane strain" duc.!lity corresponds cxactly with the
critical notch root strain. But it does not alter the view that the processes
governing ductility of "plane-strain" tension and bend specimens closely resemble
the ones operating at the root of a notched bar. This is confirmed by metallo-
graphic stddies of slip and cracking at the root of notched bars by Griffis and
Spretnak(ls)Aand McGarry(23) whicic show the same pattern oi superbands and shear
cracks as observed in '"plane-strain' tension and bend spectmens.# The important

implication is that the surface of the "plane strain" tension cor bend specimen can

be regarded by the metallurgist as an accessible window for viewing the microscale

processes governing the notch toughness,

Z. CORRELATIONS BETWEEN ¢pg AND Ky

There are reagsons for anticipating that the correlation between '"plane strain"

ductility and toughness can extend to ch-values. Sharp cracks also enforce

"plane strain" flow. Further, Mohamed and Tetelman(zz) find that the notch root

McGarry's(23) value *ir = (),27, the crivical v-notch root strain for AISI 4340

steel (o'X = 1103 MNm"¢ = 160 Ksi) calculated from the bend angle, comes close to
eg§ = 0.35, the plane-strain ductility obtained here for this grade at a compar-
able strength level (oY = 1120 MNm~2 = 165 Ksi).
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straio is tndependent of root vadius. In addicion, there 18 evidence from the work

(19 (*5) (16) {14)

Yodor 7y Beathem

of Regers , and Cox and Low that the extension of

vracks can proceed by cencentruted ahear and shear cracking along regions alternately

inclined at +45° and ~4%° to the macroscopic crack olane. However, there are two

reasons for belleving, contrary to the vigws of Welss and coworkers(j/-sg), that the

relation between €., and KIc is not simple and direct or the same for all materiala:

PS

1) The applicabiiity of a ¢ritical notch rdot strain concept to sharp

cracks w3t be questioned. The gage.leng%hAassociated with the

heavily deformed regibn ad jacent to the crack tip is approximazely
0

equal to the crack (tip) opening displacement COD as 0.5 KIC ,

or about 3 ym to 10 ym for high strength steels and oyE

and aluminum alloys, resbectlvely. These dimensions are of the

same order as the width and offsets of individual slip bands. On

this scale, the strain distributidn is highly nonuniform and bears

little relation to €.

PS-—the aVefage span for a gage section 100 x

larger.

2) The state of strecs is another important consideration. '"Plane strain"

tension and bend specimens support a modest hydrostatic stress

(r hydrostatic == 0.5 UY), while the hydrostatic tension ahead of the

crack tip under plane strain conditions is four times as large. Analyses
(16) et a1 D (8)

and experiments by McClintock y Argon, ; Rice and Johnson,
all show that the rates of void nucleation at

and Cox and Low(la)
inclusions and their growth are sensitive functions of the hydro=
static tension. In other words, void nucleation and growth can
proceed much more rapidly in advance of & crack tip under plane

strain than in the "plane strain'" tension or bend specimen*. It

The hydrostatic stress state should also affect microvoid nucleation and growth
that contributes to the rupture stage of the strain localization and shear
rupture process. However, shedar rupturing at the crack tip probably occurs in
the presence cof voids and the heavily strained region adjacent to the crack root,
and consequently under corditions where the "macroscale" hydrostatic stresses
have been relieved. A large slip offset or partially cracked slip band can
generate its own "microscale'" hydrostatic stress state which will assist shear
rupture, but the microscale hydrostatic stresses will be present in the "plane
strain" tension or bend specimen as well as in the cracked specimen. For this
reason, the "plane strain" tension specimen is expected to give an accurate
representatior of strain localization and shear rupture tendency at the crack tip.
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follows that ;PS values can give a good representation of ch only
when the contributions of vold nucleation and grewth to crack extension
are small relative to those of localization and shear rupture. This is
confirmed by the results of Table 6, which show that the degree with

. which EPS values correlate with K;  varies directly with the relative

contribution made by the localization-shear rupture process. A

different FPS‘KIC correlation is also to bc expected when crack extension

proceeds by cleavege(AO’AI).

i

3. FACTORS CONTRIBUTING TO THE STRAIN
LOCALIZATION AND SHEAR INSTABILITY

ch ity o

o il Lotk f

The process of strain localization and shear rupture is accentuated by "plane

strain" deformation. Micrographs of deformed surfaces of conventional and '"plane

S el M

kb g

i strain" tension specimens suggest that the suppression of flow on the alternate

3 n', 8' system (see Figure 4) favors a more coordinated slipping of neighboring grains.

bt b

This rather subtle change sets the stage for an instability:

(1) The coordinated slipping of grains produces an approximately co-

planar array of slip bands and or slipping grain boundaries

referred to here as a "superband". Further deformation in the

TR I )Y S T v

vicinity of the superband tends to proceed by the growth of the
band in length and depth, rather than by the initiation of new
bands. This i3 because the superband generates self-perpetuating

stress cnncentrations at its extremities like a shear crack or

i L bt o il e ot b ot s e s o i

T3 IR T e e

dislocation pile=up.

ot

E

(2) By virtue of its size, the superband accommodates large shear

3
i
3
3
i

strains which damage <lip bands and/or boundaries and nucleate

5
k
b
:

microcracks.

.
b, 1.0

(3) The coplanar nature of the array facilitates the linking up of

T g e

microcracks, speeding up the development of a large unstable

Ty
o osbait ik bl b

microcrack.

The degree of instability is related to the tendency for slip to concentrate

in bands, and,while this is connected with strain hardening,it is not a direct
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consequence of y the macroscopic hardening rate of the allcy. For example, the

S

results obtained tere for aluminum Alloy X show that the pattern of superbands is
already established in the aged condition at ?1 = 0,06, before the condition for
macroscopic tnstabllity,?l > El (uniform) = 0.09, is obtained. Early stages of
superband formation are also evident in the micrographs of the AISI 4340 steel at

such a small strain Bl = 0.05, and on a scale such that this cannot have any

relation to the onset of the macroscopic instability. Note that the uniform
elongation of this material,?l(u)r-equivalent to the gtrain hardening index at

this strain--is about the same for the 204°C and 538°C tempered condition in spite
of ~ two=fold difference in €, g’ and greater than the value for the 250-grade maraging

P

steel,?és = 0.40. Further evidence that the absolute magnitude of the strain
hardening rate is not a reliable index of instability can be derived from obser-
vations of low strength steels.(Az) These materials display prominent slip bands
and strain concentrations long before the onset of necking in gpite of high macro-
scopic rates of hardening.

The connection between the macroscopic strain hardening rate and the tendency
for strain localization on the microscale becomes clearer by treating the high-
strength alloy as a two-phase system consisting of heavily deformed bands (slip bands
or grain boundaries) imbedded in a more lightly deformed matrix. To a first approxi-

mation (which ignores compatib.lity requirements) the macroscopic, or average,strain

hardening rate can be expressed in terms of the hardening rates end volume fractions

of the individual phases:

dg =k 3q
@&~ wae|, * e @

B

where tne subscripts M and B refer to the matr and the bands. The mechanical

stability requirement leads to az second expression relating the local strains,

flow stresses, and hardeniry rates,
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The implications of such a model are gencrally consistent with observations of the

preceding paragraph:
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Strain localization==slip bands and slipping grain boundaries--arises
when the matrix is initially harder or is hardening at a greater rate

than the more heavily deformed slip bands, independently of the average

strain or macroscopic hardening rate.

Large differences in strain between the matrix and the bands reflect

large differcnces in the local hardening rates or in the initial flow

stress or both.,

The macroscopic strain hardening rate==the value ordinarily derived

from tensile tests-~depends on the hardening rates and the volume

fractions of the individual constitucents. While the macroscopic rate

is between those of the matrix and the bands, it will not
reflect the behavior of the bands if their volume fraction is small

and their bhardening rate is substantially different from the matrix.

In this simplified model the macroscopic rate, by itself, offers no
insight to the tendency for strain localization cn the microscale.

The absolute value of the macroscopic hardening rate enters only in the

following way: A given absolute charge in the flow strength of one

of the constituents has a larger effect on ?B (the ratio of the strain
Ty
of the band to that of the matrix) the smaller the macroscopic hardening

rate of the alloy.

MICROSTRUCTURAL CONTRIBUTIONS TO STRAIN
LOCALIZATION AND SHEAR RUPTURE

T TR ST e gy

P——

Ty

T Ry

TR G M LW, e ey e '
ERA R Y s .

Strain localization is caused by a relative softness or softening on the part

slipping regions compared to the matrix. The present studies indicate this

traced to a number of microstructnural processes.

96

AR P L T s s 1

AT e Lk noe LnD L L

i, 2 ki e, ., |




adal T Al S i &

e

Diglocation Cutting of Coherent Precipitate Particles. The cutting-

through of small, coherent precipitates by dislocations-=-as opposed to bypassing-=

undermines the hardening process and leads to a relative softening of the slip band.

Detailed analyses by Rau and Cook(aj) show that the stress conceantrations produced

by an array of dislccations cutting through . series of particles quickly lead to

a nonhardening steady state. In addition, each dislocation passing through a

particle reduces the shear-resisting cross section of the particle.

(44) (45)
mental studies by Klein demonstrate the

Recent experi-

and by Horanbogen and Gahr
connection between cutting and the formaticn of coarse slip bands with large offsets.
Consistent with this, the €-carbide particles, which are formed in the as-quenched

carbon steel-like AISI 4340, in the first stage of tempering (120°C~200°C) appear to

be relatively thin, coherent laths, ~10-25 & thick(ae), which will be vulnerable to

cutting. The €=particles are gradually replaced by more massive, partially co-

herent cementite particles in the range 200°C-400°C and are accompanied by a ~two-fold

improvement in "plaune strain" ductility. In contrast, there is evidence that dislo-

cations in the 250-gvade maraging steel bypass (47’48).

particles Since the

resistance of particles to cutting diminishes with decreasing coherent particle size

the finer particle distributions, which are required fur high strength,also tend to

be more vulnerable to slip localization.

Rupture of Inclusion Partizles.

Slip bands in the AISI 4340 steel and
the 7075 aluminum alloy sheet and plate were frequently associated with ruptured

inclusions visible on the surface. It therefore seems likely that the bands were

involved with broken inclusions below the surface. The strain concentiations

produced by these voilds help nucleate the slip bands and may represent "easy" shear

paths, which, in effect, lower the hardening rate attributed to a band as envisioned

by McClintock(IG). Broek(ag) has offered some evidence theat the final stages of the

rupture of aluminum alloys are nucleated in this way by the failure of the inter-
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mediate particles. It is also interesting to note that Parker and Zackay(49) find
that austenitize te¢ vneratures above 1000°C improve the toughness of low alloy steels.
Since the principle :ffect of these treatments is to dissolve the more stable carbide
particles, d>ne may speculate that the rupture of such particles promotes the for-

mation of slip bands.

Grain Boundary Phenomena. Both segregation and altered transport

kinetics in the locale of grain boundaries can alter the nature and distributioa

of alloying constituents and precipitates, theceby reducing the strength of the
regions adjacent to the boundary relative to the matrix. Studies by Dahmen and
Hornbogen(so) reveal that this can lead to a significant amount of grain boundary
sliding--offsets ~- 1 ym at room temperature-~for an aged, 4% Fe-aluminum alloy.

The present study provides evidence of marked room temperature grain boundary sliding
and rupture in the 7000-type aluminum Alloy X in the slightly overaged condition, in
specimens of the 7075-plate in the TS orientation, and in the 250lgrade maraging

steel and the Ti-6A1-4V alloy.

Cut or fractured precipitate particles can be the nuclei of the microvoids whose

growth and coalescence le2ad to the shear rupture of slip bands--Rogers'(lg) "void

(18) (36)

sheets", Griffis and Spretnak's slip decohesion", and Beachem and Yoder's

"homogeneous microvoid cnalescence'-~or to the failure of slipping grain

)

boundaries. Recent work by Wilsdorf(34 on high purity silver contains

evidence that voids can also be nucleated in strained regions even the absence

of particles. The present slip offset measurements for the AISI 4340 steel seem to

show that the maximum slip band offsets--the ones observed at the failure strain,

€ps

concentrate as readily at the higher tempering temperatures, but the shear rupture

-~ are independent of tempering temperature. It appears that the strain does not

resistance of the bands is not enhanced . The offsets displayed by cracked slip
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bands of the 7075 alloy sheet and plate, ~ 2-4 even in the fully aged condition, are
also essentially invariant. This i{s important, because the length of the superbands
is strongly influenced by the grain structure. For example, the extent of the

superbands of the LS-orientation is limited by the closely spaced, transverse

B boundaries, and this limits the slip band offsets accommodated with the band. As

a result this orientation displays an GPS

other orientations. These findings, which point to a grain size dependence of

value two to three times as large as the

Lailbe Lk

"plane strain' ductility and account for the procurement grain size dependence of

fracture toughness of aluminum alloys, are shown in Figure 55.(33’51) ’

[

codeilblel

= 5. GENERAL GUIDELINES FOR CONTROLLING THE
K;. VALUES OF HIGH STRENGTH ALLOYS

= . The present study suvpports the view that the crack extension of high strength

k5 405 4t

alloys proceeds by one mode or a combination of two competitive modes of scparation,

1) void nucleation and growth on the scale of the micron-size inclusions

and

i ) i 0

2) strain localization and shear rupture, wherein the void nucleation and

- growth process are shifted to the iscale of the fine, strengthening

LRI N TR

precipitate particles.

bt Lkt o ML

The factors regulating the first mode are identified in the introductory sections.
To these can be added the following factors which affect the strain localization

shear rupture mode.

Plane=Strain Ductility. The plane strain ductility is a measure of a

material's resistance to strain localization and shear rupture. It also E

"

reflects the value of KIC in those cases where the contribution of the

competing void nucleation and growth mode is relatively small.
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Size and Character of Precipitate Particles. Small, coherent, precipitate

particles which are vulnerable to cutting by dislocations will promote strain

localizatimn and reduce the toughness.

Grain Size and Character. Grain boundaries act as barriers to slip bands

and tend to resist the growth of superbands, and the development of large,
However, alterations in the locale of grain boundaries

damaging slip offsets.
that promote grain boundary sliding can provide an "easy” path for strain local-

ization and shear rupture.

Inclusion Particles. Broken inclusion particles nucleate slip bands and

1 ,
;7 ’ provide easy shear paths. It seems likely that the elimination of extraneous

{ particles will enhance the toughness contributed by the strain localization-

E shear rupture mode.

E Yield Stress and Strain Hardening Index. To the extent that high yield

é stress and low strain hardening rate values reflect the presence of small,

E cuttable precipitate particles, these flow properties will be indicative of

? poor toughness. However, neither the yield stress nor the strain hardening index
é are by themselves reliable measures of the strain localization aad shear rupture

tendency.
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SECTION V

CONCLUSIONS

1. Measurements of the distribution of strain along the tensile axis show that

" the “plane strain" (double) bend specimen and the Clausing "plane strain" tensile

specimen display the same peak value of principle tensile strain at fracture=--
a strain which has been termed the "plane strain" ductility. However, the

strain derived from the reduction in thickness at the center of the Clausing test

z piece=-the previous method for evaluating this quantity--underestimates the

"plane strain'" ductility. Even so, the present studies confirm that "plane

strain'" flow curtails the ductility of high strength alloys significantly |

relative to that obtained with conventional, round tensile bars.

2. Metallographic studies of the ALST 4340 steel, maraging steels, Ti-6A1-4V

and 7000-series type aluminum alloys, show that "plane strain' flow favors a more

coordinated slipping of neighboring grains in high strength alloys. This leads

to the formation of coplanar arrays of slip bands or sliding grain boundaries J

1

exteading over many grains,.which are referred to here as '"superbands".

b

= 3. The superbands curtail ductility in a number of ways. Superbands tend to grow

.y

at the expense of isolated slipping regions because they produce self perpetuating
=y stress concentrations at their extremities. The large bands accommodate slip

bands or boundaries with large shear strains that damage slip bands and sliding

o P

T grain boundaries. Microshear cracks are initiated within the slipping regions.

Finally, the coplanar nature of the superbands facilitate the linking up of

microcracks into an unstable macrocrack.,

101




TR

L T

3
L
¥
P

é
£
3
‘
E

-
]
3
[ 3

4. Slip in quenched and tempered AISI 4340 steel and in the aged 7075 aluminum

alloy tends to be localized in transgranular slip bands. Microshear cracks are
observed at the base of slip bands with 2-4 uym offsets. The maraging steels
and the Ti=6A1-4V alloy display transgranular slip bands, but the superbands
and microshear cracks in thesgse alloys, are associated mainly with grain boundary
sliding and rupture,were also prominent in coarse grained, high purity and
overaged 7000 series aluminum alloy and in aged specimens of the 7075 alloy of

the TS-orientation which have vulnerable grain boundaries.

5. Measurements of the distribution of the size of slip band offsets also corre-

lated with "plane strain" ductility values. At comparable plane strain levels,
the low toughness 204°C tempered condition of the AISI 4340 steel displayed
larger slip offsets than the tougher 538°C tempered rondition; at fracture, the
slip offsets for these two conditions were ver& similar. Consistent with this,
the 250-grade and 300-grade maraging steels exhibited higher plane strain
ductility values and a more nearly uniform distribution of elip bands with

noticeably smaller offsets.

7. The "plane strain' ductility, ?pc,
strain localization and shcar rupture (shear microcrack nucleation, linking up,

and growth to critical size) under "plan: strain'" flow conditions.

8. Metallographic studies of the surfaces of "plane strain" tension and bend

specimens provide insights to the microscructural features controlling the
strain localization and shear rupture iastability. They also provide access
to microstructural features affecting notch toughness and KIc in cases where

strain localization and shear rupture contributed to crack extension.
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9, The relation between FPS aad related metallographic studie:, on the one hand,

and KIC values,on the other, depends on the contribution of the strain local-

ization-shear rupture mode rclative to the void nucleation and growth mode cf

e T3t AT A

separation in the case of AISI 4340 strain localization,and shear rupture is

the dominant mode. 1In 200-grade maraging steel crack extension proceeds

=
=
=
=
x
3

exclusively by nucleation and growth of voids at wmicron size inclusions. 1In

aluminum alloys the contributions of the two modes are comparable. Consistent

3 % with this, ?PS values of AISI 4340 steel in different tempering conditions

¢ L

F i correlate with KIc' The variation of FPS values with aging of 7000-series

: . type aluminum sheet and plate is similar to that displayed by KIc' Finally.

I

the EPS values for the maraging steel do not.reflect the large changes in

toughness that acc mpany maraging.

10. Strain localization is caused by a relative softness or softening on the part

of the slipping regions compared to the matrix. The macroscopic strain hardening
rate=-the value ordinarily derived from tensile tests-=-does not reflect the
difference between the hardening rate of the matrix and the slip band and is

therefore not a reliable indicator of the tendency for strain localization.

il imel, i 1L gl

11. There are a number of metallurgical factors that promote strain localization

and shear rupture, thereby degrading the fracture toughness of high strength alloys

1
ottt L A

vulnerable to localization. Small, coherent precipitate particles, which are
cut by dislocations promote strain localization and shear rupture. Grain
b : boundaries act as barriers to slip bands and tend to resist the growth of super-

bands and large damaging slip offsets. For this reason, a large grain size can

T T

be detrimental to fracture toughness. Grain boundary segregation phenomena that g
soften the boundary with respect to sliding can reduce toughness. Finally,

? } there are indications that broken particles and inclusions,which nucleate slip
bands and provide easy shear paths, may reduce toughness.
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APPENDIX

MEASUREMENT OF SLIP OFFSET DISTRIBUTION

Measurements of the distribution of the sizes of slip-offsets (the dimension 3

L in Figure Al) visible on the surface were obtained from shadowed cellulose acctate

replicas by using the following simplified interprctation. The explanatiou is

facilitated by the following symbols defined in Figure A-l:

/ - slip band offset

h = slip band height

Ll b it

i . w - width of the slip band or slip band shadow
& - inclination of the slip band ]

¢ = angle between the shadowing beam and the plane of the

replica

- B -~ angle between the shadowing beam and the projection of the

3
H

i halld gl

slip band/shadow into the plane of the surface.
| ) The dimeasion h can be obtrained when the slip band casts a shadow (when 0 < @ < %‘)

- from measurements of w, the width cof the shadow, and the angles © and 9:

LGRS

.. tan @ ) E
h = w in d (A-1)

The oftser 4 can then be determined if the orientation of the slip system is known.

e b e Lt et b L i i

It. "une case of polyerystulline samples, where the orientation of the different slip

systems is not knowun, the dimension £ can be determined for one special case, when

partions of the surface c¢f the offset are visible and portions are faaturcless,an
indication that & = J. However, relatively few slip bands will rormally be inclined
at this angle,and these do not necessarily represent a random sampling. To obtain

a larger and random sampling, offsets were approximated for all the slip bands

b alaly s ST R LSRR

L aRe i A EINT RS

107

e WE

i




T T T e AT T g,

RPN -y

Berdy - e

DU T N W O N N N
NN N |
\ \ Plastic rephca\\ \

\\\\ NN
\\\X\\\\\\\\\

NN \\ NN
" NN
A

Sh
AN Qq ; /
Metol/ o = 2 g1e /¢/
/ / / / % /

FIGURE A-1. SCHEMATIC REPRESENTATION OF SLIP BAND OFFSET ON METAL AND ON
THE PLASTIC REPLICA
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visible on the replica. This was done by dividing the bands into 4 categories
baged on the contrast between e¢ither the band ov its shadow and the background.
Values of £ were then calculated from h or w under the assumption that the average

fnclination & ﬁu% (@ was normally 10-15 degrees).

ategory 1. Slip band offset surface is visible, but band is lighter thaan back-

ground; U <o < @; L =~ w.
Category 2. Slip band offset appears white and fractureless; ¢ <~ @ < % s 4~ 1.4 h.

Category 3. Slip band offset surface is partly visible and partly featureless;
o= Lasw,
Category 4. Slip band offset surface is darker than background; - % <a<0;d=1l.4w.
In those cases wherc the ulip offset was terraced (see Figure 50), the terraces
were arbitrarily ignored as long as they represented less than 30% of the cffset;
otherwise the terraced band was interpretated as a group of closely spaced bands.
Figure A-2 compares two sets of measurements performed on different micrographs
of the same surface, which show that measurements made in this way are quite

reproducible.
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