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INTRODUCTION

The load-bearing capacity of a component in a structure is deter-
mined by the material's ability to accomodate flaws or stress-concentra-
tors, which may be present intentionally as a result of design-necessity
or unintentionally as a result of a particular fabrication techniéLe,
such as ﬁelding. In turn, the material's abiliéy to accomodate flaws is
determined by the ability of the material to tolerate the accumulation
of plastic-strain at a flaw, sometimes referred as the notch-duetility.
Such flaws or discontinuities must be anticipated in real engingeﬁing
structures. :

For fracture in metallic materials to happen, uniform plastic flow
must first take place, and then become confined or localized to one or
more regions of the component. Fracture eventually occurs at.or within
one of these reglons of localization of plastic flow, Seve;al researchers
{1-3) have stated that there are two means by which fracture may be ini-
tiated in metallic materials. The first method, termed "ductile frac-
ture”, involves the creation of discontinuities at interfaces between
dispersed second-phase particles and the matrix, and the growth of these
discontinuities to form the fracture. The second method, termed 'brittle
fracture'" by some (4,5) and "instability-controlled fracture" by others
(1-3), involves the localization of plastic flow on planes of maximum

shear sffain as predicted hy the theory of plasticity (6), and the

eventual sebaration of the material along these planes. .

1



Previous research (7) has demonstrated that the critical shear
strain at the onset of instability development (¥;) is governed by prior

factor encompassing microstructural effects (a) which includes

strain (J), strain rate (v), temperature (T), stress-gradient (g%), and
a generaj

strength-level. Values of Y; are a measure of the material's ability

to accomjdate plastic strain in the presence of a notch, often referred
to as the notch~ductility. These values do not usually correlate with

values of ductility-parameters mecasured in the smooth-bar tensile test.
For any material, a functional relationship summarizing the previous

statement may be written in the form: .

. d . 4
vi = f(v, v, T, 3&3 a) (1)

The object of these efforts is the determination of the effects
of environmental (v, ;, T), metallurgical (a), and mechanical (do) factors
on the strain at which the structural member ceases to be a reliable
load-beaLing component, and instead teeters on the brink of mechanical
failure.

o make such research truly meaningful, it should be carried out on
real engineering materials of current and future interest to a wide seg-
ment of industry. A relevant application of engineering materials is
the Liquid Metal Fast Breeder Reactor (LMFBR), said to be a solution to
our country's developing energy crisis. Within this reactor, which has
stated design requirements of 30 years life at temperatures to 1200°F in
ponénts are being fabricated from Type Soulaustenitic stainless steel

(8,9).

the pre%ence of liquid sodium as a heat-transfer fluid, many metal com-
/Typlcal components, their product forms, and specific design



requirements are summarized in Table 1, Bauer and Connor (8), in their
extensive study of materials requirements for the LMFBR, have pointed out
that data to be used in the development of analytical method for elevated-
temperature long-time structural design in the elastic-plastic repgion may
be obtained from tests run in air or a suitable inert environment to
retard contamination of the specimen, rather than in liquid sodium: Two
arcas of critical importance to LMFBR designers were identified: :kl)
Data involving the determination of the values of strain-parameters at
the onset of critical events arc needed for clevated-temperature design-
analyses based on strain, rather than stress limitations; and (2) data

on the relative values of strain to the onset of critical events for
unwelded material and weldments made by processes that will beﬁeﬁployed
in the fabrication of LMFBR components. Need for the latter information
lies in the fact that, even if the weldments are as strong or stronger
than the unwelded base-metal, creep of the latter may placg additional
loads on the weldment. If the weldment has lower values of strain to
the onsetlof some critical event (such as initiation of tertiary creep
or a fast running crack) as existing data suggests, failure may well be
initiated in the "stronger" component of the structure.

It was decided to evaluate one-inch diameter bar as being typical
of a readily available wrought product form, and a two-inch thick weld-
ment fabricated from rolled plate and Type 308 stainless steel filler
metal by the manual shielded metal arc process as being typical of a
welding process used in the fabrication of LMFBR components (9). Thé

former material was evaluated in both the solution-annealed and sensi-

tized conditions, while the latter material was evaluated as welded, i.e.;



with a sensitize? heat-affected zone, which reflects the condition of
large welded LMFBR components after field-erection welding. The tempera-
ture: strain-rate envelope was selected to include typical LMFBR operat-
ing requirements: room-temperature to 1200°F (649°C) and strain-rates of

0.06 to 5 per minute (10,11).



REVIEW OF PREVIOUS VWORK

1. The Two Modes of Fracture

The two basic modes of fracturé; as described in the introduction,
are by pore formation and coalescence and by instability formation and
growth in directions of pure shear. While cavitation, or pore fb;%ation
and coalesence, has been‘accepted as one of the.two basic modes of frac-
ture for quite some time, several researchers (12-14) have stated that
it is one of the least understood failure-modes. The difficulty with
the concept of cavitation lies in the difficulties in formulatieg mathe~
matical criteria of the strain to fracture that yield predictions which
fall at all close to experimentallv-observed values (15). Conceptually,
cavitation is often envisioned as a nucleation and growth process.

After considerable plastic flow, pores nucleate at some matrix discon-
tinuity, such as inclusions, precipitates, dispersions, and.grain or
subgrain boundaries. The pores then grow with continuing plastic de-
formation and expand under triaxial stresses until they are completely
joined on the fracture surface. Thus, the material between the pores
.falls by 100% reduction of area in pure ductile fracture. Some compli-
cations occur with different states of stress, for instance in a round
tensile specimen in which a stress state favoring a shear coalescence of

the pores is generated in the necked section. Also, loads requiring

pulling apart from one edge create a '"tearing" fracture. These different



states of stress only slightly affect the coalescence stage of cavitation;
the basic mode of fracture, pore formation at discontinuities and coal-
escence by rupture between pores, is consistent.

A second mode of fracture, as described in the introduction, is
fracture by instability in directions of pure shear. The original sug-
gestion of this type of fracture appears to have been made by a Dutch
plastician, F. K. Th. Van Iterson (16). After observations of flgw in
many metéllic and non-metallic materials, Van Iierson postulated that
material achieves a new state of matter, somewhere between solid and
liquid, which he called the "plasticized state." The plasticized state
will occur in directions of zero extensional strain. Instabil%py frac-
ture is a fracture resulting from localized plastic flow, the pléstic
flow being shear deformation in directions of pure shear. Instability
deformation is not a geometric instability as necking in the round ten-
sile specimen, nor is it crystallographic slip. Spretnak (17), in a
recent summary paper, stated the three requirements for the formation of
such localized plastic flow: (a) a stress gradient, (b) a free surface,
and (c) the material must simulate the ideally plastic state,

Even though the type of deformation and direction of that defor-

. mation for instability fractures has been-defined, there are three
distinct types of fracture that can occur through instability flow.
Suppose the plane of deformation has a finite width. Then the first type
of instability fracture occurs in the casc of highly localized plastic
. £low on a plane of pure shear, with the thickness of the instability'
plane heiné smaller than the second phase particles distributed through-

out the matrix. As a result of the Intense localization of flow, the



material behaves.homogeneously with respect to the fracture process, with
little evidence of the second phase particles on the fracture surface.
This results in the topography of the fracture surface failing to show
large dimples which would otherwise be formed in a material with second

_ phase particles which underwent uniform deformation.

A second type of imstability-fracture may occur when the plane on
which instabilities lie is thicker than the size of the dispcrsed‘second
phase particles. The diffuse instability flow Qould,lead to pore forma-
tion and coalescence within the instability, as suggested by Spretnak (18).
The differences between the two types of instability fractures lie in the
widths of the plane of localized flow relative to the size of gpe.dis-
persed second phase particles and.the effect of the width on the‘process
of final fracture.

The third type of fracture which may involve instability flow is
not instability controlled, and is called a mixed mode fracture. In the
case in which uniform deformation has led to pore formation, the coales-
cence could occur if the formation of pores fulfilled the requirements
for instability-controlled flow (free surface, stress gradient, ideal
plastic material). In this type of fracture the instability fracture
causes coalescence, limiting the ductility normally found in cavitation

by limiting the amount of plastic flow required to join the pores.

2. Cavitation
The first observation of the formation of a large internal cavity
in a cylindrical tensile specimen has been attributed to Ludwik (19).

Many recent workers have reported the results of observations made on



cylindrical tensile specimens, and presented convincing arguments for the
occurrence of.ductile fracture by cavitation, for example Broek (15)
Puttick (20), and Rogers (21). Beachem (22) has given an analysis and
proof of the cavitation process being the controlling featuré in ductile
fracture, By observing actual fracture-surfaces by electron-microscopy,
Beachem was able to correlate the effects of stress-state on the ve?ious
modes of cavity-coalescence. Figure 1 presents the types of surfa;e
topography and the mode of void coalescence that caused the topography.

A. Void formation at spherical particles

1. Theories--A spherically-shaped second-phase barticlg whose
~elastic and plastic constants differ from those of the matrix will act as
a stress-concentrator. When the stiffness of the particle is mbré than
that of the matrix, stress-concentrations will occur at its poles., When
the stiffness of the particle is less than that of the matrix, concentra-
tions of stress will occur at the particle's equator. Goodier (23) has
presented calculations of the stresses developed around spherical parti-
cles. _
Gurland and Plateau (24) have proposed a simple model for cavity-
. formation in conjunction with spherical particles., They considered the
case where the particle stiffness is greater than the matrix stiffness,
which would result, if the sample were loaded in tension, in the stress-
concentrations at the poles of the particles creating tensile stresses
. over the matrix: particle interface. Their basic assumptions were that
(a) stresses in the matrix are affected by the particle over a volume.
thSe dimensions are of the order of those of the particle, (b) the size

of the initial void equals'that of the inclusion, and (e) the criterion




for cavity formation is that the surface-energy required to create the
new free-surfaces is supplied by the relief of strain-energy by void-
formation. Their results are summarized in equation (2)

1/2 1

E
Iyoid = (';.“x') ) (2)

where o is the nominal stress in the matrix, y is the surface-eneggy,
and @ is a factor representing the concentration of stress around the
particle. It has been indicated by Rosenfield (14) that the magnitude
of v in equation (2) depends on the interface-energy, Ymp s the particle's

surface-energy, Y., and the matrix surface-energy, Yigs such that

p
ri

= 2yp for fracture of the particle oo
(3)

-
'

-
]

Tyt Yp - YHP for decohesion at the interface.

Broek (15) has shown that the relationship between a and the elastic-
constants of the matrix and particle are very complex.

A mechanism and criterion developed specifically for formation of
cavities at the interface between a spherical inclusion in a shear-band
and the matrix has been proposed by Ashby (25); In this model, which was
_ developed to rationalize the work-hardening behavior of dispersion-
strengthened materials, the particle is considered to be infinitely stiff,
while the matrix is permitted to undergo plastic deformation. Because of
its presence in a shear-band, the particle stresses the surrounding
matrix, since the particle will provide a constraint to free deformation
of the hole, as is shown in Figure 2, Under load, the stresses produced
by éhe particle become large enough to exceed the yield stress, producing

plastic flow. Ashby considers this plastic flow to be secondary slip, with
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the role of relieving the stresses caused by the particles. This relief
can be produced by forming interstitial loops in areas of the matrix under
compréssion, and by forming vacancy loops in areas of the matrix under
tension, as shown in Figure 2b, Finally, coalescence of vaéancy-loops

at the particle: matrix Interface creates a cavity or void (Figure 2¢),
Assuming a linear variation of strain in the shear-band, and that void-
formation occurred when the interfacial stress exceeded a critic&l

value, 0,, Ashby obtained

oy = af 2& (4
v= . W

where € is the strain in the matrix, a.is the size of the particle, b is
the Burgers vector, a and B are two constants, and L is the length of

the dislocation-pileup. The matrix-strain, €,, of a void is

ey = G 2 oy (s)

Equation (5) predicted that the strain for void-formation would vary
inversly with the particle-size, a, while equation (2) of Gurland and
Platcau predicted a variation with the inverse square-rcot of a. This
difference could, however, be caused by a dependence of L on particle~
size.

An objection to Ashby's model is that it requires slip occur by
motion of prismatic loops. Prlsmatic loops are difficult to move, as
high stresses are required to move them in their glide-path. ﬁence, the
first vacancy loop formed should adhere to the interface and form the

required cavity. While prismatic loops are occasionally seen in as-
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quenched maferia;, probably as a result of vacancy condensation, they are
usually not observed in plastically-strained materials,

2. Experimental observations--of void-formation at spherical

inclusions are numerous (26-29). Tipnis and Cook (26), in a study of
flow and fracture in resulfurized free-machining steels, found evidence
of void-formation at the inclusion: matrix interface of spherical_MnS
inclusions under a variety of loading conditioqs ranging from tofsion to
torsion plus superposed tension or compression. Brower and Flemings (27)
on their study of chill-cast iron plus spherical FeO or $i0, inclusions
deformed in tension made direct observations of inclusion! matrix de-
cohesion using the scanning electron microscope. Broek (28), who in-
vestigated the mechanisms of void-initiation and growth in six precipi-
tation-strengthened aluminum-base alloys, found evidence of void-initia-
‘tion at interfaces between spherical particles and the matrix after
straining both 2024 and 7075 alloys in the fully-aged condition. Baker
and Charles (29), who investigated the deformation behavior of MnS
inclusions in resulfurized steels during hot-rolling, found direct metal-
lographic evidence of voids at the poles of spherical inclusions. They
postulated that the void-formation by decohesion at the inclusion: matrix
interface at the locations of maximum stress as predicted by Goodier (23)
was due to the inability of the austenitic matrix to flow arocund the non-
deforming inclusion while simultancously maintaining contact with it.
Similar void-formation by inclusion: matrix decchesions in steels con-
taining non-deforming oxide and/or silicate inclusions have also been re-
pov&ed by %ickering (30), and Rudnik (31), as well as Charles and

Uchiyama (31).
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B, Void-formation at elongated particles

1. Theories--Gurland and Plateau's (245 éondition for void-
formation has also been applied to elongated particles., For this case,
equation (2) is modified to

1/2

o, = (%fb (6)

v

A |-

where a is the diameter of the particle, A is length, and q is now a new
factor representing the concentration of stresg around the particle.
Hence, the stress for cavity-formation depends on the length of the
particle, rather than on its aspect-ratio (ratio of length to width).

It is often assumed that particles fracture by cleavage due to
stresses created by dislocations piling-up against the particlesl Two
variations of an analysis of particle-fracture by the shear-stress from
a piled-up group of dislocations have been reported by Gurland (33) and
Barnby (34). In its glide-plane near the head of the piled-up group of

n dislocations, the shear stress exerted by the group is
TEDN T,

where T, is the applied shear stress. The approximate number of disloca-

tions in the pile-up is given by

where L is the length of the pile-up, G is the shear modulus of the
material, and b is the Burgers vector. Solving for the shear-stress on

thelparticle, one obtains
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Assuming that fracture of the inclusion takes place when this stress ex-

ceeds a cpritical value T,, the condition for cavity-formation becomes

o % 1/2
= _Ter (7)

T. =
a (ZL

Equation (7) indicates that the stress T, is not a function of particle-
size. Barnby (31) claimed that 7., the particle's fracture-stress, must
vary as the square root of the .diameter of the particle; requiring that
large particles would faii- at higher stresses than small particles, which
is not realistic. Gurland (33) incorporates the effect oi: particle-size
in eguation (7) by assuming the existence of a relationship between the
size of the pile-up and the spacing and size of the particles .:.

Broek (15) in his study o‘f ductile fracture in precipitation-
strengthened aluminum alloys, raised the point that second-phases formed
by solid-state precipitation-reactions are metallic in nature and should
be capable of some plastic-deformation before fracture. He then pro-
posed a criterion for fracture of limited-ductility metallic particles
involving their undergoing plastic deformation in tension during strain-
ing of the matrix until the ductility of the metallic particle is exhaus-
ted and fracture results. Since these particles are almost always
stiffer than the matrix, compatibility of deformation between the parti-
cle and matrix will develop higher stresses In the particle than in the
matrix. This stress-concentrating effect results in the particles fail-
ing at relatively low overall strains. Broek assumed that the metallic

particles would fracture when the maximum strain '1n the inclusion,
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which would be developed at its mid-length according to his elastic-
analysis, exceeds a critical value, Limited agréement with experiment
was obtained.

2. Experimental observations--of void-formation at elongated

particles are numerous (26, 23, 35, 36). Tipnis and Cook (26} found
extensive evidence of void formation associated with both inclusion:
matrix decohesions at the duplex-phase tails of ductile (Fe, Mn) S inclu-
sions and by fracturing of noanefbrming MnS inclusions in resulfurized
free-machining steels deformed in torsion both without or with super-
posed axial tension or compréssion. Similar results were ;een by Baker
and Charles (29) in their studies of deformation of MnS inclusibns in
resulfurized steels by hot rolling. iy

. Shapiro and Dieter (35) féund evidence of void-initiation by both
inclusion: matrix decchesions and by fracturing of inclusions, probably
oxides and carbonitrides, during torsion-testing of a Fe-Cr-Ni alloy
(Inconel 600) at B800°F to 1200°F, No attempt was made to correlate
macroscopic loading-conditions (torsion versus torsion plus superposed
tension or compression) with the two modes of void-formation.

Driver (36) in his study of glevated-temperature fatigue-failure
in types 304L, 304H, and 321 austenitic stainless steels, found metallo-
graphic evidence of void-initiation by decohesions at the interface be-
tween elongated M,yaCq grain-boundary carbides and the austenitic matrix.

In the case of dispersion-hardened materials, which are usually
strengthened with oxide particles, one would think that the cohesive
strength between the matrix and the oxide particles is low. As a conse-

quence of the concentration of stresses at the particle-poles, relatively

. e ——
b

s
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low stresses are needed to exceed the matrix: oxide interfacial strength,

resulting in cavities being found at the poles (37-39),
On the other hand, evidence for void-initiation by parti
fracture alone has been seen (28, 34, 40)., Broek (28) .in his i

tion of void-initiation and growth in precipitation-strengthene

cle-
nvestiga-

d aluminum

alloy, found extensive evidence of void-initiation due to fracture of

-] o K
elongated inclusions of sub-microscopic (1000A-3000A) -size. No evidence

of fracture of €' particles, also present in one of the alloys
these inclusions, was seen. Barnby (34) and Barnby and Peace (
their studies'of tensile and fatigue deformation of austenitic
steel sensitized to produce extensive precipitates of rod-like
carbides, found that void-initiation in the matrix occurred onl

extensions of transverse cracks originating within the elongate

containing
40) in
stainless
M53Cs

y.at the

d car-

bides. No evidence of void-initiation by decohesion at the carbide:

matrix interfaces was seen.

C. Void-coalescence

Gurland and Plateau (24) have proposed a model for coalescence

of voids. Their assumptions include considering the void as an idealized

ellipsoid, considering the inclusion to be non-deformable relative to the

matrix, considering that growth of the void is due to tensile rather than

shear strains, and assuming the the effect of strain-concentration at the

equator of the ellipsoidal inclusion can be incorporated in a strain-

concentration factor k., where

da€,

) .
ke = = 14 C 2, (8)
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In equation (8), a and p are major and minor axis of the void, € is the
strain at the equator, € is the nominal strain in the matrix, and C is a
constant. Their final result for the strain in the matrix at failure,

€g¢, is given by

€Ef = €, %—zn (-g- £1/3 4+ 1) (9)

where €, is the strain to create a void, and D is the mean distance be-
tween centers of the particles at the instant of fracture, and is related

to the mean distance between particles in the undeformed alloy, D,, by

D = D, exp [~(e ~ €,)1.

¢

However, Gurland and Plateau's assumption for their strain-conéentpation
factor, kg, is open to question, casting a suspicion as the basic valid-
ity of their analysis.

Thomason (%#1) has proposed a different criterion for void-
coalescence. For the two-dimensional case, he examines the conditions
for necking of the matrix between regualrly-distributed voids of square
cross section in an element of unit thickness (Figure 3). He assumed
that necking occurs if a critical value is exceeded by o, the net sec-

tion stress. The nominal stress, o,'is related to the net-section stress

by
Oax = oy, (dx-nw)
or
nw
o =0, (1 - el (10)

The volume-~fraction of cavities may be calculated from Figure 3 as
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Therefore, the condition for necking (coalescence) becomes
O¢ = C(l—fllz)

where C is a constant, and og is the fracture-stress. This equation is
Thomason's basic result. -
Recently, Thomason (42) extended the above analysis to the case
where the model depicted in Figure 3 has the cavities filled with hard
prismatic particles that are firmly bonded to the matrix.‘ Thomason
assumed that matrix: particle decohesion océurs when the interfacial
tensile stress reaches a critical levei, go» ¥Which is independé;t of any
shear stress acting along the interface. Thomason also assumed that at
the onset of internal necking no change in stress occurs at the top and
bottom surfaces of the particles, and that the matrix obeyed the Levy-
Von Mises flow-rule and the Von Mises yield criterion. He stated that
two possible situations existed at the moment of macroscopic tensile
instability; (a) flow without decohesion at the inclusion: matrix inter-
face, and (b) flow with decohesion along the upper and lower faces of the
" particles but not along the sides (Figure 4). The general cohdition for
incipient internal necﬁing between particles is that the load to cause

internal necking, Ly, becomes just equal to, or less than, that roqyircd

for uniform flow,L , i.e.
Ly €Ly (11)

After considerable mathematics, Thomason concluded that when decohesion
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failed to occur at the particle: matrix interface, internal necking could
also not occur and, if internal cavities are not created by other mechan-
isms, such as fracture of the particle, this jdealized material can
“fail" only by 100 percent reduction in area at an external neck. For
the case of particle: matrix decohesion, Thomason concluded that the
ductile matrix-material could be strained in the z direction until the
cavities at the ends of the particles have been elongated enough’to
enable internal necking to take place. Then, &uctile fracture will
occur. He also concluded that prevention of complete particle: matrix
decohesion, {.e., maintainence of particle: matrix contact along the
sides (Figure 5) will delay the omset of ductile failure by in;efnal
necking between particles and so increase the macroscopic ductiiity of
the material.

McClintock, Kaplan, and Berg (43) presented a detailed treatment
of void-formation and coalescence. Considering a two-dimgpsional sec-
tion through a linear-hardening material containing uniformly-spaced
cylindrical holes that was subjected to a combination of shear and
hydrostatic tension, they calculated how the holes would deform under
the stated loading-conditions. They found that the holes elongated in
the direction of principal stress, but ﬁbat the deforﬁation of shear
bands rotated the holes into the direction of principal stress and tended
to close them (Figure 6). Fracture occurred when the boundaries of the

deforming elements in which the holes lie make contact with the holes

(Figure 6). This implies that the majority of the elements will be so

unfavorable located that when boundaries and holes come fnto contact, they

touch and coalesce simultaneously. The main objection to this model is
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that it works best for non-rigid inclusions i.e., voids, In the case
of a real material in place of the void, say a relatively rigid oxide
or carbide, free deformation of the void is seriously retarded. An-
other objection is that the model is two-dimensional.

Broek (44) has proposed a model for void-coalescence based, in.

part, on the following experimental observations be made on precipita-

-

tion-hardened aluminum alloys:

(1) Voids assoclated with large incluéions, hence large enough
to be seen through the optical microscope, are not essential to the
fracture process., '

(2) Fracture of elongated particles leads to creation‘Pf cavi-
ties in the matrix long before fracture of the sample occurs.,

(3) cavity initiation before fracture was seen to a very limited
extent, Cavity initiation on a large scale probably led to spontaneous
growth and coalescence.

(4) Growth of cavities by slip-plane decchesion, ;ﬁder the action
of shear stresses, occurred mainly in a direction normal to the applied
tensile stress.

Dislocation pile-ups form at particles during plastic-flow, as
shovn in Figure 7. Primary loops shown in Figure 7a form by a mechanism
proposed by Hirsch (45) and.hshby (u6). Thé'particle repels the loops
through the action of the loop's image forces. Opposing these image
forces are stresses generated by the pile-up and the applied stress,
whichare acting to push the leading loop towards the particle, When the

image forces are less than the back stress on the leading loop, the lead-

ing loop will move towards the particle: matrix interface. Where several
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loops are pushed into the interface it becomes possible for a decohesion
to take place along AB in Figure 8, forming a void., Formation of the
embryonic void causes the repulsive force on subsequent loops to be
drastically reduced, enabling the majority of the dislocations in the
pile-up to empty themselves into the newly-formed void. Dislocation
sources bchind the loops, which were shut off because of the constr;iﬁt
of the pile ups, can resume action. Hence, the process can, in ﬁginciple,
lead to unstable void growth and coalescence aimost immediately upon for-
mation of the voids (Figure 8), Actually, the situation of a single
giant pile up probably would not occur. Friedel (47) argued that plastic
relaxation of the stresses created by the pile-up began when tne stress
exerted on secondary sources by the piled-up group exceeded the elastic
limit. He showed that pile-ups in face-centered cubic erystals should
relax if they contain greater than about five dislocations, which implies
that many pile-ups must be formed on different slip planes (TFigure 8f),
This situation would also lead to decohesion at particle: ;atrix inter-
faces when one or more dislocations are pushed into the interface. There,
neﬁly-formed voids can grow, due to dislocations on other slip-planes
that are attracted to the voids (Figure 8g). This growth is depicted in
Figure 9. Broek was unable to evaluate the model because of the complex-

ity of the mathematical methods that are available for three-dimensional

problems of this nature.

3. Instability Flow and Fracture

A. Observations of fracture by instabilities

Localized flow has been observed in many non-metallic materials,
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such as high polymers (u8) and molding sands (49). Little research
effort has been‘aimed at investigating this phenomenon. Rogers has
proposed an additional fracture mode, namely void sheets, that is in
fact the diffuse-instability-controlled fracture (21).. These void sheets
are small regions of shear deformation, usually associated with shear
lips in a round tensile specimen where voids have formed and coalesced.
Several other investigators have reported the appearance of a digfuse
localized. flow at the shear lip in tensile speéimens (50,51). Hayden and
Floreen have presented some convincing evidence of diffuse instabilities
leading to fracture (52). In their work with notched bars of 26Cr-6Ni
stainless steel, evidence of localized flow is clear because of‘fhe
duplex microstructure of the material. Localized flow followed the
predicted path of pure shear. Figure 10 is a reproduction of a photo-
micrograph made by Hayden and Floreen. That the diffuse flow in Fig-
ure 10 is in the direction of pure shear can bhe made by a comparison with
Figure 11 (3).

Several early studies which had as their purpose the investigation
of localized flow failed to show any clear-cut relation between the
apparent localized flow and the fracture process (53-57). Most of
these studies indicated that fracture occurred at interfaces between re-
gions of localized and uniform flow. The width of the regions of local-
ized flow in relation to the microstructure was not determined.

Considerable evidence of coalescence of voids by instability
fracture has recently become available in the literature. In studieé on
hot-working of resulfurized free-machining steels containing (Fe, Mn)S

inclusions of various morphologies, Baker and Charles (29) found evidence



22

of void coalescence by a localized shear mechanism in the matrix directed
towards nearby inclusion neighbors. The scale of localization appeared
to be on the order of the size of the inclusions to slightly smaller.
During room temperature torsional deformation of resulfurized free-
machining steels similar to those just described, Tipnis and Cook (26)

observed localization of plastic flow leading to cracking in regions of

-
-

the matrix between elongated ductile tails of duplex-phase inclusions.
Brower and Flemings (27), in their study of th; ambient temperaturc
tensile properties of chill-cast Fe-FeO and Fe-S5i0, alloys, found ample
evidence of failure by localization of plastic flow between voids formed
by inclusion: matrix decohesions. The. scale of localization appeared to
be on the order of the diameter of the inclusions to slightllea}ger. In
sensitized type 316 austenitic stainless steel, containing about 3 v/o
rod-like Mp3Cg carbide precipitates, deformed ié either tension or hipgh-
strain fatigue, Barnby (34) and Barnby and Peace (40) found evidence of
propagation of voids by localization of plastic flow in the matrix be-
tween voids formed by the fracture of carbide rods. The scale of locali-
zation appeared to be on the order of the diameter of the rod-like parti-
cles, and much less than the length of the particles. Also, some coales-
cence of large voids, not nacessariiy formed by plastic flow but probably
inherent voids, has been seen and reported. Rogers reported such a con-~
centration of flow in steel (21). Troiano and Kochera found highly
concentrated shear flow between large voids in a copper-tin alloy (58),
substantiating the concept of a cavity creating the necessary conditions

for.instability-flow.
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Localized.plastic flow is very difficult to detect on a fine scale.
Little evidence ;f finding a layer of localized plastic deformation which
has a thickness smaller than second phase particles has been reported.
Recently, McGarry (59), in a study of the effect of strength level and
strain-rate on the mode of fracture-initiation in AISI 4340 steel, found
that for higher strength levels the high strain-rates produced instability
fractures wherein the localized plastic flow appeared to be on a ;cale
smaller than the temper-carbides. The only othér direct evidence of this
extreme localization of plastic flow is seen in the work by Barnby (34)
and Barnby and Peace (40) on sensitized Type 316 stainless steel referred
to earlier, wherein propagation of the fracture was by localized plastic
flow, “shear bands" to use the authors' feiminology, on a scale of the
rod-like carbide's diameter, which was much less than the particles'
lengths, However, some indirect evidence of instability fracture in which
the layer of localized flow is smaller than second phase particles has
been publisﬁed. Griffis and Spretnak (60) have proposed that the plastic
stretch zone associated with pre-fatigued fracture specimens is an insta-
bility fracture. The fracture surfac; of the plastic stretch zone is
feailurless as expected for an instability fracture in which the width of
" the regionof localized plastic flow is extremely small. Also, Spretnak
has proposed that quasi-cleavage fracture is an instability fracture.
Some convincing information that supports this idea was found by Chang (61)
who discovered the existence of plastically deformed metal just below the
surface of a quasi-cleavage fracture. |

This observation showed that the fracture is not a classical cleav-

age fracture, i.e., a fracture that occurred by the stresses reaching the
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cohesive strength of the metallic bonds, but that there is highly local-
ized plastic flow associated with the fracture process. The quasi-clea-
vage fracture surface has been found to have little or no second phase
particles on it, which substantiates the requirement of an instability
fracture resulting from highly localized plastic flow. -

B. Factors affecting instability behavior

Many investigators have studied the effect of strengtﬁ-level
and strain rate on instability formation. Hosé of these studies were
conducted by torsion testing in which instabilities can form and propa-
gate along the surface of a torsion bar. The instabilities are visible
with the naked eye which makes studies much easier than those §n which
metallography is required to detect localized flow. -

The earliest studies of instability behavior in torsion were re-
ported by Rybalko (53), who examined the room-temperature torsional-
deformation behavior of a quenched and tempered low alloy steel as a
function of tempering temperatqre (strength level). He found that local-
ization of plastic flow occurred long before final fracture and that the
strain to the first localization of plastic flow increased with increas-
ing tempering temperature (decreasing strength level)., Rybalke suggested
that the value of the strain to first localization of plastic flow be
considered as a new material paraméter characteristic of the incidence of
the beginning of the failure process.

Rybalko and Yakutovich (54,55) have reported on the stationary and
nonstationary zones of localized strain developed in quenched and teﬁpered

steel bars twisted in torsion. The physical cause of nonstationary

zones was attributed to the microstructural heterogeneities, and that of
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the stationary type to physical weakening or work softening. Localiza-
tion of torsionél strain was suggested as an important step in the tor-
sion test. It was supgested that the steps involved in the process are
(a) thermal hardening, (b) physical softening, and (c) thermal softening,
They reported that the amount of stable or non-localized strain decreases

monotonically with Increasing strain rate. The mechanism of fracture in

these bands of unstable flow was the coalescence of micro-cracks, l-2
microns.in length. These cracks were found to'be oriented at 45%° to the
axis of the specimen and it was concluded that tensile stresses are res-
ponsible for their propapation. It was proposed that the!strain rate at
the localization of plastic flow may be an important material parameter.

Zelova, Demina, and Fridman (56) applied the knurled gvid techni-
que to the surface of cylindrical steel torsion specimens. Analysis
of the grid distortion on specimens after twisting showed the gross
nature of the localized flow. It was emphasized that mean}ngful strains
must be calculated from the local plastic deformation in the zone of
greatest plastic shear. It was also observed that low tempering tempera-
tures promoted heterogeneous flow in steel torsion specimens. It was
found that surface-quality of the specimens greatly affected the strain
to fracture, in that mechanically-polished specimen showed much higher
values of this parameter than did the ground specimens, |

Polokowski and Hostovoy were the first -in the United States to
report on studies of instabilities in torsion (57). Their work with
copper and a two-phase copper alloy, as well as cold drawn AISI 1ou5'and

AISI 4340 steels resulted in their concluding that torsional instabilities

-
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formed in s}ngle;phase metals and alloys which have low strain hardening
coefficients, and did not form in two-phase alloys.

Fields and Backofen (62), in their work on 2024 aluminum alloy,
observed that a low strain hardening coefficient and low strain rate
sensitivity are factors which promote localized deformation. Absence of
significant localized flow was observed for the case of low strain har-
dening coefficient with high strain rate sensitivity. B

Spretnak (17) studied the occurrence of iocalization of plastic
flow, both in tension and torsional straining, in six ultra-high strength
low-alloy steels. Testing was carried out at room-temperature at a con-
stant crosshead speed (in tension) or speed of rotation (in torsion). He
found little or no correlation between the torsional strain at the onset
of the first localization of plastic flow and the corresponding tensile
strain, obtained from the maximum-load point in tension, converted to
the state of strain of torsion, supporting the contention ?hat the two
phenomena of localization of plastic flow are fundamentally different.
Reducing the strength level of the steels, in general, increased the
strain to first instability. The strain to first instability and the
total torsional fracture strain varied greatly among the steels, indi-
cating a possible relationship to fine microstructural differences.
Higher stress gradients (smaller specimen diameters) favored smaller
values of strain to first instability,

The formation of instabilities and the stress gradient effect were
alos found in slow bend tests of U-notch and V-notch bars by Griffisvand

Sprétnak (63). In the tests on notched bars of AISI 4340 steel at an

uitimate tensile strength of 180 ksi and higher, instability formation as a
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cause of fracturg was proposed by these researchers because fracture
initiation in tﬂ; notched bars was a displacive fracture which followed
the directions of pure shear (characteristic directions). The V-notch
bars exhibited smaller strains to crack initiation than did the U-notch
bars, due to the higher stress gradient in the V-notch bars causing
earlier instability formation, leading to a sméller strain at the notch
at the instant of crack-initiation. )

Ernst and Spretnak (6u4) studied the effect of strain rate on insta-
bility behavior in torsion on two ultimate tensile strength levels (180
and 220 ksi) of AISI 43u0 steel, unalloyed titanium, and alpha-beta titan-
ium alloy (Ti-13V-11Cr-3Al), and a precipitation-hardened alum%num alloy
(7075) at room temperature. They found that the steel showed.an'impor-
tant strain-rate dependence of the strain to first instability (Figure 12),
whereas the strain to first instability in the non-ferrous alloys was
relatively insensitive to shear strain-rate. At a tensile strength level
of 180 ksi, the 4340 steel exhibited a critical strain rate below which
no instability bands formed before failure, which is in agreement with
Rybalko's (53) observation that higher strain-rates favored lower strains
to First instability. The non-ferrous alloys conSistently formed a
sinple strong instability band immediately prior to failure, and showed
strain-hardening response up té the onset of the single strong insta-
bility. The high strength steel showed more tolerance to instability
bands prior to final fracture, as compared to the non-ferrous alloy.
Longitudinal sections through failed specimens demonstrated that the

" shearing instability bands penetrated completély across the specimen

cross section,
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Chakrabarti (65) studied the flow and fracture behavior of alpha
and alpha-beta brasses at room temperature in both tension and torsional
loading. Failure occurred after the onset of instabilities, their move-
ment along the gage length, and the development of a fiﬁal,'strong,
instability. This is in contradistinction to the behavior seen in un-
alloyed titanium and various precipitation-strengthened titanium épd
aluminum alloys, wherein failure occurred immed;ately after the develop-
ment of the first instability (64). Failure to maintain strain-hardening
ability (attainment of the ideal plastic state) prior to failure in tor-
sion testing was observed. A dependence of the strain to first insta-
bility on grain size was seen, in that the coarser the grain size, the
lower the strain to first instability. The observance of instébilify
formation in the two-phase alloys is in contradistinction to a claim by
Mostovoy and Polakowski (57) that i;stability-fbrmation occurs only in
single-phase alloys. .

Vanecko (66) stated that suppression of instability formation in
AISI 4340 steel tested in torsion at cryogenic temperatures under condi-
tions of convective cooling implied that the rapid removal of any locali-
~ zation of heat due to localization of plastic flow is important in the
suppression of instability formatioﬁ. Similar results had been seen by
Stlwe and Asbeck (67) in torsion tests on a rimmed low-carbon steel.
However, no tests were run in a non-convective cooling medium to deter-
mine specimen behavior under these conditions. Vanecko also investiggted
the nature of the ductile-to-brittle transition in a rimmed low-carbon
steei and found that instability formation and loss of elongation in

the tensile test of this material, and the loss in ability to strain-
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harden as reflected by a decreasein strain-hardening coefficient values
with decreasing temperature,were definitely related. This material first
underwent LUders deformation, followed by necking, then by instability-
formation along trajectories of pure shear in regions that has previously
underwent Lilders deformation. Fracture was, in all cases, associated
with one or more instability bands.

Meyerer (68), using AISI 4340 low-alloy steel heat-treated to
ultimate tensile strength levels of 168 ksi and 210 ksi, studied the
effects of strain rates from 0.15 to 2.2 per minute and temperatures
from 200°F to 800°F on the localization of plastic flow and fracture.
Several distinct modes of localized plastic flow in torsion tegts were
seen: (a) Aiffuse flow, defined as a regional shear gradient*o;ér a
significant portion of the gage<length, without distinct boundaries;

(b) instability interfaces, defined as very thin regions of highly con-
centrated shear-strain on planes normal to the specimen axis; and (c)
instability bands, defined as regions of concentrated shear strain
between slowly-advancing interfaces on planes of pure shear,’whose
appearance were much more gradual transitions of localized flow than
instability interfaces. The first were seen at low temperatures and
strain-rates, the second at all strain rates at temperatures up to 800°F,
and the third at the lower temperatures (to 400°F). The effects of in-
creasing température on the strain to first instability and‘'strain to
fracture were ambiguous. ULongitudinal sections through fractured samples
confirmed that instabilities extended completely through the cross
secfion of'the samples. Increasing the strain-rate decreased the strain

to first instability as had been seen by Rybalko (53) and Ernst and

.-t
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Spretnak (64). The susceptibility to formation of instabilities was
found to be higher for the higher-strength low strain-hardening coeffi-
cient material.

Recently, Tanaka and Spretnak (69) investigated the formation and
propagation of instability bands during torsion testing of AXSI 4340 low-~
alloy steel at room temperature., They concluded that instability bands
formed after saturation of strain-hardening by dispersed carbide parti-
cles, Beyond this strain, the matrix becomes transparent to the carbide
particles. They observed that the instability interfaces advanced
spirally in the axial directions of the sample, and when the interface
becomes stationgry, fracture was ngcleated at an axial distortion in the
interface. Fracture by the instability did not involve pore formation
and coalescence, so is of the "pure instability" mode.

C. Summary of factors that affect instability formation and

propagation. ;
. LObservation of the conditions under which instabilities form
anéﬁpropagate lead to several conclusions; (a) instability formation is
favored at higher strain rates, (b) instability‘formation also is favored
‘at higher stress gradients, and (c¢) instabilities form more easily in
materials with a low strain-hardening coefficient and with a low strain

rate dependence of flow stress.




MATERIALS AND SPECIMEN PREPARATION

The compositions of the.type 304 bar and plate used in the fabpri-
cation of specimens is shown in Table 2. Conformance to compositional
requirements of ASTM Specification A296-67 was maintained. Also shown
is the composition of the weld-metal deposited by the manual metal arc
process ﬁuriﬁg the fabrication of a 2 inch thick plate weldment using
1/4" diameter E308-15 electrodes, which was done by the Combustion
Division of Combustion Engineering, Inc. according to the conditions
summarized in Figure 13. Before machining into test spccimens: bar stock
was solution annealed for 10 minutes at 2000°T and water quenched, A
sensitized microstructure was produced in half of the solution-anncaled
sample-blanks by heating for 24 hours at 1200°F and water-quenching, and
sensitization was confirmed by optical microscopic examination. Speci-
men configurations for base metal tests are shown in Figur; 14, while
specimen configurations for weld-metal and weld-joint tests are shown
in Figure 15. After heat-treating or welding, specimens were machined
to the configurations shown in Figures 14 and 15, After machining, the
gage sections were ground to reduce out-of-roundness and taper to 0,0005
inch or less., The gage sections then were polished on a lathe through
4/0 grade metallographic paper and with 5 um alumina to eliminate surface

scratches that would act as stress raisers, Immediately before testing,

the diameters of the gage scctions of the torsion specimens were measured

al
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with a micromet?r at three positions along the gage section and at 120°
circumferential intervals at each position. Also, each gage section is
marked with three ink lines. These ink lines are equally spaced around
the circumference of the bar and are parallel to the specimen axis.
They aid in the identification of localized plastic flow during subse-

quent testing.



EQUIPMENT DEVELOPMENT

A schematic diagram of the elevated-temperature torsion-testing
apparatus is shown in Figure 16. ‘The same torsion apparatus was used for
room-temperature tests, with the gas-drying train disconnected and the
specimen furnaces removed. T

The main specimen furnace is a three-zoné, 2-1/2 inch wide, water-
cooled, radiant heater (Pesearch Inc., Model 7ZH3A), which was modified to
permit viewing of the torsion specimens during testing, Power to the
center zone was manually controlled by a variable autdtransformgp kVariac,
Type 126) and the end zones wére controlled by temperature controllers
(Research Inc., Model 624A) and power controllers (Model 632 Phasers).

The specimen was centered in a 3-1/8 inch-long by 1 inch diameter
Vycor tube that had end seals to permit an argon flow of about 4 cc/s at
a small positive pressure, and specimen rotation during testing. The
tank argon was purified in a drying train consisting of separate bottles
containing Drierite (to remove moisture), Ascarite (to remove CO,) and
anhydrous magnesium perchlorate (to remove moisture). The argon then
‘flowed through a U-tube immersed in a dry-ice/methanol mixture that
cooled the gas to -108°F (-78°C) to remove moisture. The aﬁgon was
finally passed through light copper trimmings that were maintained at
275°C (527°F) to remove oxygen.

The specimen temperature was monitored by two 0,020-inch diamet;r

stainless-steel sheathed and grounded chromel-alumel thermocouples (Omega

33
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Engineering, Inc:, SCA55-020G-6). They were fed through glass capillary
tubing to maintain alignment and lightly held against the specimen gage
section at the positions of the furnace end zones with rubber bands,
shown in Figure 17. The thermocouple leads were connected to the end-
zone temperature controllers.

To produce a uniform temperature (* S°F) (} 3°C) along the test

e
o

specimen gage length, auxilliary resistance heaters were constructed and
installed between the radiant furnace and the eﬂds of the specimens.
The heaters were required to reduce the flow of heat of the ends of the
gage section, which had previously resulted in a higher temperature at
the center of the gage section than at the ends. These heaters were
" constructed by winding 0,036 inch diameter Kanthal 1A wire on a 1-5/16
inch long by 1-1/8 inch I.D. threaded ceramic spool. The heater core
was positioned concentrically in a 1-5/16 inch long by 6 inch diameter,
Schedule 40, aluminum pipe and the empty volume was filled with Fibrefrax
insulation. Heater end-plates with a 3/4 inch diameter opening, and
sliding doors with a 1/2 inch diameter opening, were constructed from
1/8 inch thick Transite asbestos board. These heaters were positioned
on each side of the radiant heating furnace, as shown diagramatically in
Figure 16 and pictorially in Figure 18. Power to each heater was controlled
by a variable autotransformer (Variac Powostats Types 116B and 126).

The temperature-controller and auxilliary-heater settings required
for each test temperature were established using a test specimen having a
1/8 inch.diameter hole along its axis. A chromel-alumel thermocouple;
with the lead wires fed through a 17 inch long by 3/32 inch diameter

2 hole alumina protection tube, was inserted in the axial hole with the
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welded bead in contact with the hole surface, Temperatures were measured
at three positions along the reduced gage section of the calibration bar,
using a millivolt potentiometer (Leeds and Northrup Catalogue Number
8686) and the settings were adjusted to achieve a temperature within

5°F (3°C) of the desired test temperature along the reduced page section,
The controller and heater settings were recalibrated after about gaqh 6
torsion tests at a given test temperature and before beginning tests at

a different temperature. Using this procedure, the specimen temperatures
were maintained within + 10°F (+ 6°C) of the desired test temperatures.

Twist was applied by a 3/4 hp. precision variable-sbeed d.c,
motor that was adjustable from about 500 to 2070 rpm. Various &ombina-
tions of spur gears and worm gear reducers allowed shear-straiﬁ rates
in the range of 0.004 to 8.7 min~l to be achieved.

The torque was measured by the voltage output of four resistance
strain gages bonded to the surface of a tubular load cell and connected
to a bridge amplifier (Honeywell Accudata, Model 113). The calibration
factor for this load cell was determined by application of static moments
from 8.8 to 970 in-1lb and found to be 1l.45 pV/in-1b/V excitation. The
_ torque transducer was attached to the non-rotating grip of the apparatus.

This grip was mounted in ball-bearing bushings and was free to move

axially so that axial loads were not imposed during torsion tests. Torque

was continuously recorded during each test on a multi-channel oscillo-

graphic recorder (Honeywell, Model 906C),
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EXPERIMENTAL PROCEDURE

During each torsion test, the following basic data were obtained:
(1) Specimen gage-section temperature at the start of
each test,
(2) Shear strain rate at the specimen surface, ;, ’
(3) Shear strain at the onset of localized flow, Yoo
(4) Torque versus time throughout each test,
(5) Shear strain at fracture, vg. ‘

The shear strain rates, Y, were computed from the measured twist

" pates using the following equation: &

Y=390

o)

where r is the radius of the gage section in inches, & is ?he gage length
in ipcﬁes, and 0 is the twist rate in radians per minute. Twist rates |
were determined from timed rotation of the rotat;ng head.

The shear strain at the onset of localized flow was calculated as
the product of the strain rate; which was constant, and the time from the
beginning of the test to the occurrence of the instability. The point of
instability was indicated by an event marker connected to a different
channel of the recorder than that used to record torque. Timing lines
recorded by the oscillograph ( 100, 10, or 1 line(s) per minute) aided in
-accuraté heasurement of time during each test. The oscillograph chart
speed (0.2, 1, 5, or 25 incheses per minute) was selected to provide a

-
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record at least 12 inches long, and usually about 36 inches long, so that
torque and straih values could be accurately measured.

After each elevated-temperature test specimen was installed in the
apparatus, the following steps comprised the testing sequence:

(1) The glass cell was purged with high-purity argon for at least
30 minutes before heating was begun;

(2) The radiant-heating furnace and auxilliary resistancéﬁheaters
were turned cn and the specimen was brought to the test temperature in 1
to 1 1/2 hours, in accordance with the results of the calibration experi-
ments; '

(3) The motor-speed seiting was adjusted to the desireq'value and
the proper gears were installed for speed reduction; i1

(4) The strain-gage bridge amplifier was zerced and set for the
appropriate full-scale torque value; J

(5) The oscillograph was set at the desired chart speed and
timing-line spacing; .

| (6) The motor was started and the specimen surface was observed
throughout the test in order to indicate the onset of localized flow on
the recorder ;nd also to permit description of instability behavior. The
" rotating head was timed.

(7) After the specimen fractured, the testing-equipment components
were turned off, the recording chart was marked for identification, and
the specimen was removed for diameter measurement and subséquent examina-
tion; '

(8) "The torque-time recording was analysed to determine the shear

stress-shear strain curve,



RESULTS

1. Base Metal

Single torsion tests were conducted on specimens in the solution-
. annealed and solution-annealed plus s;nsitized conditions at 75°F (2u°C),
500°F (260°C), 1000°F (538°C), and 1200°F (649°C) at nominal shear strain-
rates of 0,07, 0.6, 2.5, and 4.8 per minute. Single tests were also con-
ducted on solution-annealed specimens at a strain-rate of 2.5 per minute
at temperatures of 4O0°F (204°C) and 600°F (316°C), These specimens had
gage-sections that were 0.300 inches in diameter, which had previously
been adopted as the "standard" gage di;meter. Results of thegg tests are
summarized in Table 3. To assess the effects of varying the stress-
gradient on the strain to fracture and strain to first instability,
additional tests were conducted at S500°F (260°C) and over the entire
strain-rate envelope on solution-annealed bars with gage-diameters of
0.250 inches and 0,200 inches, respectively. Results of these tests are
summarized in Table 4.

Strain to fracture is presented as a function of temperature in
" Figures 19 and 20 and strain rate in Figure 21, For all four strain-
rates for the solution-annealed material, and for the fastest three
strain-rates for the sensitized material, the strain to fracture went
through a maximum at 500°F (260°C) and decreased monotonically with
temperature to 1200°F (649°C)., Sensitized material tested at the slowest
strain-rate (0,07 per minute) showed approximately equal strain-to-
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fracture values at 75°F (2u°C) and 500°F (260°C, with a monotonic decrease
of strain to fracture with increasing temperature to 1200°F (649°C). .
As a function of strain-rate, the strain to fracture values follow
no clear-cut pattern at 75°F (24°C) and 500°F (260°C); being alternately
lower for solution-annealed material than for sensitized material at low

strain-rates at 75°F (24°C) and high strain rates at 500°F (260°C). Con-

-
-’

versely, the strain to fracture for solution-annealed material was higher
than that shown by sensitized material at high strain-rates at 75°F (2u°c)
and low strain-rates at 500°F (260°C). However, for all strain-rates at
1000°F (538°C) and 1200°F (649°C), the strain to fracture values were
higher for sensitized material than for solution-annealed material.
Strain to first instability is presented as a function bf'tempera-
ture in Figures 19 and 20 and of strain rate in Figure 22, For the
fastest two strain-rates (4.8 and 2.5 per minute), the strain to first
instability for both material-conditions went through a maﬁimum at 500°F
(260°C) and then decreased monotonically with increasing temperature.
For the next slowest strain-rate (0.60 per minute), the solution-annealed
material showed a general trend to decreasing values of strain to first
instability with increasing temperature. As the same strain-rate (0.60
per minute), the sensitized material showed a maximum in the strain to
first instability at 1000°F (538°C). At the slowest straiﬁ-rate employed
(0.07 per minute), instabilities were seen in the solution-annealed
material only at 1200°F (649°C), and in the sensitized material at both
' 1000°F (558°c) and 1200°F (649°C). .For both material-conéitions, the.

strains to first instability at 1200°F (649°C), the value of strain to
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first instability was the highest recorded for the sensitized material at
that temperature.

The values of strain to first instability as a function of strain-
rate follow no clear-cut pattern (Figure 22), At 1000°F (538°C), the
strain to first instability decreased with increasing strain-rates for
both material-conditions. At 1200°F (649°C), the strain to first insta-
bility increased slightly with increasing strain-rates for both ;;terial
conditions. At 75°F (24°C) and 500°F (250°C),.the strain to first insta-
bility for sensitized material went through a maximum at a strain-rate
of about 2.5 per minute, then decreased with a further inerease in strain-
rate. For solution-annealed material, the strain to first instability de-
creased with inereasing strain-rate at 75°r'(2u°c) and incveaSed with
increasing strain-rate at 500°F -(260°C).

Strain after onset of instability, defined as the difference be-
tween the strain to fracture and the strain to first insta?ility, is
presented as a function of temperature in Figure 23 and of strain rate
in Pigure 24, Consideration of this parameter was undertaken in an
attempt to assess the ability of the steel to resist failure once an insta-
bility has formed. As a function of temperature, and for the fastest
three strain-rates, the sensitized material showed a maximum in this
parameter at 500°F (260°C) with a monotonic decrease with temperatures
to 1200°F (649°C). The solution-annealed material showed similar be-
havior for strain-rates of 2.5 and 0.6 per minute. For a strain-rate of
4.8 per minute, the solution-annealed material showed a slightly higﬁ;r
value of this parameter at 75°F (24°C) than at 500°F (260°C), with the

usual monotonic decrease with temperatures above S00°F (260°C),
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The straip-rate dependence of this parameter is complex. Sensi-
tized material t;sted at 75°F (24°C) and 500°F (260°C) and solution-
annealed material tested at 500°F (260°C) show a minimum in this parametenr
at a strain-rate of about 2.5 per minute. Solution-annealed material
tested at 75°F (2u°C) shows a monotonic increase in this parameter with
increasing strain-rate. For both material-conditions tested at 1000°F
(538°C), this parameter appears to go through a maximum at a strain-rate
of about 0.6 per minute, with the sensitized méteqial better able to
resist the onset of fracture once an instability had formed., For both
material-conditions tested at 1200°F (649°C), this parameter went through
a slipht maximum at a strain-rate of 0,6 per minute. Little d%fférence
between the behavior of sensitized and solution-annealed material con-

ditions was seen at 1200°F (6ug°C).

2. Stress Gradient Effecets

Effect of a stress-gradient on the flow and fracture behavior of
type 304 stainless steel bar is discussed in terms of the variation of
strain to fracture, strain to first instability, and strain after first
instability with increasing bar-diameter (decreasing stress gradient).

Strain to fracture as a function of increasing bar diameter (de-
creasing stress gradient) at 500°F (260°C) is presented in Figure 25,

For the fastest strain-rate, 4.8 per minute, the strain to fracture in-
creased with increasing stress-gradient. For the remaining strain rates
of 2.5, 0.6, and 0.07 per minute, the strain to fracture decreased with
increasing‘stress gradient, Strain to first instability as a function of

increasing bar-diameter (decreasing stress-gradient) at 500°F (260°C) is
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presented in Figure 25, For strain-rates of 4.8 and 2,5 per minute, this
parameter decre;sed with increasing stress-gradient. For a strain-rate
of 0.6 per minute, no consistent variation of this parameter with increas-
ing stress-gradient was seen, No instabilities were seen at a strain-rate
of 0.07 per minute,

Strain after the first instability, defined as the difference be-
tween the strain to fracture and the strain to first instability:'is
presented as a function of increasing bar-diameter (decreasing stress-
gradient) in Figure 25, Consideration of this parameter was undertaken
in an attempt to assess the ability of the steel to resist failure once
an instability has formed. For strainfrates of 4,8 and 2.5 per minute,
this paraméter increased with increasing streés-gradient. For a strain
rate of 0.6 per minute, this parameter decreased, then increased with
increasing stress-gradient. Hence, even in the presence of increasing
stress-gradients, the material scemed able to resist fracture once locali-

r

zed plastic flow had begun.

3. Welded Plate‘

Torsion tests were conducted on specimens cut from the 2 inch
thick welded plate previously described in the section entitled "Materials
and Specimen Preparation.!" Two types of specimens were used: all weld-
metal specimens, vhere a 1 inch long by 0.300 inch diameter'éage-length
was located completely in the fusion-zone of the multi-pass weldment
(Figure 15a); and weld-joint specimens, where a 2.5 inch long by 0.300
incp diame?er gage-length was centered on the fusion-zone, with adjacent

regions of heat-affected zone and base-metal contained outboard of the
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fusion-zone (Pigure 15b). Single tests were conducted on as-uelded apeci-"f 1

mens at 75°F (24"0), s00°r (260°C), 1000°F (538°C), and 1200°P (6"9"0) at

nominal shear sFrain-rates of 4.8, 0.6, and 0.07 per minute.  Results of
these tests are summarized in Table 5., Deformation during torsion test-
ing at all temperatures and strain-rates was unique in that the large-
grained weld-metal underwent extrc;mely heterogeneous plastic flow with
each graih standing out in relief soon after the start of torsion -;:esting.
In all c:.ases, failure was either entirely in th.e fusion-zone; or parti-
ally in the fusion-zone, partially in the heat-affected zone.

Strain to fracture as a function of temperature is:.summarized in |
Figure 26 for all weld-metal samples aqd in Pigﬁm 27 for weld-'jc:;int
samples., for all weld-metal samples, minimum values of strain. to ﬁ*aeturé
were seen at 1000°F (538°C) for all strain-rates employed. Maximum values
of strain to fracture were seen at 1200°F (643°C) for all strain rates,
with the sample tested at a strain rate of 4.8 per minute showing a
subsidiary maximum at 500°F (260°C). For weld-joint'samples. minimum .
 values of strain to fracture were seen at 1200°F (649°C) for all strain-
rates uséd. For strain-rates of 0.6 and 0.07 per minute‘, maxima in the
strain to fracture: temperature plots of weld-joint samplés were seen at
" 500°F (260°C). Weld-joint samples tested at a strain-rate’ §f 4.8 per
minute showed a pronounced maximm at 1000°F (538°C) in the strain to
fracturé. |

The strain-rate dependence of this parametpr" is ‘giuﬁui\ari'zed in |
. f‘igure ‘z.B'and is g:omplex. For all weld-metal samples, tli? strgin to
fracture increased slightly with increasing stra:ln-z"ate‘_at .tem;.neraturesl

of 75°F (24°C) and 500°F (260°C). .At 1000°F (538°C), the strain to




fracture of all weld-metal samples is essentially independent of.strain

rate. At 1200°F (649°C) strain to fracture: strain-rate relationship
for all weld-metal samples went tﬁbough a slight maximum at a strain;
rate of 0.6 per minute. For weld-joint samples, the strain to fracture
at 75°F (24°C) and 1000°F (538°C) increased with increasing strain rate.
At 500°F (260°C), the strain to fracture for weld-joint samples went |
through a shallow minimum at a strain-rate of 0.6 per minute, whiie at
1200°F (649°C), the weld-joint sample strain.to.fractuve values went
through a shallow maximum at the same strain rate.

Strain to first instability as a function of temperature is sum-
marized in Figure 26 for all wold-metal samples and in Figure 27 fbr
weld-joint samples. For all weld-metal samples, the minimum valﬁes of
strain to first instability were.experienced at 75°F (24°C), For a
strain-rate of 4.8 per minute, a maximum value of this parameter for all
weld-metal samples, was cbserved at 1000°F (538°C), while f?r slower
strain rates, maximum value of this parameter was seen at 1200°F (6u49°C).
For weld-joint samples, minimum values of the strain to first instability
were seen at 1200°F (649°C) for a strain rate of 4.8 per minute and at
75°F (24°C) for slower strain rates. Maximum values of the strain to
" first instability for weld-joint samples were seen at 1000°F (538°C) for
samples tested at strain-rates of 4.8 and 0,07 per minute, Qnd at 1290°P
(6u49°C) for samples tested at a strain-rate of 0.6 per minute,

The strain-rate dependence of this paraneter is summarized in

-

Pigufe 29 and increased with increasing strain-rate over the entire range

of temperatures for all weld-metal samples. For weld-joint samples, the

gtrain to first instability increased with increasing strain-rate at 75°F
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" shallow minimum for samples tested at SO0°F (260°C).

(24°C), 500°F (260°C), and 1200°F (649°C), At 1000°F (5389C), the value = -

of this parameter for weld-joint samples went through a shallow minimum

at a strain-rate of 0.6 per minute, then increased sharply to a maximum B

at a strain rate of 4.8 per mipute.

Strain after first 1ﬁstab111ty, defined as the difference between
the strain to fracture and the strain to first instability, is presented
as a function of temperature in Figure 30. chsideration of thié_para—
meter was undertaken in an attempt to determine the ability of the weld
metal and weld-joint to resist failure once instabilities had formed. As
a function of temperature for all weld-metal samples this parameter went
through maxima at 1200°F (643°C) and minima at 1000°F (538°C) for all
strain rateg'employed. For weld-jointlsemples, this parameter.went
through m;;iﬁa at 1000°F (538°C). and maxima at 500°F (260°C) for samples
tested at strain-rates of 0.6 and 0.07 per minute. Weld-joint samples
tested at a strain-rate of 4.8 per minute recorded a minimum value of
this parameter at 1200°F (649°C) and a maximum value at 1oéo°r‘(saa°c).

The strain-rate dependence of this parameter islsumharizéd in
Figure 31, Tor all weld-metal samples, the strain after iuataﬁility was

essentially constant at 75°F (24°C), and decreased with‘incréasing.étrainf

* rates at 500°F (260°C), 1000°F (538°C), and 1200°F (649°C). For weld-

’ .
joint samples, this parameter increased with increasing strain-rate for
samples tested at 75°F (24°C) and 1000°F (538°C), decreased with increas-

ing strain-rate for samples tested at 1200°F (eug°C), and went through a

e i ek e = et e = - AE—




4, COmparison of Welded ‘and Unwelded Properties

COmparison with unwelded (solution treated) bar stock properties
was accomplished by taking the ratio of the particular parameter'fbr a_ -
welded sample to that value for solution-annealed bar-stsck and_analyZing"
the behavior of the resulting ratios as functions of temperature_and :
shear strain-rate. o

The ratio of weld-metal strain to fracture to base metal ;train':
to fracture as a function of temperature is suamarized'in Figure 32, For
all weld-metal samples, the ralues of this parameter were less than 0.5
for samples tested at all strain rates at temperatures from 75°F (2u°C)
to 1000°F (538°C). At 1200°F (649°C), the values of this parayeter for
all weld-metal samples increased to approximately 1.0 for samplss tested :
at strain-rates of 0.07 and 0.6. per minute and ts about 1.5 for the
samples tested at a strain-rate of 4.8 per minute. Maximum values of.
this. parameter for all ueld-matal samples were seen at 1200°P (5u9°c)
and minimum values at 500°F (260°C) for samples tested at all three
strain-rates. For weld-joint samples, values of this parameter uere
less than 0.5 for all strain-rates except the sample tested at 1000°F :
(538°C) and 4.8 per minute, which exhibited a value of 1,54, ~ At 1200°F
(649°C), the values of the parameter for wal&-jolnt samples increased for.
the samples tested at strain-rates of 0,6 and 0.07 per minute. and de-
creased for the sample tested at a atrain-rata of 4.8 per‘minuta.. Haxi-
mum values of this parameter for weld-jsint samples were seenjat 1200°P»l

(649°C) for the samples tested at ths slower strain-rates. and at’ 1000°P -

(saa°c) for the sample tested at a strain—rate of 4.8 per minute. Hinimqu"‘ R

values of this parameter for weldfjoint samples were ssen at,75°F (2§fc)_j-e“Vs
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for the samples tested at the tvo slower strain-rates. and at SDD°P (2ao°c)f =

for the samples tested at 4.8 per minute.

The strain-rate dependence of this parameier,is summarizéd'in,rig_'f R

ure 33, At temperatures of 75°F (24°C) to 1000°F (538°C), the value of

this parameter for all weld-metal samples increased with increasing éfrain-.-ﬂ19

rate and never exceeded 0.50. At a temperature of‘1200°P (6u9°c), thé.'
value of this parameter for all weld-metal samples decreased witﬁ'increas-.
ing strain rate, from 1.54 at 0.07 per minute to 1.0 at 4.8 per minute,
For weld-joint samples tested at temperatures of 75°F (24°C) to 1000°F
(538°C), the value of this parameter increased with increasing strain-
rate and never exceeded a value of 0.50 except for the sample fented at
a strain-rate of 4.8 per minute and a‘temperature of 1000°F (538?0) wherein
the observed value was 1.54, At a temperatnre of 1200°F (643°C), values
of this parameter for weld-joint samples lay between 0.05 and 0.85, with
a minimum at a strain-rate of 0.6 per minute. '

The ratio of weld-metal strain to first instability'td base-metal
strain to first instability as a function of temperaturg‘is summarized.
in Figure 34. For all weld-metal samples, the value of this narametev‘
increased to 1000°F (538°C), then decreased,rfor samples tested at a
strain rate of 4.8 per minute. Values ranged from 0,30 to 0.50, lPdr.
all weld-metal samples tested at a strain-rate of’0.6 per minute, the
value of this aprameter increased from about 0.06 at 75°P (2u°c) to 0. 60

at 1200°F (su9°c). Minimum valuea of this parameter for all weld-metal_

* samples were attained at 75°F (2u°c) vwhile maximum values were attained

at 1000°F (538°C) for samples tested at a strain-rate of 4.8 per minute

and at 1200°F (649°C) for samples tested at a strain-rate of D;Bd‘perw j:; ;§}Mf€

e




minute, For Held-joint samples, the values of th.la parameter for samples ‘-,‘. L

tested at a strain-rate of 4.8 per minute went through a minimum of about :
0.30 at 500°F (260°C), then rose to a maximum of about 1. 34 at 1000°P .
(538°C), then decreased with an increase in temperature- to 1200°P (6u9°c)
For weld-joint samples tested at a strain-rate of 0.6 per minute, the

value of this parameter increased with increasing temperature frcm.a

-
s .

minimum of about 0.04 at 75°F (2u°C) to a maximum of 0.30 at 1200°F (649°C),

The strain-rate dependence of this parameter is summarized in Pig- :
ure 35.' For all weld-metal samples this parameter increased with increas-
ing strain-rate at temperatures between 75°F (2u°C) and 1000°F (538°C),
attaining values less than 0,50, except for the sample tested qx‘1000°P
(538°C) and a strain-rate of 4.8 per minute, which exhibited aﬂvelue of
about 0.85. For all weld-metal samples tested at 1200°F (su§°c). this
parameter ﬁas essentially independent.of strain-rate, and was about 0.55.
For weld-joint samples, this parameter increased with increasing strain-
rate at temperatures between 75°F (24°C) and 1000°F (538°C), with values
less than 0.50 except for'the sample tested at 1000°F -(538°C) and a strain-
rate of 4.8 per minute, which exhibited a value of about 1.44. 'For weld-
joint samples tested at 1200°F (649°C), this parameter was ossentially
' independent of strain-rate, and was about 0.35.

The ratio of weld-metal strain after first 1nstab111ty to base-
metal strain after first lnstability as a fnnctlon of temperature is |
summarized in Figure 36. For all ueld-mctal samples tested at a strain-
rate of 4.8 per minute, this pavamcter decreased as the temperuture in-

creased frcm T5°F (24°C) to 1000°F (538°C), then increased as the“




~temperature incrgased.to 1200°F (6us°C), falﬁéa ‘rqnged‘ﬁmﬁ-a"ﬁin:imuu’l:of -
0.15 at 1000°F (538°C) to a maximum of 1.52 at 1200°F (6u99c). For a1l
weld-metal samples tested at a stﬁain-r_ate of 0.6 per minute, the:value"
of this parameter decreased slowly with inci*eas:lng fempdrat;.\re from a
maximum of 3.95 at 75°F (24°C) to a minimum of 0,18 at 500°F (260°C),
then increased as the temperature increased to 1200°F (649°C). For weld-
joint samples tested at a strain-rate of 4.8 per minute, this 'par‘ameter-
increased with increasing temperature from a minimum value of 0.38 at 75°F
(24°C) to a maximum value of 1.66 at 1000°F (538°C) then decreased with a
-further increase in temperature to 1200°F (643°C)., For weld-joint samples
tested at a strain-rate of 0.6 per minute, this parameter decreased with
increasing temperature from a max:{mum value of 4.3 at 75°F (2u°c)' to a
minimum value of 0.31 at 500°F (260°C) then increased slightly with in-
creasing temperatures to 1200°F (649°C)%

The strain-rate dependence of this parameter is summarized in Fig-
ure 37. For all weld-metal samples, this parameter decreased with increas-
ing strain-rate at temperatures of 75°F (24°C) and 1000°F (538°C), was
essentially independent of strain-rate at S00°F (260°C) with a value of
about 0.2, and at 1200°F (649°C) went through a minimum at a strain-rate
: of 0.6 per minute., For weld-joint samples, this parameter decmaseé with _
increasing strain-rate at 75°F (24°C), increased with 1ncre¢lasing strain-
rate at 500°F (260°C) and 1000°F (538°C), and went through a n;inimuﬁu af a

strain-rate of 0.6 per minute at 1200°F (649°C),
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METALLOGRAPHY

1, Specimen Preparation

Preparation of samples for metallographic examination consisted of
sectioning, mounting, grinding, rough polishing, fine polishing, and
etching with suitable reagents. Sectioning was performed using a-sili-
con-carbide cutoff wheel, while flooding the sample with an excess of
cold water to prevent over-heating of the sample. Samples were mounted
in an epoxy mounting material (Buehler No. 20-8130 AB) w:l1.:h an addition
of 15 volume percent 5 micron alumina powder to :lncreasre the har-dnessl lof
the mount and aid in retention of the edges of the sample during subse-
quent polishing operations. After curing the epoxy, which took 24 hours

at room temperature, the samples were surface-ground, removing 0,005

inches per pass so as not to cold-work the stainless-steel, until a “ B
sufficiently-wide section of the gage-length was exposed. "Rough polish- |
ing of samples was accomplished on power-rotated water-cooled uheels;
using 240, 320, 400, and 600 grit silicon carbide paper. Fine polishing‘
-of samples was accomplished on power-rotated .wheels, using Buehler Ltd.
Microcloth cloths and polishing with 9 micreq 6 micron, and 3 micron dia-
mond-paste, Between each pol:lshlng operation, samplea vere cleaned in

an ultrasonic agitator and rinsed with methanol. Etchants used were.
glyceregia -(2 pﬁvts by volume HCl, 2 parts glycerine, 1 part HNoa) for

general microstructural det_a:lls. and oxalic acid (10 volume pebcent‘ 1n |

- 50




water) for develobipg the microstructure of sensifﬁzed material. “Bxémihd-;,“:.*'f

tion was performed on an Ameri.can Optical COmpany‘Hodél 2400 met&llﬁgbéﬁﬁ. f  -

2. Examination’of Incomingjuatérial

The microstructure of solution-annealed bar is shown in Figure 38
and consists of a relatively coarse-grained (ASTM 5) austenitic micro;'
structure with randomly-distributed carbides. The hardness was gho
Vickers. Figures 39 and 40 show the microstructure of solution-annealed
and sensitized bar etched with glyceregia and oxalic acid, respectiveiy.
The former microstructure is quite similar to that exhibited ﬁy the
solution-annealed bar (Figure 38), while the latteb micro;tructure cleﬁrly
shows evidence of extensive sensitization caused by grain boundary pre-
cipitation of “23C5 carbides, due to the preférential attack éf grain-
boundary regions by the oxalic acid. Note also the outlining of soﬁe
twin-boundaries (Piéure 40) by precipitation of MpyCg carbides. Figure 41
is representative of fusion-zone microstructures in the multi-pass manual
metal-arc weld supplied by Combustioﬁ Engineering, Inc. Note the as-
deposited coarse-grained weld-metal adjacent to the fine-grained weld-
metal vhich has been remelted and re-solidified by a subsequent wgld-
. pass. Figure 42 is a typical region of the ﬁeat-affected zone in the '
two-inch thick plate.used in fabrication of the welded-joint. Note‘thé :
presence of a lamination, probably associated with carbonitride inclu-
sions elongated in the rolling direction, which may have been opéned.byi,
.- tessellated stresses developed by the multiple\thermalfcyclea asaqéiated“
with fabrication of the multi-pass veldment. Figure uarshoﬁsja typicai‘

section at the fusion-line, and presents evidence of a smail fuéion-line‘ » o




hot tear as uell as another lamination in the original base-plate uhich

appeared to be associated with a possible heat-affected zone crack. :

3. Base Metal'Specimens

Microstructures of solution-annealed specimens afte; torsion-
testing at various temperatures and shear strain-rates are presented in -
Figures uy through 61, Development of grain-boundary contrast after
heavy plastic straining was quite difficult, due to the very rapid
general attack by all of the etchants employed. Figures 44 and 45 are
representative of the material's appearance after extensive torsional-
deformation at room-temperature; rotations of grains and inclusions from
the original specimen axis (Pigurg 44)-and formation of many sma}l sec-
ondary cracks that are aligned with the fibre-orientation of the specimen
(Figure 45), Some of these cracks appear to have originated from inclu-

sions, probably "MC" type carbonitrides, and are propagating in a trans-

granular manner along the fibre-axis in the heavily plastically-deformed

austenitic matrix (Figure 45) as suggested by Spretnak (18). Figure 46

illustrates the extensive secondary cracking associated samples that ex-

hibited high values of strain to fracture, in this case a fracture strain

of 4.00 at room temperature. Pigure 47 illustrates the associatiqn of a
growing crack with inclusions in the austenitic matrix. S;ténsive-crack-
ing parallel to the main erack in Figure #B, in addition td blunting at
the growing crack tip, are evidence of the crack's growth being drivan by

continual plastic straining. Pigures 48 and 49 depict a typical room-

temperature: high strain-rate fracture, Note the growth of a secondary

-

crack in from the fracture surfaca'by formation of pores at inclusidn:i




matrix in:érfaéqs and the coalescence of these pores ahead of the advan- S

cing mck-ﬁip (Fipure %3). The inherent 'gqod ductility of t'hia material g

is evidenced by the blunt, roimded. nature of the growing crack-tip.
Details of the fracture-surface (Fi.gum 50) and Interior (Pigure
51) of the solution-annealed sample that exhibited the highest strain to

fracture of all bar samples (6.76 at a temperature: strain-rate corrb:lna—

-~

tion of 500°F (260°C): 0.62 per minute) show the extensive secondary—
cracking associated with a high-ductility fracture (Figure 50). Pigure
51 shows that the mode of crack-initiation is by formation of voids at
inclusion: patrix interfaces and growth of cracks by localization of

plastic-flow along stream-lines in the. austenite matrix. Careful examin-

ation of Figure 51 failed to reveal any evidence of fracturing of :lnclu-

sions. Figures 52 and 53 show the microstructural details of a sample
tested at 500°F (260°C) and a very slow strain-rate that failed without
any visual evidence of instability formation. Note the example of exten-
sive secondary cracking (Figure 53) which was seen all throﬁghout the

gage-length., Figure 53 shows that cracks grew from :lnclus:lon\to inclu-

sion by localization of plastic~flow along stream-lines in the austenitic

matrix.

-

Figures 54 through 58 show microstructural features of a sample

tested at a terperature: strain-rate combination of 1000°F (538°C): 4.72

per pinute. Note the extreme amount of rotatlon of the grain-atmcture
and inclusions away from the original bar axis (Figure 54), which was in
evidence throughout the entire diameter of the Dar. Cracks appeared to

nucleate both at inclusien§ matrix interfaces within the grains (Figure

1
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56) and at pores. fomad at carbide-free pain-bomdarles (Pigure 57) and

grow by 1ocalization of plastic-ﬂow along stream-lines in the austen:ltic

matrix. No clearcut evidence of inclusion-cracking vwas seen.

Figures 53 through 61 shoﬁ microstructural features of ﬁ‘.sample '
tested at a temperature: straih-r#te combination of 1200°f (6'&9?(‘.‘) ] 0.0'?_3
per minute. Note the extreme amount or rotation of the grain-structure
from the original bar-axis by torsional deformation (Flgure 59), as well |
as the localization of .plastic flow between two cracks growing towards _,'
each other in a trahsgranular manner. This photomicrograph, taken just
behind the fracture surface on the bar center-line, illustrates the
extreme localization of plastic flow that occurred within the sf_miig-
instability that led to failure. Contrast the heavily-wqued appearance
of the microstructure in Figure 59 with that in Fiéure 60, w‘hich was also
takcn along the bar center-line, but at a location near the specimen
shoulder, which having not retained evidence of localized plastic flow,
shows only a uniform rotation of grains and inclusions as a. z@sult of
torsional defomation.. Although some rotation of grains away from the
original bar-center line is evident in Figure 60, as well as a i.’eu small
cracks, the relatively undeformed microstructure of Figure 60, compared
' with that of Figure 59 strikingly illustrates the microstructural effects
of localizatioﬁ of plastic~flow prior to failure. 'figure 61, an enlafge-
ment of the region around the growing tip of one of the cracké shown. in

Figure 59, clearly illustrates the transgranular nature of the ﬁ'acttii'e,

a common feature in solution-annealed materfal even {n the presence of

some intergranular carbides that were found on henting to and testing

at 1zoo°r (sugoc) o 073 per minute. -




Microstructures of solutioh-anne_aled and éer{sitiz_-cad sﬁeéimgns, L
after toraim-téstipg at various temperatures and shear strain-.ra:ters', ape . .
presented in Figures 62 through 76. Microstructural features of a sample 7
tested at a temperature: strain-rate combination of 755P (2l4°cr):‘ 2,34 ﬁer _ 5
minute are shoewn in Figures 62 through 65. At the fracturg-surface (Fig-~

ure 62), the grains and inclusions have been rotated almost 90 degrees

from the original bar~axis By the extreme localization of plastic-flow _
within the instability that was associated with the fracture. This ex-
treme rotation of grains and inclusions was evident across the entire ° | ..‘}

diameter of the sample at the fracture-surface, not just near the exter-

nal surface of the bar where the maximum shear-strain would be expected T
: . *” ’ )

during uniform deformation of the specimen. Figure 63 illustrates the

much less intense deformation that occurred far from the fracture-surface.

Formation of microcracks at carbide networks at grain-boundarieé and

twin-boundaries are shown in Figures 64 and 65, as well as at isolated

inclusions within the interior of the grain. Propagation of the cracks

seems to take place both along the intergranular carbide networks (Fig-

ure 64) and within the interior of the grain (Figures 64 and 65). In the
latter case, the cracks appear to grow from inclus:lon to inclusion within

the grain, or from a site within the grain to. the near-by grain-boundary '

- . L ’

' carbide network that is favorable oriented with respect to a pIane of
_maximm shear strain, Only a moderate number of secondary cracks ‘-iere‘
seen in this Qmple, which failed at a strain to fracture 6f -2._32. which . '
was low for base-metal specimens tested at room-temperature. - - ‘ g

Figures 66 and 69 summarize microstructural fgatut;es of a sample

tested at a temperature: strain-rate combination of S00°F (260"(:): 0.065
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per minute. This sample, which failed at a velatively high a‘trdi,n"‘f‘t.o MR
fracture of 4.56, which was a maximum for sensitized bar-stock, shoved - B Ry

evidence of extreme rotation of grains and inclusions due to toreional . . RES

deformation, both at the outermost surface of the bar at tt;e fracturei'
(rigure 66) and near the surface of bar far from the fracture-surface
(Figure 67). Near the bar center-line, little evidence of plast}_c-flow
in the form of grain-rotation was seen (Figure 68). The details of the
fracture are presented in Figure 69, wherein pores are seen forming at
both intergranular carbide networks and at isolated carbides a‘nd other‘-‘
inclusions within the grains, by either decohesion at the'austepite:
carbide interface or possibly cracking of the relatively hard ,'b.ritt:l.e,
carbides as has been reported by Bamb:} (34) for short-time tensile ‘de-
formation of sensitized Type 316 stainless steel, and by Barnby and
Peace (40) for low cycle fatigue-deformation of the same material. Growth
of the cracks is predominantly intergranular, with an pccasionai trans-

granular excursion along a region of hi, !.ly-localized plastic-flow, -

usually towards another crack or accumulation of pores at a grain-houndary. _

Figures 70 and 71 present microstructural features of a sﬁmplé' '

_ tested at a temperature: strain-rate cbmbin&tion of 500°F (26l0l°c)': ‘2’_.6# |
ﬁet' minute. This sample, which failed at a relatively high straih'to
fracture of 5.78 appeared to initiate pores mostly at grain b&mda.t-y‘ .
carbide networks and occasicnally at isolated iﬁclusions within the

grains (Figure 71). Crowth of cracks appeared to be mainly mm@@m,

- with occasional transgranular excursions towards an inclusion or an'.isof-

lated microcrack in a near-by gi-ain-boundary.




The details of a sample feétediat-1600°?f(558°c):-u;alupéf ﬁiﬁﬁxéyﬁ“ﬁgf
are presented in Figures 72 and 73 which depict'the prdpng&tioh of a u
secondary crack just behind the fracture surface by linklng_ﬁp wifh'a i 
erack emanating from a small inclusion. Other defails-of the fraéture- |
and associated microstructure were quite similar to Figupes.70-and 71.

In Figures 74 through 76 are presented the. pertinent microstruc-

tural features of a sample that was tested at a temperature: strain-naté.
combination of 1200°F (649°C): 0.0731 per mlnu;e. Contrast the extreme .
rotation of grains and inclusions within the insfability that was assoc- -
fated with the fracture (Figure 74) with the relatively light amount of
grain and inclusion re-orientation shoyn in Figure 76,.which was taken
near the bar-surface far from the fracture-location. This cleaély " ?'
illustrates the microstructural differences produced by localization of :
plastic-flow. In Figure 74 is also illustrated how pores form and grow

in an intergranular manner along gpain-boundary carbide nq}works. Note
also the extreme localization of plastic flow on the nicro-level as two

cracks grow towards.each other (Figure 75).

4, Welded Specimens

Microstructures of all ueld-petal specimens after topsion-testing

at various temperatures and strain-rates are presented in Figures 77_through“:"

87. In Figures 77 and 78 are shown microstructural features of a weld-
metal sample that was tested at a temperature: atrain-rate.comhination_of-
75°F (2u°c): 0.0688, per minute; and recorded a strain to first lnstability,:‘
value of 0,0624, the lowest of any weld—metal_saﬁplo. ‘Hote the 1htense“ |

lpcaliiation of plastic flow within the instahility assoclated with faij_ure R




failure (Figure 77). Examination of Figure 78 reveals the formation of

voids within 1n€2rdendritic ferrite pools, and the growth of tﬁeae'voids )
into ﬁraéks,‘first within the ferrite, then by intense localization of
plastic-flowlin.the austenitic matrix between microcracks within near-hy
ferrite-pools. Similar types ;f fracture of duplex austenitic-ferrite
weld-metals on types 304 and 316 base metals have been reported for iso-
thermal fatigue-loading in the range of room temperature to 11003? (593°C)
by Shahinian, Smith, and Hawthorne (70) and James (71) and fbr stress-
rupture loading at 1200°F (649°C) by Goodwin, Cole, and Slaughter (72).
Figures 79 through B8l present pertinent microstructural features
of two weld-metal samples tested at 500°F (260°C) and strain-rates of
4,85 per minute (Figures 79 and 80) an& 0.0651 per minute (P;g;re 81),
respectively. The former sample exhibited the highest values of strain
to first instability and strain to fracture recorded at 500°F (260°C)
while the second sample exhibited the lowest values of these parameters
at S00°F (260°C). In the former case, extensive secondary.cvacking,
both at the fracture surface (Figure 79) and far away from it, was seen.
Note the extensive cracking parallelling both sides of the secondary

crack., Cracks initiated by void-formation in ferrite pools and grew by

" propagation of voids, first within the ferrite pools, then by localiza-

tion of plastic flow in the austenitic matrix between void-filled ferrite
pools. In the latter-‘case, only a few secondary cracks were seen on the
fracture surface (Figure 81) and none in the interior of the bar,

" Microstructural features developed in weld-metal samp133>testéa at

1000°F (538°C) and 1200°F (649°C) were quife‘bimllqr; In Figures 82

- through 87 are presented pertinent microstructural featuroa_fbr two uelg-_




metal samples teated at 1200°F (sugﬁc) The former sample was tested at:hx}féii
a strain rate of u 80 per minute and exhihited the highest strain to |

first instability and lowest strain to fracturg of ueld—metal spmples |

tested at 1200°F (649°C), while the latter was tested at a étrain-rate_

of 0.580 per minute and exhibited the lowest strain to first instability

and highest strain to fracture of weld-metal samples tested at 1200°F

-
-

(649°C). Figures 82 and 83 illustrate the paucity of secondary crack-'.
formation along the fracture-surface of the low.atrain to fracture sample.
Hote the propagation of one of these cracks along interdendritic ferrite
pools (Figure 83). Little secondary crack-development was seen away from
the fracture-surface in this sample. Figure 84 illustrates the appearance
of the fracture surface in the high strain to fracture sample.- Note the
'distortion and bending of the ferrite pools in the weld-metal at and just
. behind the fracture surface, which is evidence of gn strong instability
'having caused localization of plastic flow prior to fractuge. Extensive
secondary cracking was seen throughout the interior of the specimen and
all along the exterior surface of the gage-length (Figure 85). In Figure
86 and 87 are shown the details of the secondary crack depicted in Figure

85. Note the propagation of the crack along pools of interdendritic fer-

rite and the formation of pores within the ferrite ahead of and alongside

the growing crack. Figure 87 shows clearly the extensive localization of

s i S i -

plastic-flow in the adjacent austenite associated with péopagatidn of the

crack.,

-

Microstructures of typical weld-joint samples after torsionthsting B

at various temperatures and strain-rates are'preqented in Figures g8 )

through 98, In Figures 88 through 90 are pfesented‘mierostrucfﬁral o




features of a aample. which uhen tested at a temperature' strain-rate
combination of 75°P (24°C): 4.80 per minute, showed the only clear evi- - 
dence of all weld-joint samples of instability formation in the heat-
affected zone. Note that the fracture-path 1s partialij_through.fhé
sensitized heat-affected zone (Flgqre.ﬂﬂ)-and:partially ‘through the
fusion-zone (Figure 89), and does not show much secondary qracking. In
Figure 90 is presented the details of a crack emanating from a miero-
shrinkpge_cavity in the fusion-zone. Note the'pore-formatioh in ferrite
pools throughout the region of the fusion-zone near the microshrinkage
cavity and associated crack. . \ ¢

In Figures 91 and 92 are presen?ed microstructura} detaflé of a

weld-joint sample that was tested at a temperature: strqih-ragp combina~

tion of 500°F (250°C): 0.0690 per minute. This sample exhibited moderate

secondary cracking throughout the heat~affected zone and fusion zone,

with failure occurring entirely within the fusion-zone. Note the forma-

tion of pores within the ferrite pools and the growth of tﬂese pores into
small cracks entirely within the ferrite (Figure 92), as well as the for-
mation of inclusion: matrix decohesioﬁs within the austenite. Figure 91

shows the development of secondary cracks from the fracture surface and

" the localization of plastic flow around these microcracks.

Figures 93 and 9% summarize the pertinent microstructural features ‘
. of a weld-joint sample'that was tested at a temperature: strain-rate'com- o
bination of 1000°F (538°C): 4.87 per minute, Note the extensive'secdndafy(

cracking, both at the fracture surface and beﬁindiit (Pigure 93). Pﬁbba- |

gation of a secondary crack just behind the fracture appeara to have

occurred by localization of plastic flow in the austenitic matrix leading Im;" !
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to tearing between microcracks that developed within ferrite pools‘(ﬁigf._ o

ure 94). Faflure was entirely within the fusion-zone.

Figures 95 through 99 presents microstructural features of é weld-

joint sample that was tested at a temperature: strain-rate combination of

1200°F (649°C): 4.86 per minute, Failure occurred entirely within the
fusion-zone, which shows evidence of extensive secondary crack-devéldp;
ment (Figure 95). Note the branching of one of these secondary'éiacka
(Figure 95). At and near the fracture surface (Figure 95), is evidence
of intense localization of plastic flow, in the form of bending of inter-l
dendritic ferrite pools, that occurred during deformation of the strong

instability associated with fracture. Figures 97 and 98 are enlargements
- ¢

of the growing end of the secondary crack shown in Figure 95, . Note propa-

gation of the crack through the austenite from one ferrite pool to another,

and along an inclusion: austenite interface, as well as evidence of local-

jzation of plastic flow on the austenitic matrix ahead of the growing

crack-tip (Figure 98).




. ' . DISCUSSION

1. Identification of Mode of Fracture .

Irrespective of the lévél of ductility at fracture, as tjpified by
strain to fracture values, the mechanism of fracture-initjation in wrought
type 304 austentic stainless steel, either.solution-annealed or sensitized,
was the ductile fracture mechanism as described in the "Review of Previous
Work". Evidence for this statement was gathered by careful optical-
microscopic examination of failed samples. Since all fractures were dri-
ven by continued plastic straining, they occurred by the stable mode,
Values of shear strain reported herein.are a measure of the mﬁg;riél's :
ability to accomodate plastic-strain in the presence of a notch, often
referred to as the notch-ductility. These values do not usually correlate
with values of ductility-parameters measured in the smooth-bar tension
test. | ’
| Compare the microstructure of two solution-annealed samples; A4
(500°F (260°C): 0.62 per minute) that exhibited the maximum value of
" strain to fracture of 6.76, and sample All (1000°F (538°C): 4.72 per
" minute) that eﬁhibited a relatively low value of strain to fracture of
2.42, as presented in éigurea 50 to 51 and 54 to S8, respect;vely. Both
samples show evidence of initiation of fracture by decohesion at randomly

dispersed oxide and carbo-nitride inclusion: matrix interfaces, and propa-

" ‘gation of cracks by localization of plastic-flow on a microscopic level.



Similar microstructural effbcts uere seen in the case of sensitized

material, as sh;;n by comparing the microstructures of sample Asa (500°F
(260°C): 2.64 per minute) that recorded .the maximum_value of strain to
fracture of 5.78 and sample AS15 (1200°F (649°C): 0.0731 per minﬁté) '
that- had the minimﬁm value of strain to fracture 6f 1;42 as presenfed in

Figures 70 to 71 and 74 to 76, respectively. In addition to oxide and

-

carbo-nitride inclusion: matrix interfaces serving as sites for crack-

initiation as was seen for the solutién-anneéléd material, the interfaces
created between the austenitic matrix and the (Fe, Cr)o3Ce carbides that
precipitated on grain boundaries and twin boundaries (Figures 6% and 65)
could be expected to serve as potential sites- for second phasei_ﬁﬁtvix
decohesions to form. That these iegions Qid serve as preferred locations
for crack-initiation 1slshown for sensitized samples tested at ambient
(AS17, 75°F (24°C): 2.34 per minute) and elevated temperatures (AS1ll1,
500°F (260°C): 0.065 per minute, Figures 64 to 65 and 69), Previous
evidence of the role of tuin Boundaries as crack-initiation sites in type
304 stainless steel deformed at elevated temperatures has beeh reported
by Michel, Nahm, and Moteff (73). Despite the many additional inclusion
(or second phase): ﬁatrix interfaces in the sensitized mﬁteriﬁl. relative i
to the solution-annealed material, the range of strain to fracture values
for the two matarial-conditions was‘;;om 1.42 to 5.78 for the sensitized
“material and from 1.23 to 6. 76 for the solution-annealed matevial.k Hence,
sensitization appears to have only a slight effhct on reducing the range
of strain to fracture values seen in this 1nvestigatlon.

Similar to the trend set in the wrought material, as typifled by -

strain to fracture values, the mode of fracture-initiation in welded typgf; _:,”" 5
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304 austenitic stainless steel was by the ductile fracture mechanism.
Consider the microstructure of two all weld-metal samples; that of sample
W12 (75°F (2u°c): 0.0688 per minute) that had a relatively-low strain to
fracture value of 1.1l (Figures 77 and 78), and that of sample W9 (1200°F
(649°c): 0.0720 per minute) that had a relatively high strain to fracture
value of 1.78 (Figures B4-87). Irrespective of the relative strain to
fracture values, fracture-initiation involved the formation of d;;ohe—
sions at two different types of sites. The mofe prevalent site was
assoclated with the pools of delta-ferrite contained in a predominantly
austenitic matrix. Pores tended to nucleateat the interfaces between
delta-ferrite and the austenitic matrix, and enlarge either wiyhin the
ferrite or within the austenite. This ;rend was seen not only in the
above-mentioned specimens, but in specimens deformed over the entire
range of temperatures and strain-rates employed. Additional examples are
shown on Figures 80, 92 and 97. The less prevalent fracture-~initiation
site was associated with decohesions formed at an occasional non-metallic
inclusion-matrix interface (Figures 91 and 92) similar in nature to one
of the sources of fracturc-initiation seen in wrought material,

Deciding on the mode of fracture propagation requires considera-
tion of not only the metallographic evidence but also the types of
instabilities observed during torsion-testing. For the moment; divide
the specimens into two classes, using as a basis for the separation the
presence or absence of instabilities visible with the naked eye during
torsion testing, hereafter referred to as "macroscopie instabilities;"
Tabies 2 through 5, which summarize the details of all torsion-tests

performed, indicate that specimens tested under the following temperature:
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nominal strain rate conditions fajled without the occurrence of macrosco-
pic instabilities being‘generated during torsion-testing: solution-
annealed bar; 75°F (2u4°C), S00°F (260°C), and 1000°F (538°C) at a nominal
strain-rate of 0.07 per minute; and sensitized bar; 75°F (24°C) and 500°F
(260°C) at a nominal strain-rate of 0.07 per minute. All welded samples

showed evidence of one or more macroscopic instabilities prior to fail-

ure. These conditions are summarized in Table 6.
Since a few samples failed without the development of macroscopic
instabilities, i,e. underwent uniform deformation up to the instant of
failure, let us consider the resulting microstructural changes. The
microstructure of sample A4 (500°F (260°C): 0,0634 per minute) was typi-
cal of solution-annealed samples which hnderwent only uniform-deformation
prior to failure. Figure 50 shows no evidence of microscopic instability
formation on a scale equal to or larger than the dispersed inclusions at
or near the fracture surface. Growth of secondary cracks behind the
fracture-surface appeared to have occurred by tearing the material be-
tween decohesions formed at non-metallic inclusion: matrix interfaces
(Figure 51), implying that localization of plastic flow took place on a
scale smaller than the non-metallic inclusions. The microstructure of
sample AS1l (500°F (2sq°c)= 0.065 per minute) was typical of sensitized
samples which underwent only uniform-deformation prior to failure. Fig-
ure 66 shows no evidence of iﬁstability formation on a scale larger than
" the particle-size of the grain-boundary carbides, while Figure 67 shows
evidence of secondary crack-propagation occurring along grain-boundaéy
carbide networks. An enlargement of the fracture surface and the region

iﬁmediately behind it, shown in Figure 69, showed evidence of propagation

e —————
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of cracks along a grain-boundary by localization of plastic flow between
carbide particlés on a scale equal to or less than the size of the inter-
granular carbides. Propagation of cracks in sensitized type 316 stain-
less steel deformed in static tension on a scale smaller than the car-
bide particles has been reported by Barnby (34), Evidently, specimens
which deformed to fracture without the formation of macroscobic insta-
bilities failed by what McGarry (74) described as a "mixed mode" frac-
ture; i.e., one in which uniform deformation led to formation of pores
at interfaces between second phase particles and the austenitic matrix,
but where coalescence of pores occurred by means of microscopic insta-
bility-formation. .

Most of the samples developed one or more instability-bands which
are, to use the termiﬁology of Ernst and Spretnak (64), "regions of con-
centrated shear-strain between slowly advancing interfaces on planes of
pure shear"., These bands appeared to be about 1/4 inch wide, formed at
the moving end of the sample, and traversed the ,gage-leng;h towards the
stationary end of the sample at a speed of about 0.5 inch per second.
Occasionally more than one instability band was moving along the .gige-
length at the same time, but never was one instability-band seen to over-
take another or reverse directions in its travel along the ‘gage-length.
No evidence of diffuse flow, which was defined by Ernst and Spretnak (64)
as being "characterized by a regional shear-gradient over a significant
portion of the gage-length," was exhibited by any specimen. Microhardness
values taken both near the fracture surface, in the strong 1nstabili£y

associated 'with the fracture, and near the undeformed shoulder of the

sample, which appeared to have undergone only uniform plastic-flow, are
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summarized in PiPure 99, and indicate that: tl) material within insta-
bility bands underwent a gréater depree of work-hardening that adjacent
material which appeared to have undergone only uniform plastic strain;
and (2) localized plastic flow is not just a surface phenomenon, but
extends through the entire cross-section of the bar, as indicated by the
increase in centerline hardness within an instability band relative to
centerline hardness values in portions of the specimen outside tﬂ; insta-
bility band. Similar observations have been réported by Meyerer (75) for
heat-treated AISI 4340 steel.

Examination of microstructures of samples which exhibited one or
more macroscopic instabilities prior to fracture indicate that, while
some evidence of crack-initiation by second phase: matrix decohesions
existed in regions of the samples far from the strong-instability that
led to fracture (Figures 45, 55, 76), a much greater incidence of secon-
dary cracking, defined as cracks that are not associated w%th the final
fracture, was seen in regions of the samples close to the fracture sur-
face and associated instability. Compare Figures 59 with 60 and
74 with 76. These observations indicate that, at first, crack-initiation
occurs as a result of matrix: second phase decohesions caused by uniform
deformation. Once localization of plastic flow occurs in the form of
macroscopic instability bands that are wide compared to thé size of the
seﬁond-phase particles, additional decchesions or pore-formation, takes
place within the region undergoing intense localized plastic flow, as
has been suggested by Spretnak (18). Propagation of cracks in solution-

annealed tjpe 304 stainless steel bar occurred in a transgranular mode,

after the fibre axis had been rotated approximately 90 degrees from its
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~initial orientation parallel to the bar-axis to an orientation approxi-
mately parallellio the planes of maximum shear-strain along which macro-
scopic. instabilities were seen to form and move during torsion-testing.
On the microscopic level, propagation of cracks appeared to be associated
with very narrow regions of hipghly-localized plastic flow, whose widths
appeared to be greater than the size of the non-metallic inclusions
associated with crack-initiation. Use of Nomarski differential inter-
ference contrast during metallographic examination indicated that these
regions of highly-localized plastic flow were sceveral grains wide, and
existed on both sides of as well as ahead of the cracks. ,The best ex-
amples of this behavior are seen in welded samples in Figures 97 and 98,
The orientation of these microscopic regions of highly localized plastic
flow also tended to be at approximately 90° to the original bar axis,
i.e., parallel to planes of maximum shear:strain (Figures 59, 62, 77, 84).
Propagation of cracks in sensitized type 304 stainless steel bar
occurred mainly by intergranular cracks that appeared to g;ow along inter-
faces between grain-boundary precipitates of (Fe,Cr),3Cg carbides and the
austenitic matrix (Figures 64, 65, 67, 69, 71, 75). Orientation of the
eracks seemed to be at approximately right angles to the original bar-
axis i.e., parallel to planes of maximum shear-strain. Occasionally,
cracks deviated from their intergranular paths to travel either towards
decohesions formed at non-metallic inclusion: matrix-interfaces (Fig-
ure 64), or from a small crack formed at the interface between twin-
boundary carbides and austenite towards a carbide-laden grain-boundary

favorably oriented for crack-propagation (Figure 65).
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Propagation of cracks in welded samples took place by growth of
decohesions formed at delta ferrite: austenite interfaces and by exten- °
sion of these cracks through the austenitic matrix accompanied by an in-
tense localization of plastic flow on a scale larger that the pools of
delta-ferrite. (Figures 87, 98). Similar crack-propagation behavior
has been reported for duplex austenite: delta-ferrite weldments deposited
on types 304 and 316 base metals by a variety of processes by Sh;hinian.
Smith, and Hawfhovne (70), James (71), and Goo&win, Cole, and Slaughter (72).
The predominant direction of propagation was close to right angles to the
bar centerline, along planes of maximum shear strain (Figures 77, 81, 84,
87, 90, 97, 98). The "intense localization of plastic flow" p9ferred to
above was seen to exist at the edges of the fracture surface of several
samples (Figures 77, 84, 91, 93) and might be the thinner portion of the
macroscopic instability-band associated with fracture.

In summation, crack-propagation iﬁ both conditions of wrought
material, as well as the cast weld-metal, appears to have involved local-
ization of plastic flow on planes of maximum shear-strain with the thick-
ness of the planes being greater than the.size of the dispersed second
phase, be it one or more of the following; non-metallic inclusions,
(Fe,Cr)2306 carbide;, or delta-ferrite. Although some pore-formation
undoubtedly occurred under the action of uniform deformation, the exist-
ence of macroscopic instability bands, together with the mgtallographic
ocbservations of regions of intense plastic flow of widths greater than

the dispersed second phase, confirms that the mode of fracture was insta-

bility controlled as described by McGarry (74). However, since these

Y ————
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fractures were driven by continued straining, achievement of the ideal

plastic state (%%-= 0} was not attained.

2. Comments on Deformation of Welded Samples

The tendency for each grain in the agpregate of the coarse-grained
weld-metal to stand out in relief soon after torsion-testinpg began crea-
ted a system of mechanical notches on the surface of the sample akin to a
roughly-knurled surface. Since Zilova, Demina, and Fridman (58) have
shown that strain-to-fracture values increase with decreasing surface
roughness, and that the strain to the onset offthe first instability also
increases with decreasing surface roughness (76), the low;; values of
both parameters exhibited by welded specimens relative to unwe;hed speci-
mens might have been due, in part, to the mechanical notéh-efé;ct intro-
duced by this deformation-induceﬁ surface-roughening. Also, Chakrabarti
(77) found that the strain to the onset of the first instability decrea~
sed with increasing grain size. In addition to these effedts, which are
respectively mechanical and metallurgical in nature, inherent differences
in the fine-grained wrought product and the coarse-grained cast weldment,
due to such factors as relations between microsegregation and ability to
+ undergo extensive uniform plastic deformation, would be expected to re-
duce the total ductility (strain to fracture).

Differences in detailed behavior of strain to fracturé and to the
onset of the first instability between all weld-metal samples and weld-
joint samples are attributed to the difference in the components of the
weldment present in the two types of specimen. In the former case, where
the gage section is composed entirely of weld-metal, the response to tor-

sional straining is that of a cast, coarse-grained, multi-phase alloy

o rmtt——
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containing austepite, delta-ferrite, and non-metallic inclusions. In the
latter case, where the page sectionis composed of the centrally-located
weld metal, sandwiched between the wrought heat-affected zone with a
variation in grain-size due to the variation in peak temperéture during
welding, and surrounded finally by the fine-grained wrought base metal,

the response to torsional straining is expected to be complex, and re-

flect the relative abilities of these three radically-different micro=
structures to resist localization of plastic flow and fracture when sub-

jected to the same degree of strain.

3. Dynamic Strain Aging

In the present investigation, evidence of dynamic straip'-;agiﬁg was
seen in the wrought bar stock in both material-conditioné but ;ot at all
in temperature: strain-rate combinations. The occurrence of serrated
flow-curves (actually torque-twist records) is summarized in Table 7.
Thus, the occurrence of dynamic strain-aging, as indicated by serrated
flow curves, is confined to the slowest strain-rate (0.07 per minute) at
temperatures of 500°F (260°C) and 1000°F (538°C), and all strain rates
(0.07 per minute to 4,8 per minute) at 1200°F (649°C).

Evidence of dynamic strain-aging j.n the form of serrated torque-
twist curve was seen in some weld-joint specimens, which contained heat-
affected zone and base-metal as well as weld-metal, but was ébsent in the
tests performed on all weld-metal samples (Table 7). Serrated torque-
twist curves on tests run on weld-joint samples were seen for the slowest

strain-rate (0.07 per minute) at temperatures of S500°F (260°C) and 1000°F

(538°C), and all strain-rates (0.07 per minute to 4.8 per minute) at
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1200°F (649°C). .These conditions of occurrence exactly parallel the con-
ditions for ‘the occurrence of serrated torque-twist curves exhibited by
solution-annealed bar-stock. Hence, it is concluded that the portion of
the gage-length in weld-joint samples that is comprised of base metal was
responsible for the serrated torque-twist curves. The weld-metal or heat-
affected zone did not appear to contribute to the occurrence of serrated
torque-twist curves. |

The occurrence of negative strain-rate sensitivity, or the decrease
in flow-stress with increasing strain-rate, was examined by plotting the
flow-stress at 10% significant strain determined on base metal samples,
calculated by a method outlined in Dieter (78), versus nominal ,shear-
strain rate, as shown in Figure 100. Both material-conditions show some
evidence of negative strain-rate sensitivity at all temperatures.

Barnby (29), in his investigation of dynamic strain-aging in Type
316 stainless steel, made use of ; "work-hardening parameter’, which he
defined as the stress-increment between the initial yield stress and the
flow-stress for a given amount of strain. To exclude the temperature
variation of elastic-constants from the comparison of stress-levels at
different temperatures, Barnby normalized this stress-increment with res-
pect to Young's modulus at room-temperature, Plotting it versus increas-
ing test temperature, he found it to increase rather than &ecrease as ex-
pected for pure metals, and concluded that this increase was additional
evidence of dynamic strain-aging. .

Barnby's definition of his "work-hardening parameter" was adopted

to énalysis of torque-twist curves by conversion of torque-twist plots to

-
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plotsrof significant stress versus significant strain by the method des-
cribed by Diéter (78), determination of flow-stresses at various incre-
ments of significant strain (10%, 15%, 25%, and 50%) from interpolations
from the significant stress-significant strain plots, and replacement of
Barnby's temperature normalization with a correction based on the shear
modulus rather than Young's modulus. Because the initial yield s;pess

in torsion is masked by movement of the elastic: plastic boundary inward
from the surface of the bar as yielding progresses, the writer chose to
define a modified "work-hardening parameter as the stress-increment be-
tween the flow-stress at an indicated amount of significant strain and
the flow stress at 10% significant strain, normalized for temperature
effects as modified above. Plots of this parameter, determinéd at signi-
ficant strain-levels of 15%, 25%, and 50%, against temperature are pre-
sented in Figures 101 through 104 for nominal strain rates of 4.8, 2.5,
0.6, and 0.07 per minute, respectively. The solution-annegled material
showed some evidence of dynamic strain-aging at 500°F (260°C) through
1000°F (538°C), with the greatest evidence seen at a strain-rate of 0.07
per minute. The sensitized material showed evidence of dynamic strain-
aging at 1000°F-1200°F (538°C-649°C) for the three fastest strain-rates
(4.8, 2.5, and 0.6 per minute). At a strain-rate of 0.07 per minute, the
sensitized ﬁaterial showed evidence of dynamic strain-aging at 500°F-
1200°F (260°C-649°C). In summation, it appears that dynamic strain-aging
does occur in both solution annealed and sensitized Type 304 stainless
steel, Th9 most probably temperature-range of occurrence of 500°F-1200°F
(gso°c-su9°c) for solution-annealed material, and 1000°F-1200°F (538°C-

649°C) for sensitized material.



(L

A simple kinetic relationship for the strain at the onset of ser-
rations may be written (80-81),
Q
Yg = A exp'(RT)
where yg is shear strain at the onset of serrated flow, A is a factor

independent of yg and T, but dependent on strain-rate, Q is an energy,

.—

and R and T have their usual meanings.

Assuming such a relationship is true, thén straight lines of con-
stant slope should result from a plot of &n yg versus %-if the process
causing the serrations is induced by strain. Figure 105 presents such
graphs for the solution-annealed, sensitized, and weld-joint sappies
tested at a nominal strain-rate of 0,07 per minute. Note that, despite
the change in slopes, the lines for the solution-annealed bar and weld-
joint samples closely parallel each other, suggesting that the same pro-
cess or processes may be responsible for causing the serraﬁed torque-
twist curves., The slopes of these lines suggest activation energies of
about 7 Kcal per mole in the high temperature region and 1 Keal per mole
in the low-temperature region. Limited data for sensitized bar stock
~ suggests an activation energy of about 13 Kcal per mole. The change in
slopes of the curves for the solution-annealed bar and weld-joint samples
suggests a change in the mechanism for serrations. Also, the pre-exponen-
tial factor, A, does not seem to be independent of strain and temperature.
A difference in the form of the serrations in the two regions of tempera-
.ture (566°P to 1000°F (260°C-538°C), 1000°F to 1200°F (538°C- 6“9°C)i
couid not ﬁe distinguished. Jenkins and Smith (82), in their studies of

the causes of dynamic strain-aging in Type 330 stainless steel, found that

-
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the activation energy for the onset of serrations in tensile-tests was
about 32 Kecal pé; mole for solution-annealed material. They also found
that a plot of the strain for the first serration versus reciprocal tem-
perature, consi;ted of two straipght line, similar to Figure 105. How-
ever, their activation-energies for the low-temperature and high tempera-
ture regions were considerably higher than those determined from the tor-
sion specimens, being about 8.8 Kcal per mole and 20 to 30 Kecal per mole,
respectively. Since the difference in activation-energies between Jeﬁkins
and Smiths' results and the present results do not differ by a constant
amount throughout, the most that may be concluded from this analysis is
that two separate processes may be responsible for a dynamic sfpain-aging
response in type 304 stainless steel o;er the range of temperatures em-
ployed.

Chakrabarti (77) has correlated serrated torque-twist curves ob-
tained with room-temperature torsion-tests of élpha and alpha-beta
brasses with the development of weak instabilities, which‘ﬁanefested
themselves as "fleeting illuminations of very thin bands of material...".
No such correlation was seen for the austenitic stainless steel employed
in this investigation, possibly hecause: (1) no weak or diffuse lrigta-
bilities were observed; and (2) "fleeting illuminations" would be quite
difficult to detect against the intense background radiatiqn_emmitted by
the tungsten-filament quartz lamps used to heat the gage-length.

Possible causes for dynamic strain aging of type 304 stainless
" steel can be divided into two categories: (a) disiocation:‘preéipitéte
interactions; and (b) dislocation: solute atom 1nteractioﬁs. The First

cause, dislocation: precipitate interactions, has been studied by Harding
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and Honeycombe (82), who determined that the cause of serrated tensile
stress-strain curves in types 321 (18% Cr-10% Ni-1% Ti-0.09% C) and 347
(18% Cr-10% Hi-1% Cb-0.07% C) stainless steels was the locking of dislo-
cations by formation of fine precipitates of TiC and cbe, réspectively,
on the dislocations. Similar results were seen in a modified type 330
grade (15% Hi-35% Cr-1% Ti-0.11% C) and were attributed to TiC precipita-
tion on, and locking of dislocations. Naybour (83), in his sthdy.of D
strain-aging of a type 347 stainless steel, found that a portion of the
dynamic strain-aging effect was due to an Orowan-dispersion hardening
interaction between dislocations and CbC precipitates that did not neces-
sarily form directly on the dislocations., Barnby (79), in his,study of
dynamic strain-aging of a type aie (17% Cr-11% Ni-2,5% Mo-0.05% b)
stainless steel, identified the cause of his serrated flow-curves as the
precipitation of (Fe,Cr),sCq particles on dislocations during testing.

~ The second cause, dislocation-solute atom interactions, has been
studied by Tamhankar, Plateau, and Crussard (84) on a 10% Cr-35% Ni-0,03%
C austenitic alloy, who attributed serrations in their flow-curves to
interaction of dislocations with solute atmosﬁheres. No attempt was made
to identify the nature of the solute-species. Recently, Marek and
Hochman (B85) studied the static strain-aging behavior of a type 316 stain-
less steel, and tentatively identified the cause of the increased flow-
stress as involving the segregation of carbon atoms to dislocations.
However, no mention was made of any attempts to rule out the existence of
a fine precipitate by electron microscopic examination of aged sampl;s.
Nayﬁouv (éa) identified the cause of strain-aging at low plastic strains

(up to 1%) in a type 347 stainless steel as being the formation of

1)
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columbium atmospperes on dislocations prior to actual precipitation of
che. "

Extensive studies of dynamic strain-aging in austenites with and
without chromium have been conducted by Rose and Glover (80) and Jenkins
and Smith (81). The former group worked with iron-nickel and iron-nickel-
carbon austenites, with the elimination of chromium being done to pre-
vent precipitation of (Fe,Cr),3Cq carbides on dislocations duriﬁ; test-
ing, They found that the serrations were proddced by dislocation-locking
associated with stress-induced ordering of carbon-vacancy pairs (Snoek
effect). The latter group worked with type 330 stainless.steel with and
without carbon, as well as iron—nickel'and iron-nickel-carbon E;loys.
Dynamic strain-aging was attributed to strong interactions between dis-
locations and solute atoms. Between 392°F (200°C) and 932°F (uooéc),
the defect interacting with dislocations was suggested to be a carbon-
vacancy pair, similar to the observations of Rose and Glover (80). Above
932°F (400°C), the defect interacting with dislocations wa; thought to be
chromium §tom atmospheres.

In summation, type 304 stainless steel exhibited definite signs of
dyramic strain-aging, in the form of serrated torque-twist curves, in the
" range of temperatures 500°F-1200°F (260°C-649°C) for solution annealed
material and 1000°F-1200°F (538°C-649°C) for sensitized material. Ob-
served as indirect evidence for the occurrence of this phenomenon was
negative strain-rate sensitivity of the flow stress at 10% strain (Figure
100) and an increase in work-hardening with increasing temperature (F:ig-
ures 101-104). A plot of the shear strain at the first sérration against

réciprocal temperature (Figure 105) indicated that dynamic strain aging
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was probably caused by two different processes. Comparison of observa-
tions with prev{ously-reported work on dynamie strain-aging in iron-base
austenites led the writer to favor some form of solute-atom: dislocation

interaction as the cause of the phenomenon. However, careful electron
. -

microscopy would be necessary to eliminate the éxistence of (Fe,Cr),3Cq

or some other phase as a possible precipitate on dislocations as an

-~

alternative explanation.

-
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APPLICATION TO DESIGN OF LIQUID METAL FAST BREEDER REACTOR

Two separate but related safety problem-areas, both of which in-
volve impulsive or high strain-rate loading, are the response of the
large containment vessel and top-cover during impact from within, and the
behavior of the reactor-core components during conditions of rapid thermal
variations and/or mechanical loading (16). Attempts to extrapolate the
results of this investigation, with a maximum strain-rate of about 5 per
minute, to conditions involving impulsive loading, with estimated strain-
rates of 102-103 per minute (10), are risky, especially since the work of
Steichen (11) on smooth tensile pboperéies of types 304 and 3%; stainless
steel as a function of temperature [600°F to 1200°F (316°C to 871°C)] and
strain rate (103 per minute to 0% per minute] indicates that atltempera-
tures above about 1000°F (538°C) the properties of the matevrials become
quite sensitive to strain-rate. )

vhat is a more fruitful use of the results of this investigation is
a consideration of the possible effects on mechanical integrity resultiﬁg
from the interaction of irradiation-produced defects and mechanical
strains. At temperatures of irradiation below 1030°F (554°C), which is
50% of the absolute melting temperature for type 304 stainless steel,
the predominant effect of radiation is the production of point defects
(interstitial atoms and vacant lattice sites), many point-defect clusters,

and vacancy-rich cores in the center of displacement-cascades (86).

Since the interstitials are very mobile and anneal out at temperatures

) ' 79
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below about 35$:of'the absolute melting point, most of the effects on
mechanical behavior are probably associated with vacancy-related defects.
Microstructural observations on stainless steels (87-90) indicate that
the passage of dislocations removes defect clustersjand that in irra-
diated material slip is limited to narrow channels of relatively soft
materiél surrounded by large masses of irradiation-hardened material,
resulting in sharp decreases in strain-hardening coefficient (Qi). These
resultiﬁg low values of strain-hardening coeféicient could be indicative
of the impending achievment of the "ideal plastic state." If the ideal .
plastic state is attained, and if one or more of the narrow channels of
relatively soft material were to be so oriented as to lie along a direc-
tion of maximum shear ﬁtrain, microcracks initiated at 1nclusioﬁ: matrix
~ interfaces as described in the ''Discussion™ could easily propagate by the
formation of instabilities between them in a "mixed" mode failure (74).
In addition, the much higher concentration of vacancies iq irradiated
materials, relative to unirradiated materials, might result in some
vacancies diffusing to potential sinks, such as second phase: matrix
interfaces or grain-boundaries, and participating in the formation of
decohesions by one of the mechanisms described in the "Review of Previous
Work'. Since fracture-initiation in both type 304 wrought bar and as-
cast weld metal was seen t; involve the development of seéond phase:
matrix decohesions, the possible interaction between high vacancy-concen-
trations due to low-temperature irradiation and the strain-induced deco-
hesioné ére not to be dismissed. ‘

At iemperatures of irradiation above 1030°F (554°C), the predomi-

nant effect of irradiation is the precipitation of helium-filled bubbles
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on discontinuit%gs within the material, such as grain-boundaries, grain-
boundary triple:points, and second-phase: austenite interfaces. Thesé
bubbles will act as pre-existing voids or decohesions, and as such ful-
fill two of the three necessary conditions for fracture involving insta-
bility-formation: a free-surface and a stress-gradient from the free-
surface back into the austenite. Under conditions of low strain-rate
loading, such as in long-time creep, failure might be expected to occup
by localization of plastic flow on a microscoPic scale and formation of
microscopic instability bands between the pre-existing helium-filled voids.
In the presence of mechanical strain concentrations, such,as exist at the
root of a notch, the combination of pre-existing irradiation-igduced voids
(or bubbles) and the localization of strain might result in the formation
of a crack of sufficient length which, under the action of loads such as
those introduced by the build-up of reaction stresses during welding,
might be propagated by the release of elastic energy stored in the struc-
ture. Under conditions of high strain-rate loading, such ;s in impulsive
loading due to impact of moving objects, the preferential precipitation
of helium-filled voids at grain-boundary triple points once again pro -
vides innumerable pre-existing crack nuclei which grow by the localiza-
tion of plastic flow in planes of maximum shear strain, i.e., by insta-

bility formation and propagation in the manner described in the "Discus-

sion',



CONCLUSIONS

1, The mode of fracture-initiation in type 304 austenitic stain-
less steel bar stock involved the formation of pores by decchesions at
second phase particle: matrix interfaces. In solution-annealed material,
the second phase particles appeared to be randomly-dispersed non-metallic
inclusions such as oxides and carbo-nitrides. In sensitized material,
the second phase particles included randomly-dispersed non-metallic inclu-
sions and an extensive (Fe,Cr),,Cg precipitate localized primarily at
grain-boundaries and twin-boundaries, For weld-metal depositee by the
manual metal arc process from E308-15 electrodes, the mode of fracture-
initiation involved the formation of pores at delta ferrite: austenite
interfaces and within the delta ferrite itself, Isolated examples of
pore-formation by decohesion at non-metallic inclusion: interfaces were

also seen.

2. Fracture-propagation in the majority of cases for wrought type
304 stainless steel bar and in all cases for weldments deposited on type
304 stainless steel plate involved a form of instability-controlled frac-
ture, wherein localization of plastié-flow on planes of maximum shear-
strain results in final separation taking place along one of these planes.
In the few cases where macroscopic localization of plastic flow was not
observed, fracture-propagation was by a "mixed-mode" mechanism, wherein
coalescence of pores created at second-phase particle: austenite inter-

faces by uniform deformation took place by means of microscopically-thin

. . - 82
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instability-banig that limited the amount of plastic flow Qequired to
join the pores.' In all cases, propagation of the fracture required con-
tinued plastic straining. Hence, all fractures occurred by the stable
mode.,

3. Both solution annealed and sensitized type 304 bar stock
showed trends of decreasing strain to fracture and strain to formation of
first instability with temperature in the ranges of 500°F-1200°F (260°C-
649°C). Values of shear strain to fracture and to the formation of
first instability are measures of the material's ability to accomodate-
plastic-strain in the presence of a notch, often referred, to as the
notch-ductility. These values do not usually correlate with v?lues of
ductility-parameters measured in the smooth-bar tension~test. .

4., Dynamic strain-aging was obserﬁed in both solution-annealed
and sensitized type 304 stainless-steel bar stock, and probably involves
the occurrence of two different mechanisms, one operative up to about
1000°F (538°C), the other from about 1000°F to 1200°F (saébc-au9°c).

5. Any clear cut effect of stress gradient on deformation be-
havior of solution annealed Type 304 bar stock at 500°F (260°C) was
masked by a strong strain rate dependence of fracture strain ond strain
to first instability.

6. Deformation of both all weld-metal samples, and weld-joint
samples which spanned the entire weldment, appears to be controlled pri-
marily by the extremely heterogeneous grain-to-grain plastic flow of
the large grained fusion zones. In general, strains to fracture and to

first instability did not exceed 50% of base metal values for temperatures

up to and including 1000°F (538°C). At 1200°F (649°C) the values of these
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parameters for wglded samples ranged from 70% to 150% of base metal
values. This va;iation raises the question of the weld-metal's repro-
ducibility of response to load-temperature spectra within the antiei--
paged operating range of the LMFBR, On this basis, it is concluded
that ductility limitations to the use of type 30U stainless steel in
LMFBR applications will be confined to the weldments. '
Consideration of possible interactions between irradiatioﬁ:

induced lattice-defects and voids and the modes of fracture initiation
and propagation discussed above indicate that such interactions are

expected to aggravate any present propensities towards fracture-propa-

gation by instability-formation and growth.
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Table 1.

Summary of Selected Applications of Type 30% Stainless Steel in the Liquid Metal
Fast Breeder Reactor (8)

Probable Range of

Special Envirommental

Reactor Sub-System Component Product Forms Temperatures Requirements
Coolant transport Piping Thin wall (3/8 900-1200°F  Liquid Na
sub system inch) large dia- (482-643°C)
meter (28 in. out-
side diameter)
seamless tubing
Valves Forgings, castings, 900-1200°F Liquid Na
weldments (482-643°C)
Intermediate heat Tubing Thin wall large- 970-1200°F Liquid Na
exchangepr diameter seamless (521-649°C)
tubing :
Shell Plate, weldments 900-1150°F - Air
(382-621°C)
Tube Sheet Rolled plate 970-1200°F Inert Atmosphere
(521-649°C)
Control-rod drive  Control-rod Rod, tubing, Ambient to 1200°F  Inert gas, high levels
and fuel-handling drive weldments . (649°C) of irradiation
mechanism *
Fuel-handling Plate, seamless Ambient to 1200°F Inert gas, high levels
mechanism tubing, forgings, (649°C) of irradiation

weldments

o
w



Table 2,

Composition of Materials Used in This Investigation

Material Form ' : _ Composition, weight percent
C N Cr Ni Mn S1i Cu P S Mo
Type 304

Bar 1 inch diameter 0.069 0.020 18.38 9.18 1.78 0.45 -— 0.027 0.030 -

| Type 304 plate~-
2 inches thick 0.056 0.051 18.36 9.33 0.96 0.64 0.29 0.021 0.015 - 0.1%9

Type E308--15 welding

electrode-1/4 inch

diameter, all weld- :
metal deposit 0.060 0.041 19.50 9.48 1.77 0.46 0.11 0.043 0.007 0.20

he
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Table 3. .
Results of Torsion Tests of Type 304 Stainl
Shear Strain

Specimen Temperature Rate Y12 Ty M
barg 750F (24°C) 4.25 per min 0,238 270 in-1b  1.56
A20 750F 2.36 1,75 “u80 1.48
A2) 75°F 0.662 3.78 530 4.00
A22 75°F 0.0703 -—- ——- 3.59
€As16 75°F 5.00 1.59 455 1.66
AS17 75°F 2,34 2.05 477 1.49
AS18 75°F 0.670 1.08 470 4,24
AS20 ° 75°F 0.0720 - - 4.63
A23 LOOOF (204°C)  2.43 2,30 331 5.70
Al13 S00°F (260°C)  4.80 2.22 368 4.84%
A3 500°F 2.58 2.23 330 ° 6.73
A4 500°F 0.620 1.29 345 6,76
Al4 500°F 0.0634 - — 6.50
AS9 S00°F % .87 1.67 310 4.95
AS3 500°F 2,64 2.43 330 5.78
AS10 500°F 0.628 1.48 358 5,5¢
AS11 500°F 0.065 -—- ——— 4.5t

SRR
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Table 3.
Lsults of Torsion Tests of Type 304 Stainless Steel Bar Stock
,\ear Strain 1
Rate via ™ Ty M3 Pp YP.¥{  Yp-Vi
.25 per min 0.238 270 in-1b 1.56 470 in-lb 3.59 © 450 in-lb 3.35 0.298
.36 1,75 ugo 1.48 480 3.45 460 1.70  0.589
.662 3.78 530 4,00 530 4.00 530 0.27 3.71
.0703 — ——— 3.59 585 3.59 595 — | ———
¢
.00 1.59 455 1.66 460 3.61 435 2,01 0.499
.34 2.05 477 1.49 480 2.32 470 0.27 3.71
).670 1.08 470 4.24 510 4,24 510 3.16 0.371
p.0720 —— ——— 4,63 590 4,63 590 ——— -———
&.43 2.30 331 5.70 458 5.70 458 3.40 0.293
.80 2,22 368 4.B§ 423 5.33 405 3.11 6.321
.58 2.23 330 - 6.73 406 6.73 406 4,50 0.222
.620 1.29 3u5 6.76 470 6,76 470 5.47 0.183
0634 — - 6.50 480 6.50 480 .- -—
.87 1.67 310 4,95 358 5.20 aus 3.53 0.282
.64 2.43 330 5.78 387 5.78 387 3.35 0.29]
.6208 l.48 358 5.59 465 5.65 462 4,17 0.23
0.065 —— ——— 4,54 488 4.56 485 ——— -
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Table 3. {(Cont.)
Shear Strain
Specimen Temperature Rate Yi Ty Y™
A24 600°F (316°C) 2.42 2.18 306 5.04
's
All 1000°F (538°C) 4,72 1.15 247, 1.73
A7 1000°F 2,49 1.48, 310 2,1
AB 1000°F 2.48 1.26 320 - 191
A9 1000°F 0.630 1.63 318 3.47
Al0 1000°F 0.070 --- ~—- 2.62
AS8 1000°F u.81 0.832 274 1.34
ASS 1000°F 2.35 1.27 328 2.74
AS6 1000°F - 0.570 1.52 311 4.38
AS7 1000°F 0.083 2.03 330 3.30
Al5 1200°F (6499C) .79 0.842 252 1.09
Al6 1200°F 2.50 0.864% 235 0.96¢
AL7 1200°F 0.665 0.739  2u4 1.02
Al18 1200°F 0.0730 0.519 242 0.51%
AS12 1200°F 4.80 0.911  2ué6 1.08
AS13 1200°F 2.54% 0.892 257 1.00
AS14 1200°F 0.590 0.832 250 0.925
AS15 1200°F 0.0731 0.538 0.821

———

224
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Table 3. (Cont.)

hear Strain -1

Rate Y4 Ty MY 'y Yp Tp YP-Yi  Yp-Y
42 2.18 306 5.04 398 5.70 380 3.52 0.28

A

72 1.15 27, 1.73 303 2.42 283 1.27 0.78
.49 1.48, 310 2,11 316 2.82 305 1.34 0.74
.48 1.26 320 . 1.0 324 2,66 300 1.40 0.71
.630 1.63 316 3.47 338 3.47 338 1.84 p.5
.070 —- ——- 2.62 400 2,83 394 - g
.81 0.832 274 1.34 . 290 2.57 275 1.74 0.57
.35 1.27 228 2,74 328 2,98 309 1.71 0.58
.570 1.52 311 4.38 337 4,38 337 2.86 0.3Y
.083 2.03 330 3.30 3u0 3.81 340 1.38 0.72
.79 0.842 252 1.09 259 1.2 245 0.678  1.47
.50 0.864% 235 0.965 237 1.67 220 0.806 1.2t
.665 0.739 2.4 1.02 248 1.98  2u6 1.241  0.8¢
.0730 0.519  2u1 0.515  2u1 1.23 235 0.711 1.4
.80 0.911 246 1.08 260 1.87 238 . 0,958 1,0t
), 54 0.832 257 1.00 260 1.67  2u8 0.778  1.2¢
). 590 0.832 250 0.925 253 "2,08 253 1,198 0.8
).073), 0.538 224 0.821 225 1.42 214 0.882 1.1
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Table 3. (Cont.) .

a yji--Shear strain Qt onset of instability; I'i--torque' at vy VH--she
Yp--shear strain at fracture; lp--torque at fracturé.

b A" specimens have been solution-an:nealed as follows: 2000°F (109:

¢ "AS" specimens have been sensitized as follows: "A" treatment plus

—— h.lo instabilities observed in this test.
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Table 3. {(Cont.) .

set of instability; Ij--torque at Yys y"--shear strain at maximum torque; I‘H--maximum torques;,

fracture; I'r~-torque at fracture. ‘

n solution-annealed as follows: 2000°F (1093°C)~--10 minutes--water quenched.

en sensitized as follows: "A" treatment plus 1200°F (649°C)--24 hours--water quenched.

ved in this test,




Table 4.

Results: of Torsion Tests Conducted at 500°F (2
Bar Specimens of Various Diamete

Shear Strain

Specimen _ Bar Diameter Rate Y. Ty M
A27 0.2491 in 4.67 per min 1.23 208 1b~in 5.71 26
A26 0.2u92 2.72 * 1.66 218 6.00 27
A28 0.2464 0.642 © 1.56 211 5.03 26
A29 0.2425 0.063 -——- - 5.40 27
A30 0.1982 4,76 0.810 100 . 5,70 18
A3l 0.1987 2.59 0.571 104 5.88 13
A32 0.1980 0.618 1,39 109 5.11 1t
A33 0.1827 © 0,064 ——- — 4.85 1

a vyy--Shear strain at onset of instability; Ij--torque at vi; Yy~-shear sti

Yyr--shear strain at fracture, rp--forqua at fracture.

L ¥



Resultd of Torsion Tests Conducted at 500°F (260°C) on Type 304

Shear Strain

Table 4.

Bar Specimens of Various Diameters

[

Rate Y33 Ty Y™ Ty YF T'p Yp-Yi  Yp-
4.67 per min  1.23 208 1b-in  5.71 265 lb-in  6.26 249 1b-in  5.03 0.1
2.72 1.66 218 6.00 274 6.58 273 4,92 0.2
0.642 1.56 211 5,03 269 5.03 269 3.47 0.2
0.063 -— ——- 5.40 270 5.40 270 -—- --
4.76 0,810 100" 5,70 187 6.60 185 5.79 0.1
2.59 0,571 10k 5.88 135 6,03 133 ' 5.46 0.1
0.618 1.39 109 . 5.1 140 5.22 136 3.83 0.4
0.064 - ——— 4.85 110 5,02 109 —— -

of instability; Ij--torque at yj; yy--shear strain at maximum torque; PH--maximum torque;

cture, Pp--forque at fracture.

DI DY




" Table §.

Results of Torsion Tests of Type 3

Shear Strain

Specimen Temperature Rate Yia ry ™
buio 75°F (24°0) 4.91 peb min  0.241 - 337 1b-in  1.13
% .

W1l 75°F 0.642 0.098 218 1.12
Wiz 75°F 0.0688 0.062 286 1.08

- €310 75°F 4.80 '0.302 365 1.07
J11 7SOF 0.661 0.136 303 1.22
J12 . 750F 0.0612 . 0.104 250 1.02
W1 S00°F (260°C)  4.85 0.916 371 1.57
w2 S00°F 0.584 0.251 312 1.24
W3 S00°F 0.0651 0.090 268 1.1¢
J1 500°F 4.24 0.649 345 2.1
J2 S00°F ' 0.648 0.222 280 1.9
J3 500°F 0.0690 0.113 233 2.0
Wy 1000°F (538°C) 4.83 0.970 322 1.1
WS 1000°F 0.583 0.359 268 1.1
W6 1000°F 0.0721 0.151 252 1.0
J4 1000°F 4.87 1.54 209 3.6
Js 1000°F  0.587 0.296 253 1.1
J6 1000°F 0.0670 0.359 266 1.0

-, -

il
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" Table 5.

rrmemaim g e e e

Results of Torsion Tests of Type 304 Welded Plate

ar Strain 1
Rate Y3 Ty Y™ Ty Yr 3 YP.¥Y3  Yr.¥g
1 pek min  0.241 - 337 1b~in 1,13 502 1b-in  1.28 497 lb-in 1,038  0.964
-
42 0.098 218 " 1.12 542 1,16 535 1.062  0.940
Y688 0.062 286 1.08 503 .11 503 . 1.048  0.951
30 0.302 365 1.07 510 1.65 470 1.348  0.7u41
i
661 0.136 303 1.22 520 1.30 520 1.164  0.856
0612 - 0.104 250 1.02 43y 1,02 43y 0.916  1.09
a5 0.916 371 1.53 387 1.53 307 0.614  1.63
584 0.251 312 1.24 2383 1.24 383 0.989  1.01
0651 0.090 268 1.16 392 1.16 392 1,070  0.932
24 0.649 345 2.17 395 2.17 395 1.878  0.531
648 0.222 280 1,95 392 1.95 392 1.728  0.580
.0630 0.113 233 2,04 394 2.04 394 1.927  0.519
83 0.970 222 1,16 - 325 1.16 325 ‘0,190  5.28
,583 0.359 268 1.2 328 1.16 318 0.803 1.2
0721 0.151 252 1.01 328 1.01 328 0.859  1.16
87 1.54 289 3.66 323 3.66 323 2,12 0.471
). 587 0.296 253 1.4 317 1.17 317 0.874  1.14
}.0670 0.359 266 1.06 311 1.06 311 ° 0.701  1.43
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Table 5. (Cont.)
Shear Strain

Specimen Temperature Rate Yi r'y ™
W7 1200°F (649°C) 4,80 f 0.476 232 0.91
W8 1200°F 0.80 0.42) ihu" 1.68
W 1200°F 0.0720 0.280 232 0.95
J7 1200°F 4.86 0,325 221 0.96

J8 1200°F 0.630 0.266 216 0.92
Jo 1200°F 0.0658 0,163 185 0.77

a yi--Shear strain at onset of instability; Ty--torque at vyj; yu--she

Yp~-shear strain at fracture, I'r--torque at fracture.

b "W" gpecimens have a 1 inch long gage length centercd completely w!

¢ "J" specimens have a 2.5 inch long gage length, centered on the wel

and base-metal.

P - S



100

- a— : e ST S T R T ST
Table 5, (Cont.)
ar Strain 1
Rate’ Yi T'i Y™ ™ YF TP YraYL YPYE
0 0.476 232 0.915° 251 1.50 248 1.024 0,970
0 0.421 234 1.68 251 1.96  2u8 1.539  0.650
1720 0.280 232 0.952 266 1.78 258 . 1.500 0,667
. §
16 0.325 221 0.968 268 1.07 268 0,745  1.34
530 0.266 216 0.926 265 1.18 261 0.954 1,05
)655 0.163 195 0,772 241 1.05 237 0.887  1.13

F instability; Ty--torque at yj; Yy--shear strain at maximum torque; l‘u--maxim\nn torque;

ture, T'p--torque at fracture.

long gage length centercd completely within the weld-metal.

ch long gage length, centered on the weld-metal, but also containing heat-affected zone

.
|
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Table 6.

Summar; of Temperature: Strain-Rate Conditions for Formation

Material Condition

solution-annealed
" bar

bgensitized bar
All VWeld-metal

Weld joint

a Solution-annealed at 2000°F (1093°C) for 10 minutes and water-quenched.

of Macroscopic Instabilities

Macroscopic Instabilities Seen at Strain-Rates Faster than those

Indicated Below:

75OF (2u°C) S00°F (260°C) 10009F (538°C)

1260°F (649°C)

.0.07 per min 0.07 per min 0.07 per min
0.07 0.07 A1l
AL AL AL

All All All

b Solution-annealed plus 1200°F (649°C) for 24 hours and water-quenched.

All

All
All

All

T0T

-~



Table 7.

Summary of Occurrence of Serrated Torque-Twist Records

1
,

Nominal Temperature
Strain Rate 75°F S00°F 1000°F 1200°TF

Material Condition®

Solution-annealed

Sensitized

All Weld-metal

Weld-joint

a Solution-annealed

Sensitized

All weld-metal

Weld-joint

4.8 per min' No No No. Yes
2.5 | No No No Yes
0.6 No No No Yes
0.07 No Yes Yes “~ Yes
4.8 No- No No No
2,5 No No No Yes
0.6 No No No ~ Yes
0.07 - No No Yes Yes
h.8 . No No No No
0.6 ~ No Yo No No
0.07 No Ho No No
4.8 - No No No Yes
0.6 No No No Yes
0.07 No Yes Yes Yes

2000°F (1093°C)--10 minutes--Hp0 quench.

Solution-anneal plus 1200°F (649°C)--24 hours--
Ha0 quench. '

Manual shielded metal-arc welded with E308-15
electrodes per Figure 13.. Specimen configura-
tion per Figure 15a.

Manual shielded metal-arc welded with E308-15
electrodes per Figure 13. Specimen configura-
tion per Figure 15b,
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Figure 1. Schematic representation of three basic fracture surfaces
in pore formation and coalescence fractures, after
Beachem (22). :

(a) Normal rupture, formation of equiaxed dimples; (b)
shear rupture, formation of elongated dimples pointing
in the direction of shear on each side of the plane of
fracture; (c¢) tearing, formation of elongation dimples
pointing away from propagation direction.
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Figure 3. Prismatic voids in a sheet of unit thickness after
Thomason (41).
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Figure &4, Rigid-plastic plane-strain element containing particles; (a)
before tensile plastic instability, (b) at incipient insta-
bility without particle: matrix decohesion, (c) at incipient
instability with decohesion at particle ends. (42)
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* Figure S. Illustration of situations leading to (a) low ductility when
complete particle: matrix decohesion occurs; (b) increased
ductility when the particle: matrix band rema:lns intact at

the sides of the particle. (42)
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Figure 6 . Cylindrical voids in the model of McClintock, Kanlan, and
Berg (43).
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Figure 7. Generation of dislocation loops around particles by the
mechanism of Hirsch (45) and Ashby (46).
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Figure 8 . Broek's (44) model of void initiation and growth.
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Figure 10, Localized flow at the notch in a DWT specimen of stainless
’ steel, after Hayden and Floreen (52). (a) Cross-section
' - * of a nickel plated V-notch, 75X; (b) boxed in region of (a),
250%.
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Figure 11. Theoretical slip-line field for circular stress-free
boundary (Notch Root). (3)
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Figure 38, Glyceregia X100

Sample 4AOQ ‘Transverse section through solution-annealed Type 304 stain-
. less steel bar. :
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Figure 39. Glyceregia

X100

Sample 4AOS Transverse section through solution-annealed and sensitized

(1200°F-~24 hours--water quench) Type 304 stainless steel bar.
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Figure 40, " Oxalic Acid * .- X100X

Sample 4A0S Transverse section through solution-annealed and sensitized
(1200°F--24 hours--water quench) Type 304 stainleas steel bar., Note ’
outlining of grain-boundary carbide envelopes.

. : 142
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Figure 4l. Glyceregia . X125

Sample 0 Transverse section through as-deposited manual metal-arc weld
in Type 304 stainless steel plate showing coarse as-deposited weld-

* metal (right)and finer-grained weld-metal after homogenization by re-
heating by deposition of succeeding weld-passes (left).
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Figure 42, - OxalicAcid - - X125

Sanble 0 Transverse section through heat-affected zone of manval metal-
. arc welded Type 304 stainless-steel plate. Note laminations associated
with large inclusions (A) and long, narrow, stringer-type inclusion (B).

%
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Figure 43. Glyceregia X125

Sample 0 Transverse section through as-deposited manual metal-arc weld
in Type 304 stainless steel plate showing fusion-line hot-tear (A) and
semi-continuous series of laminations in heat-affected-zone leading to a

tight heat-affected-zone crack (B).
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Figure uli,

Sample Al9 (75°F--4.25 per minute
- of grains from original bar-axis

Glyceregia

X125

)} Interior of sample showing rotation
(horizontal).
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Figure 45, Glyceregia . X600

Sample Al9 (75°F--4.25 per minute) Interior of sample showing formation
_of internal cracks associated with inclusions.
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Figure ué6, Unetched X125

Sample A2l (75°F--0.6 per minute) Secondary crack just behind fracture.
Note linking up of pores ahead of crack (A), scattered pores found

- throughout sample, and change in fiber-orientation due to torsional de-
formation from vertical (along bar axis) to nearly horizontal.
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Figure 47. Unetched . X600
Sample A21 (75°F--0.6 per minute) Enlargement of growing end of secon-

. dary crack shown in Figure 46, Note association of smaller cracks (A)
and inclusions (B) with growth of large crack.
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Figure 48. Glycersgia X600

Sample Al9 (75°F--4.25 per minute) Details of fracture-surface, showing
extreme rotation of grains and inclusions from original bar-axis (hori-
‘ zontal) and growth of a secondary crack (A) in from the fracture-suprface.
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Figure 49, Glyceregia X1500
Sample Al19 (75°F--4.25 per minutc) Enlargement of region shown in Fig-

. ure 48, showing growth of secondary crack by formation and coalesence of
pores (A) ahead of the advancing crack.
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Figure 50. Glyceregia ' X125

. Sample A4 (500°F--0.62 per minute) Details of fracture-surface showing
extreme rotation of grains and inclusions from eriginal bar-axis (hori-

zontal). ,
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Figure 51. Glyceregia X600

Sample A4 (500°F--0.62 per minute) Microstructure just behind fracture-
" surface. Note decchasions at inclusion: matrix interfaces (A), and

propagation of a crack towards a smalier inclusion with its associated
pair of cracks (B).
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Figure 52, Glyceregia X125

Sample Al4 (500°F--0,0634% per minute) Details of fracture-surface show-
ing extrems rotation of grains and inclusions from original bar-axis

(horizontal).
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Figure 53, Glyceregia ' X600

Sample Al4 (500°F--0,0634 per minute) Microstructure just behind frac-
*ture-surface showing growth of two secondary cracks by tearing of the
material between them.



Figure S4. Glyceregia X125

Sample All (1000°F--4,72 per minute) Microstructure just behind frac-
ture surface showing extreme rotation of grains and inclusions from
* original bar-axis (horizontal) by torsional deformation.
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Glyceregia

4.

X125

Sample A}l (1(00°F--4.72 per minute) Microstructure far from fracture-

_surface.
- face.

Note secondary crack emanating from inclusion:
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Glyceregia

Figure 56.

X600

Sample All (1000°F--4.72 per minute) Enlargement of Figure 55 showing
crack emanating from inclusion: matrix interface (A) and from an inclu-

sion in a carbide-free grain-boundary (B)
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Figure 57. Glyceregia X1500

Sample A1l (1000°F--4,72 per minute) Enlargement of Figure 56, Note
-propagation of crack through a small group of inclusionms.
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X600

Glyceregia

Figure 58.

Sample All (1000°F--4
- cracks growing

(A).

ment of Figure 55 showing

nute) Enlarge
matrix interfaces

+72 per mi
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Figure 59. Glyceregia ~ X125

Sample Al18 (1200°F--0.073 per minute) Secondary cracks behind fracture
. surface showing localization of plastic-flow between two growing cracks,
and extreme rotation of grains and inclusions from original bar-axis
(horizontal) by torsional deformation.
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Figure 60, Glyceregia X125
Sample A18 (1200°F--0.073 per minute) Microstructure far from fracture

* gurface, Compare with Figure 59 and note relatively undeformed nicro-
‘structure.
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Figure 61. : : Oxalic Acid X600

Sample Al18 (1200°F--0.073 per minute) Enlargement of end of crack shown
_ in Figure 59 showing transgranular growth of crack and precipitation of
- carbides on grain-boundaries and within the grains during heating to and
teating at 1000°F,
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Figure 62. Oxalic Acid ' X125

Sanﬁle AS17 (75°F--2.34k per minute) Microstructure at fracture-surface,
- showing extreme rotation of grains from original bar-axis.
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Figure 63. Oxalic Acid %125

Sample AS17 (75°F--2,34 per minute) Microstructure far from fracture-
* gurface illustrating moderate deformation of grains (compare with
Figure 62). :
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Figure 64. Oxalic Acid X600
Sample AS17 (75°F--2.34 per minute) Crack-propagation associated with

second-phases in grain-boundaries (A), twin-boundaries (B) and within
the grains (C).
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Figure 65. Oxalic Acid X1500

Sample AS17 (75°F--2.34 per minute) Enlargement of Figure 64, showing
the development of a crack growing from an inclusion (A) in thc inter-
_dor of a grain towards a nearby second-phase particle (B).
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X125

Oxalic Acid

"showing extreme

Sample AS1l (500°F--0,065 per minute) Fracture-surface,
_rotation of grains and inclusions from original bar-axis (horizontal).
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X125

Oxalic Acid

Sample AS1l (500°F--0.065 per minute) Microstructure far from fracture-

Figure 67.

showing secondary cracks along grain-boundaries.

surface,
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Figure 68. Oxalic Acid X125

Sample AS1) (500°F--0,065 per minute) Microstructure near center-line
of bar far from fracture-surface.
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Figure 69. Oxalic Acid X600

Sample AS1l (500°F-~0.065 per minute) Secondary crack, showing pore- .
formation in intergranular carbide networks (A), their growth into
intergranular cracks (B), and crack-growth by localization of plastic
flow between crack-tip and nearhy array of pores (C).



X125

Oxalic Acid

Sample AS3 (S500°F--2,64 per minute) Microstructure just behind fracture-

surface, illustrating extreme rotation of grains and inclusion from ori-
- gina) bar-axis (horizontal) by torsional deformation and a secondary

crack (A),

Figure 70,
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Oxalic Acid

Figure 71.

, showing partially' intergranular-partially trans-

“granular propagation of crack.

64 per minute) Enlargement of growing end of secon-

70

dary crack in Figure

Sample AS3 (500°F--2,
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Oxalic Acid

Figure 72.

81 per minute) Secondary crack behind and parallel

. to the fracture-surface.

Sample AS8 (1000°F--4
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Figure 73, Oxalic Acid X1500
Sample AS8 (1000°F--4,81 per minute) Enlargement of growing end of

crack in Figure 72 showing growth past an inclusion by an inclusion:
matrix decohesion.
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Figure 7u. - .. Oxalic Acid X125
Sample AS1S (1200°F--0,0731 per minute) Microstructure just behind

fracture-surface showing extreme rotation of grains and inclusions from
. original bar-axis (horizontal) by torsional deformation.
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X600

Oxalic 'Ac:ld

Figure 75.

31 per minute) Microstructure just behind

h of a secondary crack along grain-

boundary carbide-networks (A) and localization of plastic-flow between

1
s
Iils
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Figure. 76. Oxalic Acid X125
Sample AS15 (1200°F--0.0731 per minute) Microstructure far from fracture

showing small amount of grain and inclusion rotation from original bar-
. axis. .
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Figure 77. Glyceregia X125

Sample W12 (75°F--0.0688 per minute). Details of fracture surface showing
development of a secondary crack at the edge of an instability (A). Note
- localization of plastic flow within the instability that was associated
with fracture (Bg.
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Figure 78. Glyceregia . X600

Sample W12 (75°F--0,0668 per minute) Microstructure at the ti; of the
. growing crack shown in Figure 77. Note growth of the erack along in-

terdendritic ferrite networks (A) and presence of pores within ferrite
islands ahead of the crack.
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Figure 79. Glyceregia X125

Sauple W1 (500°F--4.85 per minute) Fracture surface showing propagation
. through a region of "as deposited" weld-metal (A) and growth of a secon-

dary crack (B) that stopped just short of the "as deposited: grain-
refined” interface (C).
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Figure 80. Glyceregia X600

Sample WL (500°F--4.85 per minute) Enlargement of the secondary crack
shown in Figure 79, showing the propagation through interdendritic

* feprite (A) and formation of pores (B) in ferrite pools ahead of and
around the crack.

" 182



15

Figure 81, Glyceregia X125

Sample W3 (500°F--0,0651 per minute) Fracture surface, showing propa-
gation of fracture through an "as-deposited" region (A) and a 'grain-
- refined" region (B) in the fusion-zone.
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~ Figure 82. Glyceregia X125

Sample W7 (1200°F--4.80 per minute) Fracture surface showing secondary
cracks.
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Figure 83. Glyceregia ' X600

Sample W7 (1200°F--4.80 per minute) Enlargement of fracture surface
. shown %n)?iguu 82 showing propagation along interdendritic ferrite
pools (A), :
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Figure g4, Glyceregia ' X125

Sample W9 (1200°F--0.580 per minute) Fracture-surface showing a change
in orientation of weld-metal just behind fracture:surface.
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Figure 85, Glyceregia X125

Sample W9 (1200°F--0,580 per minute)  Secondary crack (A) about 1/8 inch
~behind fracture-surface.
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Figure 86, Glyceregia X600

Sample W9 (1200°F--0,580 per minute) Enlargement of tip of secondary
_ crack shown in Figure 85, showing propagation of crack along interden-
* dritic ferrite (A) and formation of pores within the ferrite (B).

" 188



, oo
‘
i
I .l_g\_xge 87. Glyceregia X600

- Sampie W9 (1200°F--0.580 per minute) Same field as rigure 86, but using
. Nomarski differential interference contrast illumination to emphasize
. the localization of plastic flow (A) near the growing cracks.
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Figure 88. Oxalic Acid X125

Sample J10 (75°F--4.80 per minute) Note fracture propagating through
. grain-coarsened region of the heat-affected zone.
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Figure 89. Oxalic Acid ' X125

Sample J10 (75°F--4,.80 per minute) Note propagation of fracture parti-
+ ally through the heat-affected zone and partially through the fusion-
gone, as well as the secondary crack (A) originating from a nicmhrink-

age cavity (B) in the fusion-zone.
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Figure 390, Oxalic acid X600

Sample J10 (75°F--4,.80 per minute) Enlargement of Figure 83, showing
microshrinkage defect.at edge of fusion zone, fusion line (A), crack (B)
. emanating from microshrinkage defect, and pores forming in ferrite pools
in fusion zone (C). '
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Figure 91, Oxalic Acid X600

Sample J3 (500°F--0.0690 per minute) Microstructure just behind the
frasture-surface, showing propagation of two secondary cracks towards
:.and around the periphery of inclusions (A) and localization of plastic
flow (B) near one of the secondary cracks.
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Figure 92, Oxalic Acid %1500
Sample J3 (500°F--0.0690 per minute) An enlargement of the circled re-

_gion in Figure 91, showing a crack emanating from an inclusion: matrix
- interface (A), and isolated pores (B) forming within ferrite pools.
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Figure 93, Oxalic Acid X125

Sample J4 (1000°F--4,87 per minute) Corner of fracture-surface showing
propagation of a secondary crack (A).
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Figure 9y, Oxalic Acid X600

Sample J4 (1000°F-4,87 per minute) Enlargement of growing end of secon-
dary crack shown in rigure 93, illustrating its ‘propagation between pools

of ferrite (A).
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X125

Oxalic Acid

Figure o5,

Details of fracture surface and

Sample J7 (1200°F--4.86 per minute)

secondary crack (A).
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| Figure 96. Oxalic Acid X125
Sample J7 (1200°F--4.86 per minute) Details of fracture surface.
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Figure 97. Oxalic Acid X600
Sample J7 (1200°F--4.86 per minute) Enlargement of tip of secondary

. crack shown in Figure 95. Note propagation of crack between ferrite
pools and along an inclusion: austenite interface (A).
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Figure 98. Oxalic Acid X600
Sample J7 (1200°F--4,86 per minute) Same field as Figure 97, but using

Nomarski differential interference contrast' illumination to emphasize
. the localization of plastic-flow at and ahead of the crack-tip (A).
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Figure 99,
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<L

A4 (500°F:

0.62 per minute)

297 3u8
280 315
310 a7

A1} (1000°F: 4,72 per minute)

Solution-annealed samples

303 327
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207 33)
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. 326
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337
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Sensitized samples
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A O

3Lk as1
287 306
1317 auzl
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Weld metal samples

All microhardness values are averages of 3 readings per location
made with a 500 gram load using a Vickers Pyramid indepter.
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Summary of Microhardness Results.



70

ord
”
b~
£
g 60
pe
[77]
T
=
S
n
s E 50
B
v
P
Q
-
]
o 40
0
@
| 7
8
(92 ]
5
| ¥
Figure 100.

S
‘\
S
\~“
\.‘

\\ PSS
. ---m--k------ hadindhachad “-----—.---Q‘-

o > o o - o \\ “ee
. .
. “ HF

e Solution Annealed S
\\\
- mmoas Sengitized . “a

“»
. . - |200F
. l' ] i A I -] 1‘—‘ | ul—,#

- 1 0.
10-1 Shear Strain Rate (Min)~1l 10

1

Flow Stress at 10% Significant Strain vs Strain-Rate at the Indicated Temperatures for Type 304
Stainless Steel Bar.



T | . : : 203

7 |-

==  Solution Annealed
wr=ses Sensitized

50 I (% = Flow Stress at 50% Sipgnificant Strain

ord
. LT
=
J‘LS“ 4 =
_—
2 ,c
O. “""‘-
io -"'-..
[ 30 - ---.
s "'I = Flow Stress at 25% Significant St:-afn
L
-y~ TR ™
- o o @ ""--....
20 o .-...'-Q"

_ O, = Flow Stress at 15% Significant Strain ’ '
- 10 p————— \

0 500 1000

Temperature, F

Figure 101, Barnby's Work-Hardening Parameter vs Temperature at a Nomlnal
Strain Rate of 4,8 Inches/Inch/Minute for Type 304 Stainless

Steel Bar,



204

60
= Splution Annealed
- e s Sens:ltized 4

0o = Flow Stress at 50% Significant Strain

ol 50
g .
il
L (R
5
[=] -
T ~,
1" 7, = Elow:Strese ar28% ..
‘----.---__-_---
20 " ' -\\\
\\\I\
10 9 = Fjou 3Icess it

=00 ‘remper§tura. F 1000

Figure 102, Bamby's Work-Hardening Parameter vs Temperature at a Nominal
: - StrainRate of 2,5 Inches/Inch/Minute for Type 304 Stainless
Steel Bar,



205

70

60

w50 Y
3 === Solution-Annealed "
. =e=e Sensitized
Fls
- ho
A
15
)
| K 30
4

20

L

‘... “
Ty = Flow =SS, <7
Stress at 15% "'----.. ’ '

10

Significant Strai

Temperature, F

Figure 103, Barnby's Work Hardening Parameter vs Temperature at a Nominal
: .+ Strain-Rate of 0.6 Inches/Inch/Minute for Type 304 Stainless
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