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ABSTRACT

Tensile tests and fracture toughness tests using the
J-integral technique were performed on precipitation hardened
metastable austenitic steels of five different compositions
over the temperature range of -196°C to 300°C. Cne of these
alloys was stable with respect to mechanically-induced
martensitic transformation. The other four were metastable
with respect to the same transformation and presented
different transformational volume expansions.

The results indicate that significant toughness enhancement
is promoted by the mechanically-induced martensitic
transformation. This effect is manifested in unifcrm
elongation, true strain to failure in the neck, JIc and

crack-growth resistance. A similar temperature dependence is f
observed for all these parameters, and their enhancements can
be analysed within the same general framework.

Concerning uniform elongation, a 3- to 4- fold increase is
obtained as compared to stable austenite. The transformation
increases the uniform elongation by altering the flow
behavior via a combination of dynamic softening and
static-hardening. In altering the shape of the true-stress,
true-strain curve, the onset of necking is delayed to vexry
large plastic strains, Both the experimental results and a
proposed model indicate that an optimum transformation
3tability exists for which the enhancement is maximum, 4 drop
in uniform elongation is found at temperatures where only a
very small amount of transformation takes place before
necking., This drop is accounted for by analysing the
alterations in the stress-strain behavior.




Fracture of the subject austenites occurs by shear
instability , and thus the enhancement of strain to failure
and JIc can be rationalized by a model which gives the

condition for shear localization, Under triaxial stressc-
states, the transformation promotes toughening by two
mechanisms, The first, as with the enhancement of uniform
elongation, is by altering the flow behavior of the austenite.
The second is by reducing the triaxiality as a consequence of
the transformatiﬁnal volume expansion. The model for

enhancement in €, and JIC also predicts the existence of an

optimur transformation stability condition for which the
toughness is maximum. However, in many instances, this
maximum is not attained due to premature failure by other
lower-toughness fracture processes, For the alloys here
studied, the maxima in €% and J;, occur ut Fg for the

respective stress-state:s because of premature failure at "<MT
due to intrinsic brittleness of stress-assisted martensite.

The results for the resistance to crack-growth indicate that
the transformation is also beneficial for this property and
that there is likewise an optimum transformation stability
condition for maximum toughness,

A semi-quantitative model for the relative enhancement in
fracture toughness is developed here. The model indicates
that, although important, dilatation is not essential for the
toughening process. The volume-change contribution is not
only dependent on the dilatation magnitude but also on the
amount of martensite forming in the transformation zone.

A compariscn of the fracture toughness obtained in this work
with other values reported for high-toughness commercial
steels indicate that mechanically-induced martensitic
transformation can be a very substantial toughening mechanism,
giving ¥y, values up to 255 MPaym, at a yield strength of

1200 Fra. The results here reported shcew that the addition cf
°r spreads cut the usually sharp temperature dependence of
mechanical properties of metastable austenitic steels and
also premotes a larger transPormational volume change.
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CEAPTER I : INTRCDUCTICN

It has been recognized that metastable austenitic
steels can exhibit high strength associated with large
uniform ductility., This cxcellent combination of properties
is a direct consequence of the martensitic transformation
taking place under mechanically-applied stresses.

1t is also reported that the same transformation is
responsible for the enhancement of fracture toughness in these
materials when compared with stable austenitic steels.
Although theories based on the absorption of strain energy by
the transformation account for the improvement of fracture
toughness in an approximate way, a more complete understanding
of how martensitic transformation enhances the general
toughness of metastable austenitic alloys is needed.

In this work, tensile properties and fracture
toughness using the J-integral method of five different
precipitation~-hardenable metastable austenitic steels are
studied as a function of temperature. ihile one of the alloys
does not transform in the temperature range studied (-196°C o
300°C), the other four show different stabilities with
respect to the martensitic transformation as well as different
transformation volume changes. The transformation is shown
to produce enhancement in ductility and toughness as measured
by any of the four parameters: uniform elongation (Epu),

strain to failure in the neck (E?), J1e» and dJ/d Aa, where

- 15 -



the last is an indication of the maierial resistance to crack
growth,

A generalized formalism to explain the enhancement
in ductility and toughness is developed based on the study of
the influence of mechanically-induced martensitic
transformation on the flow behavior of metastable austenitic
steels, This formalism is able to explain the results

obtained for Epu, eg, and J, , all under Mode I loading.

Ic
The influence of the volume expansion associated with the
martensitic transformation on the toughness enhancement under
triaxial stress-states has been rationalized and a final
expression showing the dependence of the relative enhancement
on the extent of the transformation and the relative

in JIc

transformation volume change has been achieved,

- 16 =



CHAPTER II s BIBLIOGRAPHIC REVIEW

2.1 - Mechanically-Induced Martensite and Transformation
Plasticity

Although it has been a long time since the first
attempts were made to explain how applied stresses interact
with martensitic transformation(l), only during the 50's an
adequate rationalization of the problem was obtained. Patel
and Cohen(z) showed that the mechanical work performed on or
by the transforming region, as the resolved normal and shear
forces are carried through the repective transformation
displacements, should contribute to the thermodynamic

driving force. This work term is expressed as:
W= TN + O, €, [1]

where )% aud €, are the shear and normal components of the
transformation invariant-plane shape strain, T and (Zn are
the shear and normal stresses resolved in the planes and
directions of ), and €.

Mechanically-induced martensitic transformations
are usually classified as stress-assisted or strain-induced(B?
In the former case, the plates nucleate at sites already
present in the parent phase and the process is
thermodynamically assisted by the applied stresses, while in
the latter case, the matensite nucleates at new sites created

by plastic deformation of the parent phase(B). The

- L? -




temperature dependence of the yield strength for materials
where mechanically-induced martensitic transformation takes
place is shovm schematically in Figure 1. At temperatures
below Mg (u), the transformation is stress-assisted and

initial yielding is controlled by the macroscopic strain
accompanying the transformation. At temperatures above Mg ’
jnitial yielding is controlled by slip in the parent phase,

and the yield-strength curve follows the normal temperature
dependence of the yield-strength of the parent phase.

Between Mg and M; , the curve of strain-induced nucleation

is shovm to fall between the curve of the actual yield-strength
versus temperature and that extrapolated from the stress-
assisted range of temperatures. This is consistent with the
nucleation at new sites created by plastic deformation. Md

is the highest temperature at which strain-induced
transformation is found to occur. At still higher temperatures
fracture precedes any detectable martensite formation.

It is known that martensitic transformation can
produce plastic deformation of adjacent austenite. When the
transformation takes place under an applied stress, it is
accompanied by a macroscopic strain, defined as transformation
plasticity, which can arise from a biasing of the plastic
accomeodation processes around the martensitic units, as well
as a biasing of the plate variants formed(5). This
transformation plasticity has been shown to inhibit flow

instability (necking) by increasing the strain-hardening




-~
—— — Dl T

Stress —»

Bl e

Tempersture —p

Figure 1 - Schematic temperature dependence of the yield
strength of metastable austenitic steels, The
curve for strain-induced nucleation and the
extension of the curve for austenitic yielding by
slip at temperatures lower than M; are also shown

(Reference 5).

1.0[- ‘
‘martensite

80}
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Figure 2 - Temperature dependence of the fracture toughness of
a high-strength TRIP steel showing the enhancement
due to mechanically-induced transformation
(Reference 10).,.
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rate(6). This increase of strain-hardening, coupled with the
suppression of early necking results in an overall increase
of tensile strength and uniform ductility(é).

These ideas, initially developed in lower strength
steels(s), have been sucessfully applied to very high-
strength steels, the so-called TRIFP (Transformation Induced
Plasticity) steels(7). Subsequently many papers have
appeared dealing with the influence of mechanically-induced
martensitic transformation on the general mechanical behavior
of metastable austenitic steels under monotonic(s'zz) and
cyclic(23-29) loading.

Dealing specifically with fracture toughness under
monotonic loading, there are indications that TRIP steels do
have high toughness(s'lo’lB'zz). Based on the hypothesis
that the transformation of austenite to martensite is
equivalent to a mode of plastic deformation and thus capable
of absorbing strain energy that otherwise would have driven
crack extension(9'lo), Gerberich et al.(9) and Antolovich and
Singh(lo) have calculated the enhancement of fracture
toughness due to the TRIP phenomenon. In the Antolovich and
Singh work(lo), a comparision between calculated and
experimental values apparently supported their model.

The Antolovich and Singh experimental procedure
consisted of meeasuring Ki, as a function of temperature for
a high-carbon (0.6C) and severely warm-worked (75% at 460°C)
TRIP steel, with the result shown in Figure 2. At room

temperature and below, mechanically-induced martensite was



formed, while at higher temperatures no martensite was
observed even at the fracture surfaces. A comparision
between the actual KIc at room temperature and the value
obtained from extrapolation of the higher-temperature tests
gave the erhancement of fracture toughness due to martensitic
transformation.

From a theoretical point of view, Antolovich and

(10) calculated the dissipation of energy associated

Singh
with the transformation as a work term obtained by the

product of the stress at which martensite forms and the shear
component of the invariant-plane shape strain. They
considered that the martensite forms by a strain-induced
mechanism, and in this case some of their hypotheses are
justified, such as the assumption that the properties of
austenite determine the plastic zone size (which is taken
equal to the transformation zone), and also the assumption
that martensite forms ahead of the crack tip at the

equivalent yield strength of the material(lo). However, these
hypotheses are unreasonable when the transformation is stress-
assisted at the crack-tip. In this case, although the plastic
zone is again equal to the transformation zone, yielding is
controlled by the transformation itself and the martensite
forms at equivalent stress level much lower than the tensile
yield strength of the material(Bo). Furthermore, Antolovich
and Singh only considered enhancement in fracture toughness
due to the shear component of the transformation strain,

- ")"l -




neglecting any possible contribution of the transformation
volume change, which seems to play a key role in the
transformation fracture-toughness enhancement observed in
ceramic systems(Bl).

These limitations to the Antolovich and Singh model
justify further investigation of the transformation toughening
problem in an attempt to reach a more basic understanding of
the phenomenon.

A schematic representation of the true tensile
stress-strain curves for temperatures ranges where the
transformation is stress-assisted and strain-induced is shovn
in Figure 3 (33), together with the respective transformation
curves. The very distinct behavior of the material in each
range is evident. When the transformation is stress-assisted,
the martensite volume fraction (f) is directly proportional
to the plastic strain (€). The high dynamic softening is
such that the stress is kept at a very low value, lower than
the predicted flow curves for austenite and martensite or for
a linear mixture of the two. A relatively sharp increase
toward the "mixture" flow curve is observed hen the
transformation is exhausted. On the other hand, when the
transformation is strain-induced, under the assumption that
shear-band intersections constitute the primary strain-induced
nucleation site(34-38), the transformation curve can be

(3

described by an expression of the form



T>Mg

(a) (v)

Figure 3 - Schematic curves of true-stress and volume fraction
of martensite versus plastic strain for (a) strain-
induced and (b) stress-assisted transformation

(Reference 33)
2400

T — T
O § = 1% Tonsien

| @ €=0.2%Tension

8 €=0.2%Compression

0 ksi

100

400
TEMPERATURE,°K

Figure 4 - Calculated transformation stresses and measured
yield strength for TRIP steel under different

stress-states (Reference 41).



£=1 - exp(-ﬁ[}. - exp(-at€)")) [2]

where (X is a dimensionless parameter relatéd-to _the. rate of
shear-band formaticn, ﬁsis proportional to the probability
that a shear-band intersection acts as a nuclcation site,
and n is a power-law parameter (n>2). 1In this case, the
dynamic softening, although present, is much smaller and the
stress-strain curve is not very different from the one
predicted by the rule of mixtures.

Recently, constitutive equations have been
theoretically developed for both temperature ranges, when the
martensite is stress-assisted(Bo) and strain-induced(Bz).

In TRIP steels the basic mode of transformation on cooling is
ijsothermal. Kinetic theories of isothermal martensitic
transformation(39'uo) predict that the transformation rate
varies as a function of the total applied driving force

( A G) according to:
f = (n +pf-N, ) (1-f)VD exp -(a+B AG)/RT [3]

~here n; is the initial density of nucleation sites, p is the
autocatalytic parameter, f is the volume fraction of martensite,
N, is the number of martensitic plates per unit volume, V is

the instantaneous mean martensitic plate volume, P is the
lattice vibration frequency, R is the gas constant, T is

absolute temperature, and A and B are constants.



Taking into account that when stress-assisted
martensite is formed, (- AG) is the sum of the chemical
driving force (-AGch) and the aditional driving force due
t5 the interaction of applied stresses and the strain
associated with the transformation (iZquation 1), the general
constitutive equation for TRIP steels in the stress-assisted

(30),

range of temperatures is then

L

-_ %)=-Bd G-l A+B/AG __+RT1 f
Ut( ( dU) l A ch n(ni+pf-Nv) (1-f)VD

[4]

where Ef%(f)_is the equivalent stress required for
transformation at rate f, which is related to the imposed

strain rate through:
£f=k€ [5]

Equation 4 also denotes the temperature dependence
of the equivalent yield strength which is dependent on the
stress-state through dAG/dﬁOO). Figure 4 shows the
theoretical temperature dependence of the equivalent yield
strength based on iquation 4 for three different stress-
states. The model predicts a much lower transformation
stress ahead of the crack tip, a consequence of the influence
of stress triaxiality on dAG/da' (41). Figure 4 also shows
that there is good agreement between the theory and

experimental results for the tensile yield strength in the
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temperature range where the transformation is stress-
assisted.

In the temperature range where transformation is
strain-induced, constitutive equations have been developed

(32)

based on results for metastable austenitic steels In
this case the static hardening contribution to the flow

stress is expressed as:
O,(€) = (1-0) [0, (€-an] + t[o,(€-a'n)] [6]

where f is the volume fraction of martensite at a strain €
and(ff and J, are the pure austenite and pure martensite
flow stresses at a strain (€E-'f). Here (X'f corrects for
the shape-strain contribution to the measured E'(5). The
dynamic softening contribution, [&(ﬁi. is related to O
through (32)

A0y

O.S

df
P 4

with l}' for the studied metastable austenitic steel equal to
5.3x10'2. The constitutive flow relation for strain-induced

transformation is then given by:

0= ((a-1) [ove-arn] + £ [o,ce- a))
x[l - By E)



In terms of stability of plastic flow, from a

continuum point of view, the ideal hardening curve would be

the one described by(s):
a O
o—— = G 9
— [0]
or, in other words:
0= O,exp€ [10]

The transformation-plasticity effects of dynamic
softening and static hardening bring the shape of the stress-
strain curve almost exactly to that of the ideal exponential
hardening curve(S) and this is the explanation for the high
values of uniform elongation obtained in metastable
austenitic alloys under appropriate stability conditionms,

Transformation toughening can be obtained not only
in steels but also in ceramic systems where tetragonal
zirconia (Zr02) is present as a dispersed phase or

(31’42’43). The martensitic transformation of

precipitates
the tetragonal ZrO2 into a monoclinic structure under stresses
ahead of a crack-tip is known to increase the fracture
toughness of the material through the shielding of the crack
tip from the applied stress, in a manner analogous to the

(44)

plastic zone in ductile materials Two approaches for

the quantitative analysis of the problem have been used:



a) an energetic approach, where the enhancement in toughness

ic modelled by examining the energy changes that accompany
crack extension(45’46); b) a mechanics approach, where the
reduction in near-tip stress intensity relative to the

applied stress intensity is calculated(47). In both approaches
~nly the dilatant part of the transformation is taken into
account, since the overall transformation shear strain is low
in these systems(46).

In the formalism of the mechanics approach,
Hutchinson(48) recently developed constitutive equations for
an elastic solid containing particles that undergo an
irreversible stress-induced dilatant transformation. Based
on these equations, he calculated the reduction in crack-tip
stress intensity and showed that toughening is associated
with the crack advance and is due to the wake of trausformed
particles which are left behind a quasi-statically advancing

crack-tip(48).

The highest toughening is obtained in the
sc-called supercritically transforming composite where, in
any region of the material when the mean stress reaches a
critical value (CT;), all the particles are completely
transformed. The crack-tip stress-intensity reduction is

given by(48):

EI‘OT\/E -
K = K=-XK,. = 0.2143 ———— 11



where E is the Young modulus, D is the Poisson's ratio, H is
the half-height of the wake of transformed particles and (QT
is the total dilatation of the transformed composite related

to each particle dilatation ( OP) by:

0" =<0, (2]

¢ being the particle volume fraction. Considering the
possibility of the transformation occurring in a range of
stresses and cunsequently the existence of partially
transformed regions (subcritically transforming composite),
the crack-tip stress- intensity reduction can be considerably
less than the values predicted by Equation 11(48).
Despite all these efforts in modeling the
transformation toughening in ceramic systems, comparision
with experimental results suggests that the theoretical
models underestimate the measured toughness enhancement
(44,47,48)  mnis seems to indicate that distortional
components of transformation together with possible preferred

orientation effects may have to be taken into account along

with the dilatant component(48).



2.2 - Some Aspects of Elastic-Plastic Fracture Mechanics

When dealing with low-strength, high-toughness
materials, the T.inear ilastic Fracture Mechanics small-scale
yielding assumption fails, and it becomes necessary to invoke
new concepts valid for elastic-plastic behavior., One such
concept is the so-called J-integral formulation.,

The J-integral was originally defined for a

nonlinear elastic material as(49):

;. /'-.-.’dy - T<_g_1xi)ds (9]

r

where Iﬂis a two-dimensional closed contour followed
counter-clockwise in a stressed solid, as shown in Figure 5a.
T is the traction force perpendicular to .I1pointing in the
outward direction (Ti = (Tijnj), u is the displacement in the

x-direction, ds is an element of Iw, and W is the strain

energy per unit volume:

€

4= u(x,y) = WE) = /o'ijdEij. [14]

Tt has been shown'4?) that the J-integral is path
independent when the contour is taken around a crack tip with
its initial and final points respectively in the upper and
lower surfaces of the crack (Figure 5b). Furthermore, the
J-integral defined along this same contour is a measure of

the change in potential energy (7T) when the initial crack

- 30 -



(2)

(b)

Pigure 5 - Schematic closed coxtour used in the definition of
J=integral: (a) in general and (b) ahead of the
crack-tip (Reference 63).




length, a, is infinitesimally extended(49’50):

;=- 0% [15]
da

By choosing a circle as the contour [', by invoking
the path-independent property of the integral, and by assuming
a power-law stress-strain relationship in a nonlinear elastic
material, Hutchinson(sl) and Rice and Rosengren(52) were able
to derive crack-tip stress and strain fields, whose dcminant

terms at distances close to the crack tip are:

1/(N+1)
Oi; = Oo [ ’ £:5(0)
&o, €, 1,r
6
1/ (1+1) D-]
ei‘ = J fl,](o)

57 %]
aao €oln®

where I is the inverse of the strain-hardening coefficient n,
O, and €, are the initial yield stress and strain, (X is
the constant in the stress-strain law, I, is a numerical
constant dependent on n, r is the radial distance from the
crack tip, and fij(g) and gij(G) are functions of the angle
measured counterclockwise from the plane ahead of the crack
tip (Figure 5b).

These equations show that the J-integral can be

considered a stress-field parameter. Furthermore, as the



J-integral is a measure of the change in potential energy, it
is equivalent to the crack extension force G in the 1limit of
linear elasticity(53).

All these concepts are rigourously correct for
nonlinear elastic materials but they can be extended to
elastic-plastic materials under the assumption of the
deformation theory of plasticity(49). This theory assumes
that elastic-plastic materials behave exactly the same as a
nonlinear elastic material when loaded, with infinitesimal
increments in strain at any point proportional to the strain
at that point. Cn unloading, the two materials will behave
differently: the nonlinear elastic material will follow the
reversed loading path while the elastic-plastic material
will not,

The concept of J-integral as a field intensity
parameter allows the use of J as a fracture toughness
parameter(54’55). The critical value of J-integral that will
correspond to the initiation of crack extension is JC and for
tensile crack-opening Mode I it is called JIc’ The equivalence

between J and G allows J o and K c to be related through(SB):

I I

-2

= G, = I/\IC [17]

J Ic

Ic

'.p‘l

where Z'=3 for plane stress and n'=3/(1 - 1)2) for plane

strain,

)
i
N

!



The experimental techniques for JIc determination
are based on the measurement of J-integral as a function of
crack extension ( Aa) (54'59). Two techniques are
standardized(6o). Cne uses multiple specimens with the same
initial crack length(?8), ach specimen has its initial crack
¢:tonded to different values of Aa, with the crack length
displacement in steels measured by heat tinting. The other
standard technique uses a single specimen that is unloaded at
different values of Aa, with the crack extension determined

ty measurement of the compliance variations(59). A

non-standard technique has been recently proposed(62) in
which the J versus Aa curve can be constructed directly from
the load-displacement curve of one single specimen,

The concept of J-integral as a fracture toughness
parameter is based on the assumption that a region exists
near the crack tip where the stress and strain fields are
governed by Squation 16, This imposes geometrical requirements

to be satisfied by the specimens used to measure J First,

Ic®
the size of the J-dominated field region (rHRR) must be
larger than the small region very near the crack tip where
nonproportional loading occurs (Figure 6). Second, the
expressions in “quation 16 must be asymptotically true in
the limit r +0, and this means that the uncracked ligament
must be sufficiently large to assure that the fully plastic
field solution can be neglected at regions near the crack
(€3)

tip The size of the nonpropcrtional loading rcgion is 2



non-proportional loading

~ N\ region controlled
/ ./\ by J-fields

I // ;\\\ \
\ /' I
\ M- NIHRR
\ /
N\
e
=~ —

elastic unloading

Figure 6 - Schematic of the region where the J-integral
concept is valid (Reference 68)
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to 3 times larger than the crack-tip-opening displacement of
a blunted crack(64’65). The nonproportional loading region
corresponds to the region of large shear strains introduced
ahead of the crack tip due to blunting(66’67).

The required uncracked ligament size is a functicn
of the material strain-hardening coefficient and the crack
geometry(64’65). For bend-type specimens (three-point bend
and tensile compact) of materials of any strain-hardening

coefficient(68), the size of the initial uncracked ligament,

b, must satisfy:

by 25 “Ic [16]
Of1ow

where (jflow is an average value between yield strength and
ultimate strength(60).

Although the concept of J-integral as a fracture
parameter has been developed for stationary cracks, the
experimental J versus [&a curves may be interpreted as a
crack-growth resistance curve if certain requirements are

satisfied, namely(68'7o):

21<3<:rHRR and

19]

v = b _dJ_)>>1
J \dAa



w“hen these conditions are satisfied, a
nondimensional parameter, the tearing modulus (Tm), can be
defined as a measure to the resistance of ductile materials

to tearing instability(68-71).

_ B dJ [20]
T =
m Tfiow (aAa>

Besides the J-integral approach to elastic-plastic
fracture mechanics, the concept of a critical crack-tip
opening displacement (CTOD) required for crack propagation is
also widely used(72). The relation between JIC and CTOD is

expressed as(64):

Jd = MxCTCDx 0. 21
y

Ic

where CTy is the yield strength and I is a function of the

strain-hardening coefficient and the ratio CTy/E.
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2,7 = Ductile Fracture and localization of Shear Deformation

It is well established that the fracture process in
ductile materials occurs by the formation and ultimately

impingement of voids formed around precipitates or second-

(73=717)

phase particles y with these particles ranging in size

from a few .ngstrons to several microns(78).

The voids are nucleated either due to brittle

(79,80) or by decohesion of the

(76,80-86)

cracking of the particles

particles-matrix interface caused by deformation

incompatibilities between particle and matrix. Apparently

elongated particles are more susceptible to cracking(81’82)

while equiaxed ones almost always nucleate voids by

interfacial separation(sz).

Many different theories have been proposed for

(76,80,82-86)

dislocation-based(80’85),
d(82,86).

void-nucleation 5ome of these models are
while others are
continuum-base A necessary but not sufficient
condition for void formation is that the locally concentrated
elastic strain energy released compensates for the surface

d(76’87). The additional requirementi to be met

energy create
for void formation is sometimes expressed as the attainment

of a critical value of plastic strain in the region

(84,86) (82,63)

surrounding the particle More recently, Argon

proposed a mechanism in which beyond the necessary energy
condition, voids are formed when the tensile stress acting on
the particle-matrix interface reaches a critical value. The

value of the critical stress is dependent on the nature of
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the particle, matrix and their bonding. The interfacial
tensile stress is a function of both the flow and hydrostatic
stress in the region where the narticle is situated(Bz). The
critical stress criterion has been experimentally verified in
some cases(83’88).

After the voids are nucleated, continued plastic
deformation promotes their growth., Growth models have been
developed for cylindrical and spherical particles in a

(89’90). These growth models show that

triaxial stress-state
high stress-triaxiality and low strain-hardening will
drastically decrease the strain to fracture(89’9o).

The final stage of void coalescence has been less
analysed. A geometrical model has been proposed in which
elliptical vecids coalesce by shear deformation on planes
located at 45° to their ma jor axis(gz). More recently,
Gurson(93’94) developed a flow rule as well as a constitutive
relation for a progressively cavitating ductile solid.

In some instances, under plane strain conditions in
ductile metals, the fracture crack does not propagate in a
flat mode but rather in a zig-zag fashion., This type of
fracture has been observed in a variety of materials

(75), maraging steels(95-97), 4340
(99)

including copper

(97,98) The ridges are

steels and nonferrous alloys
observed to form at approximately 45° to the macroscopic

crack-propagation plane and the wavelength of these zig-zags
varies from a few microns to 1 mm.(97). These zig-~zags have

been observed in the center of tensile specimens after
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(75)

necking , @as well as in Charpy impact, dynamic tear-energy,

and fracture-toughness specimens(97). The microscopic
fracture process along the ridges of the zig-zags in all cases
are by vcid nucleation, growth and coalescence(97).
Many models have been proposed to explain the

zig-zag type of fracture (716,95-103) (101)

Berg proposed that
a large number of microvoids will be present within the
plastic zone in the region ncar the crack tip as a consequence
of triaxial stresses acting on inclusions. Fracture will
occur by shear instabilities connecting the voids in a zig-zag

path along the zones of highly localized shear strain(lol).

McClintock(lOO)

proposed a combined triaxial stress/critical
shear strain failure criterion for the microvoid fracture
process along the ridges. Based on the slip-line flow-field
for sharp cracks in nonhardening materials, the model suggests
that the crack will propagate along the planes at 45°  to

the macroscopic fracture surface where hydrostatic stress

and shear strain are maximum(loo).

(97)

More recently, Van den Avyle extended
IMeClintock's criterion by suggesting that the crack propagates
at 45° to the macroscopic fracture plane along a plane of
constant hydrostatic stress but decreasing plastic strain,

The crack changes direction when the local combination of
plastic strain and hydrostatic stress is too low to satisfy
the critical condition for void-sheet formation(97). The

crack then follows a higher plastic-strain field line at 90°

downward to the original direction of crack propagation,
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The zig=-zag fracture process then repeats itself(97).

ilthough experimental results were explained based on the

critical hydrostatic stress/plastic strain criterion(96’97),

this model does not consider the modification in the slip-
line flow field due to blunting(66’67).

211 models for zig-zag fracture suggest that the
process is a consequence of localization of shear deformation
that ultimately leads to failure by shear instability. Based
on previous work(104—107) which associates the onset of
localization with a material instability, using a continuum
approach, Rice developed a theory for shear-band formation(1082
His theory has been extensively applied to axisymmetric-
tension and plane strain problems in ductile materials(109-1132
These studies suggest that the critical requirements for the
onset of shear localization are strongly dependent on the
lccal strain-hardening rate, triaxiality and parameters

(109-113)

related to the void formation process Using a

direct numerical approach Tvergaard arrived at these same

conclusions(ll4’115).

Very recently Tvergaard and Needleman(ll7)

, using
finite element methods and the constitutive formalism
proposed by Gurson(93’94), were able to simulate the fracture
process in the necking region of a material under axisymetric
tension, Theair results showed the zig-zag fracture process

(117)

in the interior of the specimen
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CHAPTER III : ZXPERTMENTAL PRCCIEDURE

3.1 - Composition of Alloys and Thermomechanical Treatments

The present research was concduted on

precipitation-hardenable low-carbon Fe-Ni-Ti based metastable
austenitic steels. The five studied compositions as
determined by chemical analysis are shown in Table I,
Henceforth each ailoy will be designated by its Ni and Co or
Cr content and also a letter I. or H indicative of the lower
(~ 0.004w%; or higher (=0C,012w%) carbon content, For
instance, the first alloy in Table I will be referred to as
the 36Ni-4Cr(H) alloy.

The difference in carbon content between the alloys
was not intentional but occurred because the alloys were
produced by different suppliers. The small difference in
carbon content has a significant influence on the mechanical
response of each group of alioys (L and H).

The alloy compositions were designed for mechanical-
property comparisons between stable and metastable steels and
also between metastable steels with different relative
volume-changes associated with the deformation-induced
martensitic transformation. Unless otherwise stated, in this
work the words stable and metastable refer to the relative
lower or higher tendency for mechanically-induced martensitic
transformaticn,

The first alloy-design objective was to achieve,

after all thermal and thermomechanical treatments, fairly
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TABIZ T : CCEDPGSITICH OF ATLCYS IN wit$
36Mi-4Cr(H)| 31Hi-5Cr (L) |26Ni-4Cr(d) | 31INi(L) | 34Ni-9Co(H)
stable metastable |metastable !metastable | metastable
_— nigh Av/v |high Av/v |1ow Av/v | 20w A v/
i 36.0 %0.5 26.0 30.8 34,0
Ti 5.1 2,66 3.4 2.72 3.0
or 3.9 5.0 3.9 -— -—-
Co -—— -— —-— -——— 8.9
g 0.011 0.004 0.010 0.004 0.011
Mo 1.2 1.4 1.2 1.4 1.1
7 0.29 0.31 0.30 0.32 0.11
Al 0.22 0.23 0.23 0.20 0.23
3 0,008 0.007 0.007 0.007 0.008
B 0.0016€ 0.002 0.0015 0.,0009 0.0012
¥n 0.18 0.07 0.19 0.10 0.17
P 0.007 0.001 0.005 0.005 0.005
5 0.004 0.00% 0.004 0.002 0.004
Fe bal. bal. bal. bal. bal,
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strong materials (yield strength > 1100MPa), with the same
temperature dependence of the yield strength in the pure
austenitic phase. Also the Mg temperatures for the less
stable compositions was desired to come at about room
temperature. The latter requirement assures that these alloys
will have their highest yield strength at room temperature.
The second alloy-design objective was to have
the metastable compositions with different relative volume
changes accompanying the martensitic transformation., Although
ferrous martensite is generally ferromagnetic, the Curie
temperature of the austenite can be adjusted by compositional
variation, and ferromagnetic austenites usually show the

t(117). As shown schematically in Figure 7, there

Invar effec
is a sharp knee in the temperature dependence of the
austenitic effective atomic volume at the Curie temperature.
If a ferromagnetic austenite is transformed at temperatures
well below the Curie temperature, the transformational volume
expansion becomes relatively small or even null(llB).

Taking 31Ni(L), which is expected to be slightly
ferromagnetic in the austenitic state at temperatures around

room temperature(lls)

» &s the basic metastable composition,
the addition of Co increases the austenitic Curie temperature
while Cr produces the reverse effect. In view of these
considerations, 34Ni-9Co(H) was designed to obtain a highly
ferromagnetic austenite at room temperature with a very low

volume change attending the martensitic transformation,

26Wi-4Cr(i), on the other hand, was designed to be
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Figure 7 - Schematic temperature dependence of the effective
atomic volume for martensite and austenite
showing the Invar effect,




paramagnetic at room temperature with a high volume change in
the transformation. In both of the above alloys, the Ni
content was selected to produce compositions with comparable
stability to that of 31Wi(L). Finally, the alloy 31Ni-5Cr(L),
although still metastable, is much more stable than 31Ni(I1),
34Ni-9Co(H) and 36Ni-4Cr(H), while 36Ni-4Cr(i) is designed to
be completely stable over the range of temperatures studied
in this work.

The alloys were received in ingot sizes of about
5x10x20 cm., They were homogenized at 1200°%C for 24 hours
under inert atmosphere, followed by hot-rolling at 1100°¢
down to a thickness of 1.02cm.

After the hot-rolling operation, the materials
were solutionized as shown in Table II. The treatments were
done on slabs of approximate size 12x10x1 cm, covered with a
ceramic coating to protect against oxidation. The
solutionizing treatments were chosen to produce the same grzin
size in all the alloys. These treatments had to be done at
temperatures equal or higher than 1000°C to avoid observed
cellular precipitation on the grain boundaries, a phenomenon
which had been previously reported(llg). In all cases the
grain size was of the order of 100 um., with the difference
in the treatment temperature suggesting that the presence of
chromium made grain growth more difficult.

Initially an attempt was made to avoid any
rolling operation, but the maximum strength obtained after

aging at peak hardness was too low (yield strength = 1000/Fa).



II : 3@

LuCTED TRZATMINTS

Solutionizing | Warm-Rolling iging
3€di-40r(3) | 1050°¢/1hr 40% at 450°c |720°C/1hr
31wi-50r(L) | 1050°C/1nr 40% at 450°C |720°%/45min
26i-40r (H) | 1050°C/1hr 40% at 450° |720°/2hrs
31Hi(L) 1000°/1hr | 40% at 450°c |720°C/30min
347i-9Co(H) | 10 0°¢/1hr 40% at 450°C | 720°%/2hrs
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Furthermore, the tensile fracture at room temperature for
all alloys was intergranular. In order to increase the
strength of the alloys and to avoid intergranular fracture,
a warm-rolling operation of 40% reduction in thickness at
450°C was introduced after the soluticnizing treatment, with
the material thickness being reduced to 6.35 mm,

The aging treatments shown in Table I1 were ‘then
selected to accomplish the design objectives, The chosen
treatments did not correspond to peak hardness, but all
compcsitions were slightly underaged. All aging treatments
were performed on specimens machined to their final

dimensions and quartz encapsulated under an argon atmosphere.



3.2 - Transformation Volume-Change Measurements

The transformation volume change was determined for
the metastable compositions after the treatments described in
Table II by measuring the difference between the effective
atomic volumes of martensite and austenite, The martensitic
and austenitic lattice parameters for 31Ni(L), 34Ni-9Co(H)
and 26Ni-4Cr(i) as well as the austenitic lattice parameter
for 31Ni-5Cr(Ll) were measured as a function of temperature in
the range -50°C to 90°C in an X-ray diffractometer using a
chromium K , source (Jl,= 2,291 X) operated at 35kV and 15mA.
The room-temperature martensitic lattice parameter for
31Ni-5Cr (%) was also determined. The martensitic (211) and
austenitic (220) peaks were selected to give the closest
reflection angles to 900, thus minimizing experimental errors.

The dependence of the atomic volume with temperature
is shown in Figure 8, Table III gives the relative
transformation volume-change for the temperatures in the
extremes of the range measured as well as at room temperature.
From these results it is apparent that the cobalt-containing
alloy does not have the expected lower transformation volume
change when compared with 31Ni(L)., The increase in Av/v
for aged Fe-Ni-Ti-Co alloys as compared to the solutionized

condition has been previously reported(lzo)

and the origin of
this effect of aging is unclear,
Although no alloy shows a large temperature

variation cf AV/V, the results in Figure 8 and Table III
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Figure 8 - Temperature dependence of the effective atomic
volume of martensite and austenite for the alloys
studied in this work.
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TARLE ITT : RULATIVE TRANSFFCRMATICNAL VCIUME CHAKGE CF

MATASTABLE ALLOYS

N7/ (4)
-50% | 25% | 90°;

3411i-9Co(H) | 2.40 [ 2.52 | 2.60
31371 (1) 2,39 | 2.44 | 2,52
26Ni-4Cr(¥) | 4.35 | 4.13 | 4.08
315i-50r(L) | 3.77%| 3.55 | 3.20*

+ Ystimated from the assumed temperature dependence of Vat

for martensite
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indicate that ferromagnetic 34Ni-9Co(i) and 31Ni(1.) show a
slight decrease in AV/V with decreasing temperature, while
the opposite applies to paramagnetic 26Ni-4Cr(H). Also, the
temperature dependence of the austenitic effective atomic
volume for paramagnetic 26Ni-4Cr(Il) is much steeper than for
the ferromagnetic 34Ni-9Co(H) and 31Ni(L), consistent with
the usual 'nvar effects associated with the austenite
magnetic properties. The steep atomic volume temperature
dependence of 31Ni-5Cr(L) suggests that its austenite is
also paramagnetic and probably has a slightly increasing
AV/7 at low temperatures. Based on the similarities between
31Ni-5Cr(L) and 26Ni-4Cr(H), the slope of the temperature
dependence for the effective atomic volume of martensitic
31Ki-50r(L) was taken equal to that measured for 26Ni-4Cr(l).
From the results shown in Figure 8 and Table III,
261i-4Cr(¥) and 31Ni-5Cr(L) have relatively higher AV/V as
compared to 34¥i-9Co(H) and 31Ni(L). Based on this,
26Ni-ACr(H) and 31N¥i-5Cr(1) may be refered to as the high
transformational volume-change alloys (HV) as opposed to the
low transformational volume-change alloys (LV), 34Ni-9Co(H)

and 31Ei(L).



3.3 - Tensile Tests

Tensile tests were performed on all compositions
treated as listed in Table II in the temperature range -196°¢
to 225°C. The tests were conducted on an Instron machine
model TTDL1%62 at a crosshead rate of 8.47x10 °mm/s. At
temperatures above room temperature the tests were performed
in a silicone oil bath, while at temperatures below room
temperature alcohol refrigerated by liquid nitrogen was used.
At =196°C liquid nitrogen was employed.

The specimen dimensions given in Figure 9 comply
with the TR-6 specifications(121) for round tensile specimens,
The loading axis of the specimens was aligned with the
rolling direction of the plates.

From the load-displacement curves obtained directly
from the machine chart recorder, the values of yield
strength (O'y), plastic uniform elongation (€Pu), and
true-stress, true-plastic-strain curves were calculated.
values of true strain to failure in the necked region (E?)
were also determined for each specimen,

After fracture, half of each specimen was used for
fractographic analysis carried cut on an AMR-3ZM under 25KV,
The other half was longitudinally ground, polished and etched
for optical metallographic examination. The etchant used for
revealing the martensite was 100 ml H,C - 20 ml HC1 -
0.12g H328205 applied for 5 to 10 seconds. In some cases a

solution of 80 ml H202 - 15 ml H20 - 5 ml, (I was used for
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Figure 9 - Tensile specimens. Dimensions in mm,
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5 to 10 seconds prior to the metabisulfite etchant for
revealing the austenitic grain boundaries. The optical

metzllography was conducted with an A,C, Tltrastar micrescope,



3.4 - Fracture Toughness Tests

Practure toughness tests on three-point bend
specimens, using the J-integral method, were performed over
the tempzrature range of -196°¢ to 300°C. The three-point
bend specimen dimensions are shown in Figure 10, The
specimens were cut in the i-W direction, with their length
aligned in the rolling direction and the crack propagating
in the plate width direction,

The samples were pre-cracked under equal conditions
on a Physmet FCM-300B pre-cracking machine up to a remaining
uncracked ligament of about 5.0 mm., This gives a ratio »f
initial crack-length to specimen width, aO/W' = 0.56, which
lies within the recommended range of ao/w values(54’6o). At
least three samples were tested for each condition, with .he
test stopped at different values of crack extension (Aa).

The maximum crack extension in all cases was kept below 2,0mm,

Tn the temperature range of -196°C to 225°C, the
tests were conducted on a Physmct 5B-T750C three-point bending

3mm/s. These tests

machine with a crosshead rate of 5.29x10°
were conducted in the same environments as desciribed for the
tensile tests. The tests at 300°C were performed in an air
oven with an Instron machine model TTDL1362 at a crosshead
rate of 4.?3x10-3mm/s. The fixtures used for the tests at
300°C were the same used for all other temperatures to assure

the same span distance, ¥No detectable difference in stiffness

between the two machines was observed.
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Figure 10 - Fracture toughness specimens., Dimensions in mm,



In addition, three 31Ni-5Cr(L) specimens aged at
720°C for 64 hours (overaged) were tested at -25°C. One 20%
side grooved 31Ni-50r(L) specimen was tested at -75°C. The
grooves had an opening angle of 90° and penetrated 10% of the
thickness from each side of the usual specimen, The tests of
overaged and side-grooved specimens are discussed in the
Appendix,

The J-integral values were calculated using the

formula developed by Rice et al.(57) for bending specimens:

g = 24 [22]
3D

where A is the area under the load-displacement curve, B is
the specimen thickness and b is the initial uncracked ligament.
After unloading, the specimens were cut in two
half-~thickness parts with a 0.3mm thick diamond saw in a
low-speed Isomet cutting machine. C(ne of the two halves was
used for measuring the crack-length displacement by heat
tinting, while the other half was rcserved either for optical
metallography of the crack-tip region or for fractographic
analysis, At each temperature for all alloys, the
metallography was usually done on the specimen loaded to the
smallest crack extension, or, in other words, to J values
closest to J

Te? while the fractography was done on specimens

loaded to larger crack extensions,




The heat tinting was done at 500°¢ for 30 min. and
the crack extension (/\a) was measured as the largest Aa
ahead of the fatigue pre-crack; in all cases this occurred
at the center of the specimens., “urves of J versus Aa were
constructed, and from them IIe and dJ/d Aa values were

obtained.

Por optical metallography, the crack was first
impregnated with resin under vacuum to avoid further opening
during the grinding, polishing and etching procedures. The
metallographic technique as well as the fractographic
analysis follcved the same procedure as for the tensile

specimens,



CHAPTER IV : EXPSRIMENTAL RESULTS

4,1 - Yield Strength and Transformation Behavior

Figure 11 shows the temperature dependence of the
yield strength for all compositions, The data suggest that
31Ni(L) has an My temperature around -160°C while 34Ni-9Co(H)
and all other alloys have Mg < -196°C, This has been
confirmed by metallographic examination of 31Ni(L) and
34Ki-9Co(H) cooled to -196°C for a short period of time; while
plate martensite was formed in 31Ni(L), no transformation was
observed in 34Ni-9Co(H). Magnetic tr :s confirmed that no
transformation was present in the other three alloys after
cooling to -196°C,

Figure 11 suggests uniaxial tension Mg temperatures
(Mg(u)) for 31Ni(L) and 34Ni-9Co(H) respectively equal to
-20°C and 30°C, The value of MJ(u) for 34Ni-9Co(H) has been
confirmed by the construction of the same CTy versus T curve
using the one-specimen techinique developed by Bolling and
Richman(4). liowever, this same technique indicated
M;(u) > 20°C for 31Ni(L). TPTurthermore, a careful examination
of Figure 11 suggest a slight drop in yield strength for
31Ni(L) tested at T < 25°C (dashed line). These observations

indicate uncertainty in the actual Mg(u) for 31Ni(1),
which appears to be in the range -20°C to 25°%,

The uniaxial tension Mg temperatures for 31 Ni(L)

and 34§i-9C0(H) being in the range of -20°C to %0°C fits
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reasonably well the design objective of having the. strength
level of the less stable alloys as high as possible near room
temperature. Also, whenever yielding is controlled by slip
in the austenite, the temperature dependence of the yield
strength is the same for all alloys., The elevation in yield
strength observed for 34Ni-9Co(H) at temperatures a little
higher than Mg temperature has been previously reported for

other metastable austenitic alloys(121)

and has been proposed
to be a consequence of the so-called pre-transformation
strengthening phenomenon,

Although all the chromium-containing alloys
apparently showed no obvious uniaxial-tension Mg‘temperature
(Mg(u)) down to -196°C, an M;(u) temperature of -120°% is
estimated for 26Ni-4Cr(H). This choice is based on the
results for uniform elongation and its rationale will be
discussed later., A significant drop in the yield strength
may not be observed at -196°C due %o a high tendency for
isothermal transformation kinetics in this alloy.

Furthermore, the metallographic technique for M;

estimation
described next suggests a change in the martensite
predominant morphology in the region outside the neck for
2611i-4Cr(H) in the interval -196°C to -90°C. Table IV lists
Mg and uniaxial tension M;'temperature (Mg(u)) for all
compositions,
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fquation 4 predicts that the Mg temperature is
stress-state dependent. The Mg temperature for the necked
region and that ahead of the crack-tip can be experimentally
estimated by metallogréphically stuaying the changes in
martensite morphology. The plate morphology is predominant
for the stress-assisted martensite while strain-induced
martensite shows predominantly lath morphology. Table IV
lists the M; temperatures estimated for the necked region
(Mg(n)) and crack-tip (M;(ct)). Whenever a temperature
interval is listed, this means that at the lower temperature,
plate martensite is clearly predominant while at the higher
temperature, lath martensite is the predominant morphology.

Table IV also lists the Md temperatures for each
stress-state (Nd(u) for uniaxial tension, Md(n) for the
necked region and Md(ct) for the crack-tip). The My
temperatures have been determined by metallography. In this
werk Wd is defined as the highest temperature where martensite
can be found at 1000X under an optical microscope. Whenever
a temverature interval is listed for Md, this means that at
the lower temperature martensite has been detected by optical
metallography while at the higher temperature no transformation
is observed,.

#shenever M; or Ed is presented as a temperature
interval, for purpose of calculations or graphic display the

nighest temperature in the interval is considered. TIn other
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words, M; and Md temperatures shown in graphs or used in
calculations are either the actually determined value or an
upper-bound value, In the upper-bound case, horizontal error
bars are displayed to account for the uncertainty in the
temperature determination,

A detailed discussion of transformation behavior is

given in section 5.1,



4,2 - Mechanical Behavior

4,2.,1 - Tensile Tests

Tables V to IX show the results obtained for all
alloys studied. Figure 11 shows the tempcrature dependence
of the yield strength (CTy) for all compositions, as dicussed
in the previous section. TFigure 12 illustrates the temperature
dependence of the plastic uniform elongation (€Pu) for all
compositions, Figures 13 and 14 show the true fracture strain
in the necked region (G:?) for the lower- and higher-carbon
alloys, repectively. 1In all these plots the relevant Md
temperatures are indicated.

Uniform Ductility

The temperature dependence of the true plastic
uniform elongation (epu) depicted in Figure 12 clearly
indicates the existence of two levels of €pu values for the
metastable austenitic alloys studied here. By decreasing the
test temperature from 225°C, the values of Gpu increase
smoothly until the Md(u) temperature is reached. At
temperatures below Md(u), initially a small drop in uniform
elongation occurs, followed by a sharp increase of nearly one
order of magnitude. vith further decrease in temperature,
although the uniform elongation remains fairly high, a
progressive drop is observed. These features are apparent
in the response of 31N¥i(i), 34Mi-9%o0(H) and 2€Ni-4Cr(H). No
sharp variation in elm.is fecund for 31%4i-5Cr(L) and
36Ni=-40r(H) because no martensitic transformation takes place

before necking in these alloys over the temperature range
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TABLE V : TAENSILZ PROPERTINS
7(°C) T (ira) | €, €%
-196 1445 | 0.1093 |0.4165
=75 1339 0.0600 |0.3581
25 1271 0.0388 |0,3561
130 1253 | 0.0187 |0.2430
220 1179 | 0.0139 |0.1910
TARLE VI : TENSILT PRCPERTIES OF 3.Ni-5Cr (L)
(%) | O () | €, | €%
-196 1497 | 0.112& [0.9768
=75 1247 0.0649 | 0.7497
-25 1289 | 0.0482 |0,6870
25 1219 | 0.049€ [ 0.6070
a5 1149 ] 0.0314 | 0.€070
135 1178 | 0.0310 [ 0.4179
175 1138 | 0.0208 | 0.6184
220 1126 | 0.0237 | 0.6832
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TABLE VII

: TENSILE PRCPERTIES CF 26Ni-4Cr(H)

™(%) |g ()| €, | €F
-196 1456 | 0.1738] 0.0758
~90 1314 | 0.3206 | 0.2540
-55 1304 0.0457 | 0.343%6
0 1236 | 0.0628 | 0.8178
25 1201 0.0530 | 1.0533
55 1185 | 0.0401 | 0.6731
90 1198 | 0.0342 | 0.7476
130 1219 | 0.0302 | 0.5423
220 1153 | 0.0235 | 0.2951

TABLS VIIT

: TAN3ILE PRCPRRTIES OF 31Ni(TL)

T(°2) O’y(r«spa) € u €7
-75 764 0.1547 | 0.2536
-25 1208 | 0.2186 | 0.6806
0 1200 | 0.2263 | 0.827¢
25 1219 | 0.2465| 0.8926
60 1181 | 0.0400 | 0.9742
95 1146 | 0.0447] 1.1410
135 1144 | 0.03%66 | 0.6097
175 1079 | 0.0229] 0.6749
220 1118 | 0.0229] 0.7500
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TABIE IX : TENSILE PRCPZRTIES CF 34Ni-9Co(H)

(%) Uy(MPa)' €pu €7
-55 904 | 0,1547 |0.1889
0 1182 | 0.1749 |0.1797
25 1245 0.1912 |0,3549
55 1300 | 0.1813 |0.7369
90 1238 | 0.0193 |0.8167
130 1236 | 0.0176 |0.6073
220 1132 | 0.0201 |0.2987
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studied.

(nly in one case did fracture occur before necking.
This happened for 26Ni-4Cr(H) tested at -196°C., The unifcrm
elongation in this case is equal to the fracture strain,

The behavior of the uniform elongation at
temperatures lower than Md(u) is a counsequence of mechanically-
induced martensitic transformation., While at temperatures
higher than Md(u) no transformation occurs before necking, in
the temperature where the uniform elongation is maximum,
substantial transformation is present outside the necked
region of tensile specimens. For instance, Figure 15 shows
this region in 31Ni(L) tested at 2500. The drop at lower
temperatures, where the alloys are progressively less stable
relative to the martensitic transformation, suggests that an
optimum stability condition is required for obtaining maximum
uniform elongation,

The drop in epu at temperatures just below
Md(u) is apparently related to the first mechanically-induced
martensite formed before necking. Figure 16 shows small
patches of transformation present throughout the uniformly
strained region of 26Ni-4Cr(H) tested at -5500, corresponding
to the local minimum in € ra®

i more detailed analysis of the influence cf
mechanically-induced martensitic transfermaticn on the

uniform =2lonsation will be presented in the next chapter,
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SJtrain to Failure in the Neck

Despite the striking difference in the overall
level of Q? at temperatures above I\’ld(n) between “he lower-
and higher-carbon alloys, Figure 13 and 14 indicate some
common features between the temperature dependence of E;? and
that observed for uniform elongation. Peaks in eg are
present for 31Ni(L), 34Ni-9Co(H) and 26Ni-4Cr(H). These peaks
are again a consequence of mechanically-induced martensitic
transformation, now taking place at the larger strains present
after necking. As Figure 17 suggests, there is apparently
an optimum stability condition for highest enhancement in E;?.
Por instance, in 34Ni-9Co tested at 1%0°C (Figure 17a), the
relatively small amount of transformation occuring after
necking is not sufficient to give the highest possible
enhancement in €§. In the same alloy tested at 55°C
(*igure 17c), a large amount of transformation cccurs before
necking and again the transformation after necking is small
compared to that observed at the temperature giving the
highest GiL T=90°C, shown in Figure 17b, At this temperature
nearly all transformation occurred after necking.

The measured values of GL? for 31Ni-5Cr(L) suggests
a reversed temperature dependence ofE? for the lower-carbon
austenite at T 3 135°¢ as compared to the behavior of the
higher-carbon austenite. Taking intc account this reversed
temperature dependence, the apparent drop in eg for 31Ni(L)

tested at 13500 actually represents a significant increment







Tigure 17

- Cptical micrograph of the necked region of
34Ni-9Co(H) tensile tested at: (a) 1300°C,
\b) 90°C and (c) 55°C.
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in these parameters as comparcd to the values for the non-
transformed austenite as given by 31Ni-5Cr(L).

4 more detailed analysis of the influence of the
mechanically-induced martensitic transformation on the strain
to failure will be presented in the next chapter,

Tensile IFracture

whenever little or no martensite was present in the
necked region, all the alloys failed by shearing on a plane
about 45O to both the direction of load application (rolling
direction) and the normal to the rolling plane. A typical
picture of the macroscopic failure mode is shown in Figure 18,
The failure on a microscopic scale occurred by void nucleation,
growth and coalescence.

ilthough in some instances the voids were clearly
nucleated by cracking of elongated particles as shown in
Pigure 1S, in most cases the voids were evidently formed by
decohesion of particle-matrix interfaces around more equiaxed
particles, Figure 20, 1In all cases, the particles which
cormed voids varied in size approximately from 0.2 to 1 um,
These dimensicns are much larger than those of the small p!
particles precipitated during aging and responsible for the
strengthening of these alloys. The ' particles (NiBTi and/
or ﬁiB(Ti,Al))have sizes in the range 50 to 100 g(lZB)' X-ray
dispersive analysis in the J*N indicated that the voidl-forming
particles were highly enriched in Ti but not in ffi, This
suggests that these particles were probably Ti-nitrides or

Ti-carbides formed during solidification.
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Figure 13

Low-magnification view of the shear-instability

tensile fracture,
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Figure 19 - High-magnification view of void-forming cracked
particles in 31Vi-57r(i).
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Fizure X0 - High-magnification view of equiaxed void-~forming
particles ir %L i-57p(')




In contrast to the higher-temperature macroscopic
shear-failure mode, at lower temperatures when the fracture
takes place in a material that is essentially 100% martensitic,
a typical cup-and-cone fracture is observed. Figures 21 and
22 show the metallography of the necked region and the low-
magnification fractography of 31Ni(%i) tested at 2500. Although
even 2t these lower temperatures the predominant microscopic
failure mode was by void nucleation, growth and ccalescence,
cleavage and intergranular fractures were present in some
instances, Figure 23 shows some intergranular fracture in
26Ni-4Cr(H) tested at -55°C. The same tendency for
intergranular fracture was observed in 34¥i-900(H) tested at
low temperatures, The 31Hi(L) alloy, on the other hand,
showed some cleavage. The cleavage, intergranular fracture,
and flat ductile mode of failure apparently contributed
to the decrease in Q? observed at low temperatures.

4.2.2 - Practure Toughness Tests

from the J versus Aa curves shown in the Appendix,

the J. _ and dJ/dAa values listed in Tables X to XIV were

Ic
obtained. Irom these results, Figures 24 toc 27 have been
constructed to show the temperaturce dependence of JIc and
aJ/d Aa for the lower- and higher-carbon alloys. By comparing
the overall levels of JIC in Figures 24 and 25 as well as

the levels of di/dfAa in Fimures 26 and 27 at temperatures

Fis~h
rircn

]

r than Vd(ct), the higher intrinsic toughness cf the

lower-~carbon alloys is again evident.



Figure 21 - Optical micrograph of the necked region of
21Ni(L) tested at 25°C.

2BKY X328 106U .006

Picure 22 - ;°# fractogranh ot 31Wi(L) tensile tested at 257"
showing a typical cup-and-cone fracture.
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BrYV X178 .

s Feactegraph of 26Ni-4Cr (1) tersile tested =t
-550C showing some intergranular fracture.
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TABLE X : FRACTURE PROPERTIES CF 36Ni-4Cr(H)

7(°c) JIc(kJ/mz) aJ/a/\a (Mpa)
-196 178.5 23,47

=75 139.3 45,17

25 117.8 53.42

130 95.6 17.84

220 108.4 27.74
TABLE XI : FRACTURE PROPERTIES OF 31Ni-5Cr(L)
(%) | ;. (k3/m®) | a3/d/\a(lipa)
-196 139.6 153.48
-25 248.7 126.87

25 206.4 109.25

95 128.1 112,58
135 153.4 36,22
220 158.7 80.42
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TABLE XII : FRACTURE PRGPERTIES OF 26Ni-4Cr(H)

(%) | Iy, (kI/m®) | d3/d Aa(1Pa)
-55 142.0 113.72
25 187.6 126,25
55 156.2 139,88
90 142.9 151.89
130 123.8 68.93
220 105.7 39.72
300 116.7 1.95

TABLE XIII : FRACTURE PRCPERTIES CF 31Ni(TL)

(%) |31, (k3/m?) | d3/a/\a (MPa)
-5 64.4 15.67

25 108.4 27.34

95 170.5 213.57
135 205.6 116,17
175 | 116.8 88.90
220 148,1 81.77
300 | 142.5 19.63
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TABLE XIV : FRACTURE PROPERTIES OF 34Ni-9Co(H)

2(°C) | J; (k3/m?) |d3/a/\a(vpa)
-55 139.3 42.98

25 131.5 64.71

55 98.5 75.16
90 106.v 59.39
130 | 117.5 76.64
220 | 101.0 43,20
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Y1c Results

As indicated in Figures 24 and 25, the general

behavior of J._ at temperatures lower than Md(ct) is similar

Ic
to that observed for epu' it temperatures slightly lower
than Md(ct), a drop in J;, is found due to thc very first
mechanically-induced martensite formed at the crack-tip.
Figure 28 shows the small amount of transformation
present at the crack-tip of 31Ni(L) tested at 17500. By
lowering the temperature, JIC increases to a maximum and then
decreases at still lower temperatures, The increase in
toughness, as measured by JIc’ is once more promoted by
mechanically-~induced transformation, now occurring at the
crack-tip. Figures 29 and 30 show the martensite present at
the crack-tip of 31Wi(L) and 31Ni-5Cr(IL) tested at their
peak-~toughness temperatures of 135°C and - 7500, respectively.
At temperatures lower than that of the toughness
peak, large amounts of martensite are formed ahead of the
crack-tip. A typical example is shown in *igure 31 for
31Ki(L) tested at 25°C. By comparing this with Figures 28 to
30, it is clear that the macroscopic mode of failure changed
from the zig-zag to a flatter failure mode when large amounts
of transformation took place., As with the tensile fracture,
some cleavage and intergranular fracture occurred at these
low temperatures. ¥Figure 32 shows cleavage in the fracture
surface of 31¥i(L) tested at 25°C, and Figure 33 shows

intergranular fracture in 26Ni-40r(H) tested at -55°C.
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(b)

¥igure 22 - Cptical micrograph of the crack-tip of 31Ni(L)

tested at 175°2: (a) 100X, (b) 500%
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“izure 30 - Cptical micrograph of the crack-tip of 31Ni-5Cr(l.)
tested at -75°C: (a) 100X, (b) 500X.




Figure 31 - Cptical micrograph of the crack-tip of 31Ni(L)
tested at 25°C.
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izure z2 - O 01 fractosraph of fracture tourhness specimen ¢f
31Mi(1L) tested at 25°C showing quasi-cleavage,
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Figure 33 - SEM fractograph of fracture toughness specimen of
26Ni-4Cr(H) tested at -55°C showing intergranular
fracture.
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An apparently anomalous behavior in the JIC
temperature dependence of 34Ni-9Co(H) sets in at temperatures
lower than 55°C. At these temperatures JIc increases with
lower temperature although large amounts of martensite are
present in the crack-tip region. This seems to be a
consequence of delamination changing the stress-state ahead of
the crack-tip from plane strain to plane stress. Although a
few delamination cracks were‘present in the lower-carbon
alloys, much more delamination was present in the higher-
carbon compositions tested at temperatures where moderate to
large amounts of transformation took place at the crack-tip.

Resistanze to Crack Growth

Concerning the resistance of the alloys studied
here to the instability of crack growth, the tearing modulus
given by =quation 20 cannot be taken definately as a material
parameter because w defined in Fgquation 19 varied only between
2 and 8 for all tests performed. Despite this, relative
differences in dJ/d Aa may be interpreted as relative
differences in the material's resistance to the continuation
of crack propagation.

Figures 26 and 27 indicate that mechanically-
induced martensitic transformation enhances the resistance to
crack propagation. The peaks observed in the temperature
dependence of dJ/d Aa for 31Ki(i), 2€¥Ni-47r(H) and 34Ni-9Co(H)

suggest that there is again a certain optimum stability

condition to prcduce maximum toughness,




CHAPTLR ¥V ¢ DISCUSSICN

5.1 - Mransformation Behavior

A comparison between Figures 12, 13 and 24 or 12,
14 and 25 indicates that for any specific alloy the
temperature for the maximum of epuis lower than that for the
maximum in & g, and this is lower than that for the maximum
in JIC'

The lower temperature for the changes in uniform
elongation is expected because ine onset of necking is a
phenomenon occurring at relatively small plastic strains as
compared to the fracture process that determines E?’and JIc'
In order to have transformation occurring at such low strains,
the austenite must have less stability, or , in other words,
to be deformed at lower temperatures. Superimposed on this,
the effect of the stress-state on the stability of the
stress-assisted transformation also contributes to the
observed shift in temperature.

As predicted by #Hquaticn 4(30’41), the stress-
assisted transformation stress is reduced under a triaxial
stress-state due to the increase in d[&G/deﬂ This produces
a shift in the Mg temperature to higher levels and,
consequently, the higher transformation rate associated with
formation of stress-assisted martensite is present at higher
temperatures as compared to the uniaxial-tension case before
necking, sSimilarly, the temperature difference between the

changes in éi}and J can be attributed to differences in

Ic
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triaxiality between the stress-states in the necked region
and ahead of the crack-tip.

The predicted shift in Mg temperature due to
triaxiality is qualitatively verified by the results shown in
Table IV. A guantitative analysis can be done by fitting
Zquation 4 to the experimentally measured uniaxial tension
stress-assisted transformation-stress for 31Ni(L) and
34Ni-9%0(l{). Considering the variation in d/\G/dg due to
triaxiality, calculated temperature dependence for the stress-
assisted transformation-stress ahead of the crack-tip is
obtained. The predicted shifts in M; when the stress-state is
changed from uniaxial tension to that ahead of the crack-tip
are 55°C and 95°C for 31Ni(L) and 34Ni-900(H), respectively.
Using MJ(u) = -20°C for 31Ni(L), the results listed in Table TV
indicate experimentally determined shifts varying from 115°¢
to 155°C for 31Ni(L) and equal to 100°C for 34ii-9Co(H).
while the agreement between experimentally measured and
calculated MJ shifts is very good for 3411i-9Co(Y), the same is
not true for 31Ni(L). This discrepancy is probably due to
the previously discussed uncertainty in the determination
of M;(u) for 31%i(L), as well as the uncertainty in the actual
slope of the temperature dependence of the yield strength of
3101(L) at T<Ng (u).

As also indicated in Table IV, Nd is generally
comparable for both the necked region and the crack-tip. This
can be explained by noting that while the higher triaxiality

present at the crack-tip as compared to that of the necking
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enhances the tendency for mechanically-induced martensite
formation, it is more detrimental to the material fracture
resistance, lowering the strain to failure. Apparently the
two contributions compensate each other,

M;(ct) can also be regarded as the temperature for
which the austenite plastic zone size is exactly equal to
the transformation zone size ahead of the crack-tip. At
temperatures lower than Mg(ct), the transformation zone is
larger than the plastic zone estimated from (Ty for slip,
while the opposite is true at temperatures greater than
Ng(ct) (see Figure 34). 3Based on the Rice and Rosengren
calculations(sz) the slip plastic zone size ahead of the

crack-tip for the stable austenites studied here (n ~ 0.1) is:

4

r (0) = 0.0025----"'—"---2 . [23]
(a,)

The half-height of the slip plastic zone 1is given

r (1T/2) = 0.2114—2=— . [24]
(CTy)
For small crack extensions J = J;.. & and CTy are

respectively the Young's modulus and austenite yield strength.
Table ZV compares the calculated rS(O) and rs(7T/2)

values with measured equivalent transformation zone-size
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(2)

(b)

Figure 34 - Schematic comparison between crack-tip plastic
and transformation zones at: (a) Mg< T, <M4(ct),

(b) T, = M;(ct), T3<M;'(ct)
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parameters, rt(O) and rt(7T/2). It is clear that at the
N:(ct), the size of the plastic zone ahead of the crack-tip

2s predicted by Iquation 23 matches very well with the
experimentally determined transformation zone rS(O). As
expected and indicated in Figure 34, at Ns(ct) the half-height
of the austenitic slip-plastic zone, rS(7T/2), is larger than
the corresponding transformation half-height, rt(7r/2). This
is due to the fact that at @ = T7/2 the triaxiality is smaller
than at @= 0 and N; in this region is smzller than Mg(ct).

in other werds, for T = P-'l;(ct), at 9= m/2, this same
temperature is higher than the local Mg (m = M;(ct):> M:(7T/2))
and conseguently rs(TT/2)2>:rt(TT/2).
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TABLZ XV

CALCUTATED PLASTIC 7ZCN%S (s) AND N 3ASURTD

TRANSFCRMATICN ZCN3Z (t) S5IZaS

a) 31Ni-5Cr(L)

7(°C) | g (0) (um) [ £ (0) (um) | v ( /2)(um) | v, (w/2) (um)
i (ot -196 32.3 100 2730 400
-75 105.0 50 8900 200
b) 26Ni-4Cr(H)
1 2(°C) | £g(0) m) | £ (0) (um) | v (W/2)(um)| . (W/2) (pam)
-55 43.3 200 3660 500
25 67.4 100 5700 300
MS(ct)—% 55 57.7 50 4880 100
90 51.6 10 4370 50
c) 31ri(1)
7(°0) | rg(0)(um) | £ (O)gum) | r 6¥/2)(um)| v 6T/2) (um)
-75 21.4 875 1810 1000
25 37.6 500 3180 500
(o) 95 67.4 200 5700 250
135 81.5 50 €890 100
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d) 34¥i=~9Co(H)

2(°C) | zg(0)Qum) | £ (O)(um) | r (W/2)(um) | r (1/2) (um)
-55 42,5 1000 3590 1250
25 47.3 1250 4000 1125
55 36.5 500 3090 875
90 38,3 250 3240 400
Mo (ct)—s. 135 41.0 80 3470 200
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5.2 = Transformation Stability

5.2.,1 - Normalized Temperature Interval

By analysing Figure 12, it can be noted that the
changes in uniform elongation for the different alloys are
shifted in temperature according to their alloy transformation
stability. The same is seen in Figures 13 and 14 for the
strain to failure and in Figures 24 and 25 for JIc' A way to
normalize all the data with respect to the different
stabilities is by defining a non-dimensional temperature

interval equal to:

p - ZM) [25]
e
where the Mg and Md temperatures are those corresponding to
the respective stress-state. The term M; - Md takes into
y—>

account the differences in stacking-fault energy and Z&S
between the various alloys. Both these parameters influenrce

the kinetics of strain-induced martensite formation.

5.2.2 = Uniform Elongation‘Relative Enhancement

Figure 35 illustrates the variation of the relative
increments in uniform elongation with 77 for 31 Ni(L) and
34Ni-9Co(H). The increments are relative to the austenitic
uniform elongation given respectively by 31Ni-5Cr(L) and
36Ni-4Cr(H) at the same temperature. The values of Mg and

Md entering in 77 are those for uniaxial tension
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before necking (H;(u) and Md(u) listed in Table IV)., The
peaks in the relative enhancement in uniform elongation
occurring at the same 77 for all alloys reinforce the idea
that an optimum stability condition is required to obtain the
highest epu‘ By choosing Mgku) for 2€Ni-4Cr(i1) equal to
-12000, as discussed in section 4.1, ®igure 35 shcws that the
maximum in Aepu/ epu(aust) alsc occurs at the same 7 as
for the other two alloys (data in parentheses for
2evi-avr(i)).

5.2.3 = Strain tc Failure Relative iznhancement

Figure 36 shows the temperature dependence of the
true strain to failure for stable lower- and higher-carbon
austenites. The curve for higher-carbon austenites is that
obtained for 36Ni-40r(H). At T >135°, ef%(aust) for lower-
carbon austenites are given by the results obtained for
31:i-5Cr(l), which does not transform at this temperature. As
compared tc the higher-carbon case, at qr;>155°c an apparent
reversed temperature dependence of EE?(aust) is cbserved for
the lower-carbon allecys. TPossible reasons for this phenomenon
are mentioned in ccnnection with the JIc relative enhancemecnt
discussed in section 5.2.4., Due to the lack of informaticn
about Gg(aust) for the lower-carbon alloys at T < 135°C,
and also due to the distinct temperature dependence of

€ 2(aust) at T ;a135°C for lower- and higher-carbon alloys
T NED

[

n avsrage between all measured lower-carbon € (aust) is
odo
. . N n ‘
taken as the baseline austenitic lower-carbon 6,fCaust) at

7 < 135%, f1his is indicated as a dashed line in Figure 3¢,
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Figure 37 shows the dependence of the absolute
increment in the true strain to failure as a function of n .
The increments in € ? are calculated with respect to

e?(aust) given in Figure 36. Tn this case Mg.and My are

the values estimated for the necked region (Mg(n) and, Md(n)
given in Table IV). M;(n) for 31Ni-5Cr(i), which could not
be precisely determined because no test was run at T <:-19600,
was taken as equal to -196°C. This value gives Ng(n) - Md(n)
for 31Ni-5Cr(L) approximately equal to the same difference
tor 26Hi-4Cr(4Y). This seems reasonable, since the two
chromium-containing alloys have the same ZXSVt: 4,0 J/moleoK,
and are expected to have also similar stacking-fault energies.

A comparison between the results for 26Ni=4Cr(H)
and 34Vi-9Co(H) shown in Figure 37 suggests that a larger
-increment in the strain to failure at the same‘n is obtained
for the alloy with the higher transformational volume change,
268i-4Cr(E). The effect is not apparent for the lower-carbon
alloys probably due to the uncertainty in the value of
austenitic 6? at temperatures below 135°¢,

5.2.4 - JIc Relative i©nhancement

Figure 38 shows the temperature dependence of JIc
for stable higher- and lower-carbon austenites., The curve
for the higher-carbon austenites are given by the results
obtained for 36Ni-40r(H). fFor T 2913500, the austenitic

lower-carbon JTc is given directly from experimental results.
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figure 38 indicates that both group of alloys have similar

d temperature dependence at 13;513500, only shifted in

Ic
absolute value due to the lower intrinsic toughness of the
higher-carbon austenites. B3ased on this, it seems reasonable
to assume a JIc temperature dependence for the lower-carbon

at T < 135°C parallel to that for the higher-carbon alloys,
but passing through the experimental results measured at

T >135°C. This is shown as a dashed line in Figure 38.

The reversed JIC temperature dependence of austenite
at T ;;13500 may be a consequence of change in the slip mode
from planar at lower temperatures to wavy slip at higher,
also geometry changes in the crack-tip due to plastic
deformation may be contributing to the toughness enhancement
by reducing the triaxiality ahead of the crack-tip. Gimilar
reasons may explain the reversed temperature dependence of

€ ?(aust) for lower-carbon alloys.

Figufe 39 shows the dependence of the relative
increments in JIC as a function of‘n . Mg'and Md are the
estimated values for the crack-tip (Mg(ct) and Md(ct) from
Table IV). The austenitic values are those given in Figure 38,
figure %9 indicates higher toughness for the alloys with
larger transformational volume expansion. Furthermore, a
cemparison between Figures 35, 37, and 39 indicates that for
all alloys the rising part of € ? and Z&JIC/JIC(auSt) at
decreasing temperatures from Md are spread over larger values

of T] as compared to Aepu/epu(aust). This may also be a
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consequence of the transformational expansion. A more
detailed analysis of the influence of the transformational
volume change in the ductility enhancement under a triaxial

stress-state will be given in sections 5.4 and 5.5.
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5.3 - 3train Iardening and Flow Stability

The changes in uniform elongation of metastable
austenitic steels can be understood by analysing how the
mechanically-induced transformation affects the flow behavior
of these alloys. A typical true-stress, true-plastic-strain
curve when no transformation takes place is shown in Figure 40
(3117:/7) tested at 95°C, 7,=0). The shape of the curve
shows the usual downward curvature, starting with a very
large value of the strain-hardening rate h = dg/d€; h
decreases with further straining up to a point where h = Ef
and necking takes place.

Figure 41 shows the F versus € curve for 31Ni (L)
tested at the temperature for the maximum in uniform elongation
(25°, 77u=-0.61). The dynamic softening is present at low
plastic strains promoting an early drop in the values of h.
Before final necking occurs, however, the strain-hardening
contribution of the transformation promotes a
relatively smooth increase in both ¢ and h, delaying the
plastic instability to very large strains., At this temperature
the combination of dynamic softening and the work-hardening
contribution of the transformation is optimum. The necking
instability is delayed to the largest plastic strain.

4 typical @ versus € curve for 31Wi(T) tested at
temperatures lower than that of the maximum in uniform
elonzation is shown in Figure 42 (T = -75°C, N = -1.48).

u
The dynamic softening is present from the begining of
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deformation and is larger than that observed at 25°c, This is
due to the lower stability promoting a larger rate of
transformation (df/d€ ) at early stages of deformation (see
Zquaticn 8). The large volume fraction of martensite present
at these early stages of deformation is responsible for the
early increase in both (g and h with respect to plastic strain.
However, the greater transformation rate at lower temperatures
promotes early exhaustion of the transformation and this causecs
the necking instability to take place at lower plastic strains.

Similar behavior of the true-stress, true-plastic-
strain curves is generally observed for 34Ni-9Co(H) and
26Ni-4Cr(H).

The decrease in uniform elongation due to the first
mechanically-induced martensite formed can be rationalized in
this same trend. Figure 43 shows the curves of G versus ¢
for 26Ii-40r(d) tested at 0°C (7, = 0) and -55°¢ ( 7, = -0.37).

The decrease in E;p at -5500 can be accounted for by noting

u
that the small dynamic softening at -55°C reduces T in the

vicinity of the normal necking strain. The necking condition

h = Ef'is then attained at lower values of plastic strain,
Similar extensive study of the influence of the

mechanically-induced transformation on the shape of the

EF versus Ef curves has been carried out for higher-strength

nonprecipitation-hardenable TRID steels(5’17).

Although a
similar conclusion concerning the existence of an optimum
evolution of the transformation was achieved, some differences

in the behavior of both groups of alloys have been observed.
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In the nonprecipitation-hardenable TRIP steels the onset of
plastic straining at all temperatures is marked by the
appearance of localized deformation in the form of Iuder's
bands. At temperatures where high values of uniform
elengation are attained, the transformation is able to
stabilize deformation after Iuder's band propagation. This
leads to a delay in the final necking instability. Much
lower values cof uniform elongation are attained at higher
temperatures, where macroscopic uniform deformation is never
reached. In the latter, the final necking starts before the
Iuder's band has spread throughout the whole gauge length of
the tensile specimen.

In the precipitation-hardenable steels studied here,
at all temperatures macroscopic uniform deformation is
2lways present from the begining of deformation through the
final necking. Furthermore, while all (g versus ¢ curves
Lfor the nonprecipitation-hardenahle TRIP steels start with an
upward curvature, in the alloys studied here this occurs only

when a high dynamic softening is present.



5.6 - 3hear-Instability-Controlled Fracture

As previously seen, the fracture of the alloys
studied here over a fair range of temperatures occurred by
shear instability. These instabilities, verified in both
uniaxial tension and at the crack-tip, were triggered by
localization of deformation. The enhancement in Gg‘and J-q
due tc mechanically-induced martensitic transformation can be
analysed using the Rice formulation for the onset of
localization of deformation(los).

The use of a continuum approach to analyse the zig-
zag fracture cbserved in the alloys studied here seems to
be reascnably appropriate. %Sach ridge in the zig-zag has a
size on the order of 150 to 200 ‘lm, and shows little size
variation with temperature. iach ridge spans 2 to 4 grains,
which are "pancacked" perpendicular to the macroscopic crack
propagation plane due to the warm-rolling operation. Also, in
most instances, the crack propagates continuously as shown in
figures 28 to 30.

Based on Rice's formulation, Needleman and Rice
derived expressions for the critical requirements for the

Q
(10‘). For a stress-

onset of localization of deformation
controlled void-nucleation process and under plane-strain
conditions, localization takes place at a critical value of

W/ <«iven by:



5 1 3f cos O'm) sinh( Crm)
<__G-_'_)crit  1-K'cos _Q‘g) 2 2T 2d
20
. (1+V)K'&cosh(ﬁ> 1, .Ei_f_lcosb( Crm)

6(1-V)

20" 6

where I is the effective strain-hardening rate (K = dg/d€ ),

O is the effective stress, (J, is the mean (hydrostatic)

In
stress, fv is the void volume fraction, 3 and VY are Young's

modulus and Poisson's ratio, and XK' is a parameter related to

the void-nucleation rate expressed as(log):

ki T + g"‘ [27]

(£v>nucl =

wnere the dot represents the time rate.

squation 26 has been applied to uniaxial tension
and plane-strain tension(llonllj). It seems rcasonable to
assume that the same concept applies to the crack tip,
particularly considering that ahead of blunted cracks in
hardening materials, stress and strain concentrc.tions are
smoothed out(66’67). The smoothing of stresses and strains
xeeps them approximately constant over a distance equal to
2-4 times the blunted crack-tip opening(66’67). if it is
assumed that the fracture process occurs in this region, the
assumptions behind Iquation 26 can be satisfied. The main

assumption in Rice's formalism is that the deformation in the
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rezion of localization can be treated approximately as
hemogeneous, There are clear metallographic indications that
che cracks present in the alloys studied herec are blunted to
a radius of 10 +to ZOl[m before they start to propagate.

squation 26 was derived using Bersg's porous-plastic
mod=1 for ductile materials(IOI) together with Gurson's
constitutive equation for a cavitating material(93’94).
Jonsequently, in this development, it is assumed that in the
rezgion of shear localization voids should be present before
the Jocalization takes place, The large number of voids
present outside the fracturé plane in the materials studied
here, =2,g. I'igures 19a and 44, suggests that the use of
squation 26 is appropriate.

Squation 26 predicts that localization of

deformaticn is present whenever:

G<G)... [28]

The observed higher values overall strain to

failure and JIc for the lower-carbon alloys as compared to
the higher-carbon ones when no transformation takes place
m2y be related to differences in the valucs of fV and K'. A
aigher-carboen content would undoubtedly mean the presence of
more and/ox larger void-forming carbides, implying larger fv

and ¥' and consequently higher (R/@") for the onset of

crit
shear localization; this leads to earlier fracture.
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Figure 44 - Cptical micrograph og the necked region of
31Ni(L) tested at 175 C.
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By anzlysing “quation 26, it is evident .hat
mechanically-induced martensitic transformation can delay the
onset of shear localization in two ways, The first is by
maintaining high values of h/F at large strains, and the
second is by reducing the local value of CTm/Zf'due to the
dilatation associated with the transformation,

The way in which the transformation affects the
local h/@ value is completely analogous to the way it
affects H/Ef'before necking, with the only difference being
that the process now takes place at larger equivalent plastic
strains., The analogy indicates that there should be a certain
temperature in which the dynamic softening and the strain-
hardening contributions of the transformation are combined in
an optimum way. In this situation, h/@g is kept at high
values up to very large values of equivalent plastic strain,

floncerning the second way that the transformation
can delay shear instability, it has been previously reported
that positive dilatational strains decrease the local
transversas stresses and consequently decreases CTm(124).
The decrease in local triaxiality from dilation due to
microcracking is responsible for the enhancement in JIC in

barre granite(124).

It is very likely that the same
phenomencn exists in metastable austenitic stcels where a
dilatation occurs when transformation takes place. The local
decrease in O%/EF due tec the translformational dilatation

exponentially decreases (B/QG), ;¢
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The bteneficial effect of the transfermational
volume exnansion on the enhancement in ductility and toughness
in these alloys has already been indicated by the results

shown in Figures 37 and 39, Further experimental evidence

=

cf the dilatation contributing to the increase in toughness

~iven by the comparison of the microstructures shown in

t-l
[0}

misure 45, In spite of the much larser amount of
transformation in the necked region of 34Wi-9%o(i{), Figure 45a,
as compared to 26Ki-4Cr(M), Figure 45b, both at the same
temperature, the values of Gf? as well as the increments

compared to the pure austenite are approximately the same

)

(see Tables Vv, ¥II and iX). The higher relative transformaticn
volume change of 26Wi-47r(H) may thus give a higher toughening
effect per amount of transformation, producing the same
reduction in CTm/EF' as is observed for 34ii-9Co(H) with A
smaller amcunt cf transformation., Similar cbservations have
been made for the JIC specimens of these two compositions
tested at 130°, ieain, the higher volume expansion of
26i-47r(¥) arpparently compensates for the lower amcunt

of transformation and the J.. are the same (sce Tables (11

and Xiv).

Since the way mechanically-induced martensitic
transformation affects n/(F predicts the cxistence of an
optimum stability condition, the same must be true for the
cverall deiay in attaining the critical condition for shear
localization and fracture, sgiven by sgquation 27, Tnasmuch

2s it i3 the localization of deformation that leads to the
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figure 45 - Optical micrograph of the necked region of
(a)034Ni-9Co(H) and (b) 26Hi-4Cr(H) tested at
130*~C.




finai fracture, an optimum transformaticn stability conditicn
must alsc exist for the overall enhancement in JIc and € ?.
The situation is then similar to the previously analysed
influence of the transformation on the uniform elongation but
with the additicnal features just discussed. while for the
onset of necking the critical condition is fixed (h/g ='1),
in the shear instability the critical condition varies with
the amcunt of transformation and transformaticnal dilatation.
AS previously discussed, this variation is due to the
influence of the transformation on the local value of Cﬂn/ZF}
The variable critical condition for the onset of shear
instability as compared to necking can account for the larger
spread in stability over the range where 6? and
ZSJIC/JIC(auSt) are increasing as compared tc the sharper
variation in Aepu/ Epu(aust) (compare Tigures 35, 37 and 39),.
Comparing Figures 37 and %9, within the temperature
intervai of the tensile tests run in this work, in contrast
to the behavior of ZXJIC/ch(aust), no apparent drop in[&ﬁ?
has been observed at T;EIMd(n). This suggests that the drop
either occurs much closer to md than in the JIC case, cr it
may be suppressed., A possible explanation for the less
noticeable drop is that, at 7 §;Rd, the orders of magnitude
larzer transformation zones in the necked region, as compared
to the crack-tip, may be responsible for a decrease in
triaxiality even wvhen very little amount of transformation
is present, The importance of the transformaticn zone size in

reducinz triaxiality and enhancing toughness has been
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(48)

indicated in dutchinson's mocdel for ceramic systems , and
will be also present in a semi-~gquantitative mcdel developed
in section 5.5. In terms of Iquation 26, a large
transformation zone, even with a small amount of martensite
in it, may produce a noticeable decrease in triaxiality, and

conseguently a decrease in (h/(g ) This may compensate

crit’
for the decrease in the local h/(F due to the dymamic softening
produced by the small amcunt of transformation., The larger
transformation zones in the necked region, coupled with the
intrinsically lower triaxiality as compared to the crack-tip,
may also be responsible for the larger maximum relative

~ 2,0,

enhancement in the strain to failure, (AG?/G?(aust))max

as opposed to JIc’( AJIC/JIC(aust))max ~ 0,6,

Another feature that sets in much more often at
large plastic strains is the pessibility that a different
fracture process, like cleavage, intergranular, or low-
ductility dimole fracture may produce premature failure and
oravent the attainment of the highest possible toughness,
Jhen this happens, failure occurs at values of plastic strain
less than that required for the onset of shear instability.
18 pointed cut in the last chapter, there are indications
that this happens in the alioys studied here when the failure
cccurs in a fully martensitic region., This type of premature
failure is, in fact, a frequent phenomenon, ani as indicated

by the failure of 2€Ni-tr(3) tensile tested at -196%:, it

can occur even at the low strains present beforc necking,



The tendency for the Te-1i-Ti martensites to show
cleavage, intergranular, or a low-ductility flat dimple
fracture mode can be rationalized by the analysis of how the
’Y' precivitates are affected by the martensitic transformation.
It has been reported (125,126) that when very short aging
times are used, the very small 'y' clusters coherent with the
austenitic matrix maintain coherency with the martensitic
product phase during the martensitic transformation. This
gives rise to a tetragonal distortion of martensite, similar
to that present in high-carbon steels, This internal stress
may explain the small amount of cleavage observed in 31Ni(T).
{n the octher hand, when longer aging times are used, larger
ccherent ‘y' pracipitates are formed which resist coherency
loss during the transformation. Although these precipitates
ultimately lose coherency with the martensite, they introduce
stresses and strains in the martensite due to the resistance

(123’125’126). This internally stressed

to the coherency loss
martensite is expected to be more brittle and so may account
for the low-ductility void process as well as for the
intergranular fracture sometimes observed., The intergranular
fracture occurs along prior austenitic crain boundaries, even
when the grains are completely transformed tc martensite.
Figures 37 and 3¢ clearly indicate that the change

P e s n
in failure mode and consequent maxima in ZXELf and

_ . . 4 -
Z&JTC/JTC(aust) occurs respectively around P (n) and M (ct)

-+ Jo (o]

for 211 metastable alloys. This suggests that in the alloys

studied here premature failure is more prone to occur in
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stress-assisted plate martcensite as opposed to strain-induced
lath martensite. The higher brittleness of plate martensite
has been previously observed(127), and may prevent

thz attainment of the highest possible neck ductility,
and fracture toughness in the alloys here considered



5.5 - The ole of The Volume Thange

wvidence for the beneficial effect of the
traensformational expansion on the enhancement of toughness in
triaxial stress-states is given in #igures 37 and 39. Ain
analysis of the way the volume expansion would delay the
fracture by shear instability is given in the previous
section., Fere, a semiquantitative model for the relative
enhancement in fracture toushness is developed in which the
impertant role of the volume change is again evident.

Tigure 46 shows the variation of the relative
fracture toughness enhancement, ZXJIC/JIC(aust), with the
half-height of the transformation zcne, d, which is the size
of the transformation zone above (or below) the plane of
crack propazation. In this development, for all alloys,
consideration is limited to the range of temperatures in
which enhancement in the fracture toughness due to the
transformation is observed.

Pigure 46 suggests that in some cases for the same
d, very different enhancements can be obtained. For instance,
for d =»25l1m., a2 larger amount of martensite in the
transformaticn zcone apparently produces a larger relative
enhancerient in ch. This suggests that the relevant parameter
in the aralysis should include the amount of martensite in
the transiormation zone, as well as d.

#irure 47 shows the dependence of [&JIC/JIC(aust)

on Td, where T is the mean volume fraction of martensite over

d; Td is then a measure of the total amount of martensite in
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Figure 46 = JIc relative enhancement versus transformation

zone half-height.
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Figure 47 = JIc relative enhancement versus amount of
martensite in the transformation zone.
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the transformation zcne. The data in Figure 47 suggest a
difference in the level of [&JIC/ch(aust) for the same Td
accerdinz to the volume expansion of the transformation,
Furthermore, the results suggest a relation between
Z&JIC/JIc(aust) and Td of the type:

T i "a
Ao k(AT (T [29]

ch(aust) g

Pased on the results for the high volume-change
alloys, (XX ~1/%, Assuming that (X is not dependent on the
transformation volume expansion, k(Z&V/V) can be obtained
from ®igure 48, Rased on this figure, assuming a linear
dependence of k on [&'V/V, the final expression for the

relative increment in JIc due to the transformation is:

1/3
Adre 0.0544 + 2.3469 AAv (Ta) (5
- 2

JIC(aust) 7

With respect to the dependence of [&JIC/JIC(aust)
on the parameter T' defined in 3guation 25, the data in
Tizure 32 suggest a linear dependence far77<:o, and a clear
distinction between the high- and low-volume alloys. 3y
consideringz ths results for 77<:O where no premature failure

occurs, thzs linear fitting of the data gives:
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Figure 48 - k(AV/V) versus relative transformational volume
change.,



———— = -0.2915 - 0.82137y  (high AV/V)

5]

- 0.5573 - 0.83147)  (low Av/v)

JTC(aust)

The expressions indicate that 'the slope of the
lines is virtually independent of Z&V/V. Cn the other hand,
A v /¥ has ar. influence on the value of T’ for which
[&JIC/JIC(aust) = 0. The dependence of [&JIC/JIC(aust)

ca:: thus be expressed as:

dJ
ASE- S (Av/v) - 0.82647 [32]
JIc(aust)
where the slope is taken as an average between the ones
obtained for the two group of alloys., dAssuming a linear
dependence of k'([&v/v) on [&V/V:
AJIC A’v’

= - 1.06 + 18,99 —— - 0.82647) [3?;]
JIc(aust) v

This expression shows clearly that for alloys with
Jowve v fir ha, TyA an T T - - ~ = a
Lower Z& /7 to have the same ZXJIC/J]C(aust) as the alloys
with higher Z&?/V, a lcwer transformation stability (smaller
or larger |77;) iz reguired, In otner words, alloys with

lower transformetional volume change reguire more martensitic
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true for the increment in strain to failure, as has been

previously discussed in connection with Figure 45,
The expressions in 3Sguations 30 and 3% show that
toughenins is dependen* on [&V/V, but dilatation is not

essential, in agreement with the modecl proposed in section

5.4.
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5.6 - Transformation Toughening lModel (Summary)

The enhancement in toughness in metastable
austenitic alloys that fail by shear instability can be
rationalized through the analysis of the effect of
mechanically-induced martensitic transformation on the flow
benavior cf these materials, Under triaxial stress-states
the transformational volume expansion is alsc important.

®igure 49 shows schematically how the relative
inecrement in uniform elongation, the absolute increment in

he strain te failure, and the relative increment in fracture
toughness vary with the normalized temperature interval
defined by #quation 25, By considering the effect of the
transfermation on the flow behavior of these materials, the
drop in ductility and toughness at'?ggﬁ%.and also the peaks
in the solid lines can be predicted. ince nc noticeable
drop in.[&é? has been observed in this worlk, the curve [lor
this parameter in Figure 49 is shown as a dotted line at
'D&SIﬁ(n). The possibility of a reduced or even suppressed
drop has been discussed in section 5.4.

Figure 5C summarizes schematically how the true-
stress, true-nlastic-strain curves are altered by the
transformaticn., 3By comparison with the curve at T> M

d’

the very Jirst amount of transformation present at T L

flattening of the (F versus € curve, causing the

(6]

nreduces
critical condition M/ = (E/Efjcrit to be reached at lower

plastic strain, Dy further lowering the temperature, the
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Figure 49 - Schematic uniform elongation relative enhancement,
strain to failure absolute enhancement, and JIC

relative enhancement versus normalized temperature,
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Figure 50 - Schematic true-stress, true-plastic-strain curves
at (a) T,>Mys (b) T, Mgs (c) T5 when maximum in

toughness is attained, (d) T4<T3.
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dynamic softening and the work-hardening ccntributions of the
transformation are combined in an efficient way to delay thc
attainhent of the critical instability condition., C(nly
considering the effect of transformation, a maximum in
toughness would be obtained at T = T3. At still lower
temperatures the material becomes excessively metastable and a
larse amount of transformation sets in at relatively lower
values of plastic strain compared to those at which the
fracture occurs.

The shape of the stress-strain curves when
mechanically-induced martensitic transformation occurs
indicates that there may be up tc two changes in curvature
before final fracture, The first is promoted by the static
hardening centribution of the transformation and takes pilace
just after the end of the dynamic softening. In this case the
curvature changes to upward. The second change in curvature
cccurs when the tranformation is exhausted, and takes place
at larger plastic strains., The curvature changes from upward
to the final downward. It is expected that for
the temperature of the highest ductility increment, the strain
to failure of the pure austenite, in the case of maximum 6_?,
or the strain for the onset of necking, in the case of maximum

€ pu’

tc the two changes in curvature. This is schematically shown

would fall in between the plastic strains corresponding

in Figure 51, where the maximum in uniform elongation and
strain to failure would occur respectively in the temperature

ranges [&Tl and Z&Tz. The extremes of these temperature
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Figure 51 - Schematic temperature dependence of plastic
strain., It shows the dependences of stable
austenite strain to failure and strain for the
onset of necking, the dependences of the strain
corresponding to the two inflections in the
curves (J versus € promoted by mechanically-
induced transformation, and also the increase in
€¢ and epu due to the transformation, The

maximum in € u and G:f are observed respectively
in the temperature intervals ATy and ATZ‘

- 144 -



o A € (0)
f\
(a) /I/-‘
| 6
(b) I ,""f*\

(C)

Figure 52 - Schematic true-stress, true-plastic-strain curves
for different temperatures showing possible
premature failure by other fracture process
described by Gf(0’¥: (a) TI>My (b T35M;»

(c) T when premature failure prevails,
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intervals are given by the intersection of the stable
austenite strain for the onset of necking and strain to
failure, respectively, with the strains corresponding to the
two inflections in the ( versus g curves. The temperatures
for the maxima may be predicted using theoretical
transformation curves and constitutive equations already
derived(32’34). ior the strain to failure case, it wculd
also be necessary to model quantitatively the dependence of
(H/Ef)crit on the transformation dilatation. These
developments are listed in the suggestions for future work,
Thapter VII,

1a practice, the intrinsic maximum in toughness due
only to the influence of the transformation in the flow
behavior may never be attained; other fracture processes may
produce failure befcre the critical condition for flow
localization is reached. This possibility is schematically
shown in Figure 52, where the general curve Ef((f) represents
the required strain to produce failure by mechanisms other
than shear instability. The real Gf(CT) will depend on the
specific fracture process (cleavage, intergranular, dimples,
etc...). Its value will vary with the relative amount cf
each phase, austenite and martensite, present at the fracture
zone, and also with the intrinsic toughness of the different
martensitic morphologies (plate versus lath). The possibility
that the attainment of maximum toughness and ductility can
actually be prevented due to premature failure by other

fracture mechanism is indicated in Figure 49.
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This formalism is applicable for toughness and
ductility as measured by JIc’ strain to failure, and uniform
elongation. The basic difference between the first two cases
and the uniform elongation is that in a triaxial state
(h/T)

affected by the transformation dilatation. ince the critical

crit is a function of triaxiality and its value is

condition for the onset of necking is fixed at (h/g") 1,

crit ~
sharper temperature variations are expected for epu as
compared to e;l and ch.
A benefitial effect of the transformation has been
also observed in the resistance to crack growth as measured
by dJ/dZ&a. Although the temperature dependence of this
parameter sugsests once more the existence of an optimum
transformation stabtility condition for maximum crack-growth
resistance, a more detailed analysis is complicated by the

fact that the crack propagates in a combined Mode I1-Mode It

tyne of locading.
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5.7 - Jomparison with Commercial JSteels

Figure 53 compares maximum fracture toughness
values obtained in this work (31Ni-57r(L) tested at -75°0)
with results for other high-toughness commercial alloys of
the same yield strength, The data for the other alloys
represent tests at room temperature. Figure 55 indicates that
mechanically-induced martensitic transformation is able to
produce materials of very good toughness (KIéZ-ZSS MPaJ;ng
250 ksiyfin at a yield strength of 1300 Fa)

The main problem with commercial utilization of
these metastable austenitic steels is the strong temperature
dependence of the mechanically-induced martensitic
transformation, The results obtained here indicate that
although sharp variation in uniform elongation with test
temperature is observed, the changes instrain to failure
and in fracture toughness are smoother. The temperaturec
dependence of these two latter properties is affected by the
transformational volume expansion and also by the difference
between Kd and Fg for the respcctive stress-state., The
addition cf 2r tends to promote the desired affect of
increasing the temperature range between Md and M;'and it
also produces a larger transformational volume change. This
is expected from a reduction of both the stacking-fault
enercy and [&J%'{

The results also indicate that for the alloys
studied here, concerning fracture toughness, the best working

ccnditicn is to design an alloy with H:(ct) slizhtly lower
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Figure 53 - Comparision of fracture toughness of the alloys
studied here and commercial steels, Data for
4340 and maraging steels taken from Reference 97.
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than the working temperature, since the maximum in toughness
occurs at ﬁ;kct). Also, larger amounts of carbon in solution
may be beneficial for relative enhancements in ductility and
toughness by promoting a harder martensite and consequently

larzer work-hardening rates,
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1.

CHAPT®R Vi ¢ CCHCLUSICNS

The predicted variation in the stability of stress-
assisted martensitic transformation as a function of stress-
state has been verified experimentally. Although the
expected increase in Mg with increased triaxiality occurs,
no corresponding change in Md is observed. This is
attributed to the lower strains attainable in plane-strain
failure.

At T = MS‘ ahead of the crack-tip, the size of the
transformation zone is about equal to the calculated
austenitic plastic zone ahead of the crack-tip. The
heights of the transformation zones are inuch smaller than
the heights of plastic zones, consistent with the lower
triaxiality above and below the crack-tip.

The present work has shown that mechanically-induced
martensitic transformation enhances the ductility and
toughness of metastable austenitic steels which fail by
shear instability. By defining a normelized temperature
intervel 1) = (T - Md)/(lv;g' - M), it is shown that the
incremants in uniform elongation, strain to failure in the
neck, and fracture toughness follow the same general
pattern. The only additional feature present in the strain
to failure and fracture toughncss is that, under a triaxial
stress-state, the transforhational volume change influences

the ductility and toughness increments. Metastable alloys
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with larger transformational volume expansions have higher
triaxial ductility and toughness &t the same transformation
stability., Furthermore, this volume expansion also promotes
a larger range of transformation stabilities over which the
enhancement in strain to failure and J1e takes place as
compared to uniform elongation.

The enhancement in uniform elongation is explained by an
analysis of how mechanically-induced transformation affects
the flow behavior of metastable austenitic steels., The
transformation delays the onset of recking by keeping the
ratio h/ greater than 1 up to larger plastic strains,

The analysis is able to account for the drop in €pu noted
at temperatures just below Md(u), and it suggests the
existence of an optimum stability condition for which the
enhancement in toughness is maximum,

By using a model (h/J <Kcritical h/{J ) for the onset of
shear localization under plane strain conditions it is
possible to rationalize the enhancement in the strain to
failure and fracture toughness, The transformation
increases toughness in plane strain by two different
mechanisms, The first, similar to the uniform elongation
case, is by keening lne ratio'ﬂ/éf at high values up to
large equivalent plastic strains., The second is by
favoraoly lowering the critical h/({ for shear localization
via a reduction in triaxiality promoted by the

transformational volume expansion., By considering both
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mechanisms, it has been possible to explain all the
features observed in the temperature dependence of e?

and J The model predicts the existence of an optimum

Ic®
transformation stability condition for which the ductility

and toughness enhancement is maximum. In practice, this
maximum may not be attained due to premature failure by
other lower-toughness fracture processes. In the alloys
studied here the maxima in G? and J;, occur around Mg
for the respective stress-state, probably due to intrinsic
brittleness of stress-assisted martensite that contributes
to premature failure at T <M'Sr.

A semiquantitative model for the relative enhancement in
fracture toughness due to mechanically-induced
transformation has been developed, which indicates that the
toughness increment is dependent on the volume expansion,
but the latter is not essential. This model predicts a
contribution of the volume expansion which is a function
not only of the relative expansion but also of the size of
the transformation zone and the amount of martensite in it,
‘n expression for the dependence of the relative enhancement
of fracture toughness on 77 has alsc been developed. In
this expression is again evident the importance of the
transformational velume change.

In a sense the mechanism of fracture-~toughness enhancement
observed for the alloys studied here differs from that

previously reported for high-strength TRIP steels and
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ceramic systems. ‘while in the latter cases the toughness
comes from a shielding of the crack-tip from the applied
stresses, in naterials that fail by shear instability
the enhancement is obtained by a direct influence of the
transformation on the fracture process itself.

4 comparison between the maximum fracture toughness
obtained in this work (KIC = 255 NP&V&3 with that reported
for other high-toughness commercial steels indicates that
mechanically-induced martensitic transformation is a very
effective toughening mechanism, but extremely sensitive to
the compositional and test conditions. The addition of Cr
to metastable austenitic steels is beneficial for smoothing
out the generally sharp temperature variation in mechanical
properties; Cr also increase the transformational volume

expansion.,
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OHAPTER VII : SUGGESTICNS #CGR FUTURE WCRK

Gxperimentally, the effect of different strain-
hardening rates on the toughness of metastable austenitic
steels can be verified by comparing the results reported in
this work with those found for much higher-carbon steels,

By proper designing, it shculd be possible to obtain stable
and metastable precipitation-hardenable austenitic alloys
with similar strength but with higher-carbon contents that
generate stronger martensites and larger strain-hardening
rates.

The effect of strain rate can be verified by running
impact pre-cracked Charpy tests. DPossible notch-geometry
effects can be studied by comparing the results shown here
with those obtained for slow-bend Charpy tests. Notch-
geometry effects at high strain rates can be studied by
comparing regular and pre-craéked impact Charpy test results,
Stress-state effects can be further investigated with plane-
strain tensile tests.

Analytically, the experimental true-stress, true-
plastic strain curves can be modeled using theoretical
transformation curves and constitutive equations for metastable
austenitic steels, The optimum stability condition for
maximum uniform elongation can be then predicted. This can
be done directly for the curves up to necking, and also after

necking if proper correction for the triaxial stress-state is
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applied. In the necking case, it will be desirable to model
the way that the transformational volume change alters the
local triaxiality. Furthermore, it may be possible to
simulate numerically the crack-growth process in these
materials using finite-element methods and applying the

material's constitutive equations,
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APPENDIX

J Versus [Sa Curves

Figures Al to A5 show the curves of J versus A a
for the alloys studied here. The error bars indicate a 50%
confidence interval, from these data, Tables X to XIV from
the main text were constructed,.

3ide=Grooved Specimen Testing

As mentioned in section 3.4, a side-grooved
31Ni-5Cr (L) specimen was tested at -75°C in order to assure
that the high values of JIC measured were not a consequence
of deviation from plane-: train conditions. The 31Ni-5Cr(L)
tested at -7500 was selected because it exhibited the highest
toughness measured in this work, The 20% side=-grooving
produced a flat fatigue pre-crack as well as a flat crack
propagation under monotonic loading. Figure 42 indicates
that the J value measured for the side-grooved specimen (in
parentheses) was only 8% lower than that obtained for the
usual specimen loaded to the same crack length and at the
same temperature (-7500). Since this difference should even
be smaller for less tough conditions, the JIc results reported
here are believed to be meaningful plane-strain JIc values,

Influence of Cveraging

In an attempt to study the possibility of avoiding
the detrimental effect of the p' precipitates on the fracture

properties of mechanically-induced martensite, a JIc
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experimental determination was carried out on overaged
31%i-50r(%L) at -25°C. By overaging, it was expected that
noncoherent p' precipitates would be formed and the

| martensite would be less strained. However, as shown by the
results in rigure A2, the expected toughness enhancement

did not occur, Actually, fractographic analysis indicated

that intergranular fracture occurred to some extent.
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