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Abstract. Thetotal plastic strain energy which is consumed during fracture of a plain-sided
CT specimen is separated into several components. These are the energiesrequired for deform-
ing the specimen until the point of fracture initiation, for forming the flat-fracture surfaces,
for forming the shear-lip fracture surfaces, and for the lateral contraction and the blunting at
the side-surfaces, W1.;. Characteristic crack growth resistance terms, Rga: and Rgjant, are
determined describing the energies dissipated in a unit area of flat-fracture and slant-fracture
surface, respectively. Ra.: isfurther subdivided into the term Rg..¢, to form the micro-ductile
fracture surface, and into the subsurface term, R, Which produces the global crack opening
angle.

Two different approaches are used to determine the fracture energy components. The first
approach is a single-specimen technique for recording the total crack growth resistance (also
called energy dissipation rate). Plain-sided and side-grooved specimens are tested. The second
approach rests on the fact that the local plastic deformation energy can be evaluated from the
shape of the fracture surfaces. A digital image analysis system is used to generate height
models from stereophotograms of corresponding fracture surface regions on the two specimen
halves.

Two materials are investigated: a solution annealed maraging steel V 720 and a nitrogen
alloyed ferritic-austenitic duplex steel A 905. For the steel V 720 the following values are
measured: J; = 65kIM?, Roues = 20kIM?, Raae = 280KIM?, Repane = 1000 kImM?,
Wiat = 30J. For the steel A 905 which has no shear lips, the measured values are: J; =
190kIm?, Raay = 1000kI¥m?, and Wiae = 45J. Apart from materials characterization,
these values could be useful for predicting the influence of specimen geometry and size on the
crack growth resistance curves.

Keywords: elastic-plastic fracture mechanics, fracture energy, energy dissipation rate, fracture
surface analysis

Abbreviations: |sy — large-scale yielding; ssy — small-scale yielding; gy — general yielding;
DEM —digital elevation model

1. Introduction

The crack growth resistance of amaterial depends on the total amount of non-
reversible energy which is consumed during a fracture process. In fracture
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2 J. Stampfl, O. Kolednik

mechanics tests it is often observed that the crack growth resistance depends
on the geometry and the size of the specimen (e.g., see [1] for an outline
of the problem). This effect is noticed for a wide class of low-strength or
medium-strength engineering materials where a large plastic zone accompa-
nies the crack tip during crack propagation, i.e. for fracture under large-scale
yielding (Isy) or general yielding (gy) conditions. Even if the consideration is
confined to deeply notched bend-type specimen, the influence of geometry is
significant.

As a consequence of these observations, two fundamental questions ap-
pear. The first question is: How can the crack growth resistance of these
materials be characterized? The second question, in the literature referred
to as “transferability problem”, is. How can fracture toughness data, that
are measured on a specific specimen, be transferred to specimens of other
geometries or to a structural component of arbitrary shape? Both questions
have yet to be resolved.

The geometry problem occurs because the local fracture properties of
materials depend on the constraint. Different constraint measures have been
introduced in the literature [2—6]. In the low-constraint near-side-surface re-
gions of a deeply notched bend-type specimen the material behaves tougher
then in the high-constraint mid-section region. Usually, this behavior is re-
flected in the fracture surface appearance: we see a flat-fracture mid-section
region accompanied by two shear lip regions with slant fracture surfaces near
the side surfaces. The global fracture properties of the material result as a
complicated interplay of all the different constraint conditions along the crack
front [7].

A promising way to resolve the geometry problem would be to separate
the total plasticaly deformed region into several characteristic parts and to
predict the amount of the plastic strain energy dissipated in each part. By
doing this, we can extract avalue of the crack growth resistance for the high-
constraint region, that might be characteristic for the material. (Another char-
acteristic value, for the low-constraint region directly near the side-surface,
might exist, too.) Thiswould answer thefirst question posed, and it would be
also an important step towards solving the transferability problem.

For a separation to be successful, it is not only necessary that it is clearly
defined and conceptually feasible; it is also strongly desired that the amount
of plastic strain energy consumed in each part can be determined experi-
mentally. Existing theories about the geometry influence on the crack growth
resistance, [1-3,5, 6,8-10], could not be proved and new, improved theories
could not be derived, otherwise. To the knowledge of the authors no such
separation has been reported so far.(A short literature survey will be given
below.)

We will demonstrate in this study that it is possible to separate the total
plastic strain energy for the fracture of Compact Tension specimens made
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Separation of the fracture energy 3

of two different steels in a reasonable way and to measure all the energy
components. The general outline of the procedure is shown in Fig. 1. Two
different approaches are used. The first approach is an indirect one: differ-
ent fracture mechanics experiments are designed so that a careful analysis
allows the separation of the total fracture energy into several characteristic
parts. The second approach isamore direct one: the local plastic deformation
energy is estimated from the topography of the fracture surfaces. Plastic de-
formation during fracture produces a misfit between corresponding fracture
surface regions on both parts of the broken specimen, which can be analyzed
to determine the locally dissipated plastic strain energy.

The combination of both approaches could be a powerful means towards
a solution of the geometry problem.

2. A Brief Literature Survey

2.1. THE DEFINITION OF THE TOTAL CRACK GROWTH RESISTANCE

The total crack growth resistance, R:.:, Of a material can be defined as to-
tal non-reversible energy which is necessary to extend the crack area by an
increment, see Turner and Kolednik [11],

1 d
B d(Aa) (

Wiitor denotes the total non-reversible strain energy consumed during
the fracture process, I' is the surface energy, Aa the crack extension and
B the specimen thickness. For elastic ideally brittle materials, Wy 1o = 0
and Ry, reduces to the Griffith solution [12], i.e. to twice the specific sur-
face energy, Riote1 = 270. If plasticity were confined to a constant, narrow
zone around the crack tip , the Orowan [13] and Irwin [14] approach of the
existence of a specific non-linear fracture surface energy would be applica-
ble: Riotsssy = 2(70 + 7p1) = const. The subscript “sssy” indicates that
the confinement of the plastic zone must be even stronger than for small-
scale yielding (ssy) conditions. For most elastic-plastic materials even for
sssy-conditions the specific plastic strain energy for fracture exceeds the spe-
cific surface energy by several orders of magnitude, 7,1 > ~o. It should
be remarked that for micro-crack toughening, fiber reinforced, or transfor-
mation toughened materials with brittle matrices additional non-reversible
energy terms appear, originating from processes other than plastic deforma-
tion, [15-17]. These energy terms must be included on the right-hand side of
Eqg. (1).

The total crack growth resistance, Ry, was introduced by Turner [1]. He
caled Ryt the “energy dissipation rate”’, symbolized by the letter D. This

Riot = Woltot + 1) . D
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4 J. Stampfl, O. Kolednik

nomenclature might be somewhat mideading, because parts of the energies
in Eq. (1) are not really dissipated during fracture [11]. Apart from the terms
just mentioned above, these are the non-reversible elastic strain energy that
originates due to the non-homogeneous crack-tip field, [18], and the surface
energy.

Since some confusion seemsto exist in the literature, a note regarding the
reversibility of fracture energies is presented in Appendix A. An important
analysis on the thermodynamics of fracture was published by Gurney [19].

2.2. SOME PREVIOUS IDEAS ON THE SEPARATION OF FRACTURE
ENERGIES

The idea of the separation of the fracture energies is not new. Cotterell and
Reddel [20] performed fracture tests on thin double-edged notched panels
with different ligament lengths. The total work of fracture was measured for
each test and plotted against the ligament length. This diagram displayed a
linear relationship. By extrapolating thelinear regression lineto zero ligament
length, an “essential work of plane stress fracture” was determined, which
depended on the specimen thickness. It was claimed that the essential work
of fracture corresponds to the work done in the crack-tip region, distinct from
the work done in the outer plastic regions. Based on the same idea, severa
other studies were performed later, e.g. [21, 22].

Turner [1], and John and Turner [23] discovered that resistance curvesin
termsof thetotal crack growth resistance, i.e. Ryot-Aa-curves, show typicaly
aregime of steady-state growth after a short transition region of decreasing
R0t They compared the curves for side-grooved and plain-sided specimens
and attempted to break the steady-state value, Ryt s, into two [1] or three [9]
components to find characteristic terms of dissipated energy per unit of crack
area, or per unit of (shear-lip) volume. Theseterms, called “ specificintensities
of the rate of energy dissipation” (SIRED), were then used to predict the
resistance curves for other (bend-type) geometries. However the procedure
has not been completely successful so far. One possible limitation was that
only a multi-specimen method had been used to record the R;o¢-Aa-curves,
compared to the single-specimen technique applied in this investigation.

Another interesting approach was chosen by Shoji [24]: he sliced bend
and CT specimens made of a bainitic steel perpendicular to the crack plane
and measured the plastic strains near the fracture surfaces by applying a
recrystallization-etch technique. The local plastic strain values were used to
evaluate for the mid-section region the plastic strain energy within an in-
tensely deformed region around the crack tip. This value was found to be
independent of crack extension. A similar experiment, with specimens of
different thicknesses, was conducted in [25].
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Separation of the fracture energy 5

Stiwe [26, 27] developed a model to estimate the specific plastic strain
energy to form a micro-ductile fracture surface from the dimple height (see
Fig.2). A short description of the model will be given in Section 6.2. In [28]
the fracture surface energy was determined for a maraging steel, similar to
the one used in the current study. The dimple height was measured by stereo-
photogrammetric analyses of corresponding fracture surface regions on both
specimen halves [29, 33].

Mecklenburg et al. [30] determined for three steels the rates of the elastic,
the plastic, and the total strain energies versus the crack extension for side-
grooved CT specimens. They observed that after a short crack extension a
steady-state condition was reached. The sizes of the energy rates depended
on theinitial crack length and the specimen size.

3. TheTotal Plastic Strain Energy for
Fracture and its Components

3.1. THE DIFFERENT PLASTIC STRAIN ENERGY TERMS

In a micro-ductile plane-strain fracture experiment (e.g., using a specimen
with side grooves) plastic strain energy, W, qurt, IS consumed to form the
dimple structure of the fracture surfaces. This term is connected to the void
growth and coal escence processes occurring within the process zone directly
in front of the crack tip. For sssy-conditions, Rguyt = Wl surt/(BAa) will
comeclosetothesizeof Ry sssy- INall other cases additional energy, W sub,
isnecessary for the deformation bel ow the fracture surfaces. The sum of both,
surface plus subsurface term, is the plastic energy for flat fracture, Wi, gat.

To fracture a smooth-sided specimen (without side grooves) Wy gat IS
needed for the flat fracture regions in the center of the specimen. W, glant
shall denote the energy (surface plus subsurface) for producing the lant frac-
ture of the shear lip regions near the side surfaces. Additiona plastic energy
is needed for the lateral contraction of the side surfaces and for the blunting
process at the side surfaces, both combined in the term 1V, 1.+ Another term,
W14, IS necessary for fracture initiation, i.e. for deforming the material until
to the point when the first crack extension occursin the specimen center. The
total plastic strain energy (consumed until a certain amount of total crack
extension or until final fracture), W, (o1, iS given by

Wpl,tot = Wpl,i + Wpl,ﬂat + Wpl,slant + Wpl,lat- (2)

It should be noted that both the second and the third term of Eq.(2) might
contain also some remote plasticity appearing near the back face of the spec-
imen.
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6 J. Stampfl, O. Kolednik

Since Wy, ; remains unchanged after fracture initiation, it does not in-
fluence the size of R;.:. Thus, the totally consumed non-reversible energy
during fracture can be written as

Aa
Wpl,tot = WpLi + Riot d(A(I) (3)
0

3.2. A GENERAL OUTLINE FOR DETERMINING THE ENERGY TERMS

The indirect approach to determine the different energy terms relies on the
measurement of the crack growth resistance of the materials not only interms
of the commonly used Jintegral vs. crack extension (J — Aa-) curves, but
also in terms of the total crack growth resistance, Ryqt, VS. Aa CUrves.

W1, is evaluated from the area under the load vs. load-line displacement
curve at the point of fracture initiation (which is detected by a potential drop
technique). W1 q.¢ and the fracture properties of the specimen center region
are derived from a test of a side-grooved specimen (see Fig. 1). Wy glant 1S
determined from the resistance curve of athin specimen where the two shear
lip regions merge into one slant fracture surface. Wy, 1.+ can be measured as
the shaded areain the Rt — Aa-curvesin Fig. 1. Thisis deduced from the
results of amulti-specimen test and demonstrated on specimenswith different
thicknesses.

In a previous investigation a digital image analysis procedure for recon-
structing the topography of fracture surfaces from stereo photogramstaken in
the scanning electron microscope was developed [31, 32]. This technique is
used for the direct approach to determine the fracture energy terms. From the
topographic measurements the fracture surface energy, Wy, surt, is evaluated
using Stiwe's model. The new technique allows the automatic analysis of
whole fracture surface regions, compared to the time consuming point-per-
point analysis which had to be done in [28, 29, 33]. This enables W, gyt tO
be estimated much faster and more accurately than in previous work [34, 35].

Our new technigue for analyzing fracture surfaces can be also applied to
measure the crack opening angle, CO A, near the mid-section of the speci-
mens. This allows the determination of 1) .1, for the flat-fracture region.

4. Materialsand Specimens

The separation of the total fracture energy is demonstrated on two materials.
Thefirst material is a solution annealed maraging steel V 720. The steel was
forged, solution annealed for 1 hour at 820°C, and subsequently cooled in
air. The tensile tests resulted a yield strength of o, = 750 MPa, an ultimate
tensile strength of o, = 1050 MPa and a strain hardening exponent of n =
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Separation of the fracture energy 7

0.15. The Young's modulusis £ = 193 GPa. The chemical composition is
givenin Tab. 1.

The second material is a nitrogen alloyed ferritic-austenitic duplex steel
A 905. After the forging the steel was solution annealed for 30 minutes
at 1100°C and water quenched. Due to this treatment the steel has a mi-
crostructure of elongated domains of about 50% austenite and ferrite. The
tensile properties (perpendicular to the crack plane) are oy, = 630 MPa,
oy = 950MPa, n = 0.20 and E = 215 GPa The chemical composition is
givenin Tab. Il.

From both materials Compact Tension (CT-) specimens were machined in
a S-T-crack plane orientation, i.e. the elongated domains of the steel A 905
lie paralel to the crack front. The specimens had awidth of W = 50 mm, an
initial crack length ag =~ 28 mm and athickness of B = 25 mm. For the steel
V 720 thinner specimens were tested, too.

5. An Indirect Procedureto Separate
Fracture Energies

In this section characteristic plastic energy terms are extracted from frac-
ture mechanics tests conducted with side-grooved specimens and plain-sided
specimens of different thicknesses. Jintegral versus crack extension (J-Aa)
curves were recorded following the ESIS[36] and ASTM [37] Standard Pro-
cedures. The Ryot-Aa -curves were determined by a single-specimen tech-
nique which is described in the following section.

5.1. SINGLE SPECIMEN TESTS

5.1.1. Asingle specimen technique for measuring the total crack growth
resistance

Eq. (1) can be extended by considering the balance of energy during an

increment of crack extension [11],

R = LdWu+T)  1d(U—Wa)
YT B d(Aa) B d(Aa)

The right-hand side extension of Eq. (4) can be seen as the crack driving
force, C which balances Ry, during equilibrium crack growth. It is used to
evaluate R, experimentaly. U is the external energy which can be mea-
sured by integrating the area below the load vs. load-line displacement (F-
vLL-) curve. The reversible elastic strain energy, W, can be determined by
measuring the load, F', and applying the relation

=C. )

2
W=, ©
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8 J. Stampfl, O. Kolednik

where ¢ denotes the compliance of the specimen. For the side-grooved spec-
imen ¢ is evaluated for an effective thickness, B.. Formulae for ¢ and B, are
given in the Standard Procedures [ 36, 37].

If the current crack length is known, R;.; can be evaluated by differenti-
ating numericaly the (U — W) vs. Aa-curve. The current crack length is
determined by the direct-current potential drop technique.

5.1.2. Test results of the plain sided specimens

On the left-hand side of Fig. 3 the Ry¢-Aa-curves of the plain sided speci-
mens are plotted, together with the conventional J-integral vs. crack exten-
sion (J-Aa-) curves. Both Ry.- Aa-curves exhibit sharp peaks at or near
the point of fracture initiation. For the steel A 905, R fals down after the
peak to a lower plateau value of Ri; ~ 2000 kJm?. Between Aa = 1.7
and 2.8 mm a second peak can be observed with a maximum value of Riot ~
4000 k¥m? at Aa = 2.5mm. For the steel V 720 the picture is not so clear.
It is possible to detect a lower plateau value of about R, ~ 270 kJm?
combined with avery broad peak between Aa = 2.5 to 11 mm. The second
Rior-peak, Rior ~ 800 kIm2, liesat Aa = 6.2 mm. The J-Aa-curvesyield
fracture initiation values of .J; = 65 kJm? for the steel V 720 and J; = 200
kJm? for the steel A 905.

Beyond the initia part, the Ry.:-Aa-curves look like the first derivatives
of the J-Aa-curves. This is reasonable because for general-yielding condi-
tions Ry and the dope of the J-Aa -curve are directly related (and not Ryt
and J!) [38]. For deeply notched bend-type specimens the relation reads (see
Appendix B)

dJ i

b istheligament length, b = W — a, and n isthe pre-factor in the formula
to evaluate J from the area, U, below the F'-vy,1,-curve,

nU
=B ()

In [8] arelation between the slope of the J-Aa-curve and Ry, was de-
duced that isvalid for ssy-conditions aswell. Aswas pointed out by Kolednik
[8, 38], the significance of Eq. (6) liesin the fact that it clearly demonstrates
that for elastic-plastic materials the .J-Aa-curve does not scale to the crack
growth resistance. This fact was noticed later by Atkins [39], and Cotterell
and Atkins[40], too.

Thefirst peak of the Ry¢-Aa-curveisaresult of crack tip blunting. It was
found in [42] that the point of fracture initiation in the center region is cor-
related to the (first) inflection point of the R:.t-Aa-curve. To understand the
significance of the second peak we conducted an extensive multi-specimen

J
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Separation of the fracture energy 9

test on the steel V 720. Before discussing this multi-specimen test, the testing
results of the side-grooved specimens shall be presented.

5.1.3. Test results of the side-grooved specimens
We performed these single-specimen tests with 20% side grooved specimens,
B, = 20 mm. The results are shown on the right-hand side of Fig. 3.

The Ri.t-Aa-curve of the steel V 720 shows a sharp peak at initiation
followed by avery short plateau region with Ry,; ~ 280 kI¥/m? (which comes
close to the lower plateau value of the non-sidegrooved specimen seen in
Fig. 3). We doubt that the decrease of R, after Aa ~ 0.6 mm issignificant
because the crack growth became unstable afterwards. Thedecreasein Ry iS
caused probably by the increase of the crack velocity. Thus, we take Rg,; ~
280 kJm? as the approximate value of the crack growth resistance for the
(steady-state) flat-fracture region, although there remains some uncertainty
for larger Aa-values. The J -Aa-curve shows a fracture initiation value that
is similar to that for the non-side grooved specimen, J; = 70 kJ/m?.

A similar behavior was observed for the steel A 905. After the initia-
tion peak, the Ri.;-Aa-curve slowly decreases to a value of about Ryt ~
1000 kJm?. Thisvalueistaken as approximating Ry.. Dueto the increased
crack velocity the few data points measured beyond Aa ~ 1.4 mm are
questionable. From the .J-Aa-curve we get J; = 190 kI¥/m?.

It should be stated that side-grooved specimens do not necessarily give
Ryat-values. In very tough materials some lateral contraction can be observed
in spite of the side-grooves.

5.2. A MULTI-SPECIMEN TEST ON THE STEEL V-720

In Fig. 6 the heat-tinted surfaces of the 12 broken specimens of the steel
V 720 are shown. It can be seen that the crack extension in the center region
of the specimen is about 15 mm when the crack begins to grow near the side
surfaces. In Fig. 4 the loca crack extensionsin the mid-section, Aay, and at
the side surfaces, Aag, are plotted with respect to the load-line displacement.

Near the mid-section the crack growth is initiated at vr,, = 0.5 mm. At
a load-line displacement of about vy, ~ 2 mm crack growth starts at the
side surfaces. At the same moment the crack growth rate in the center region
slows down appreciably becausethe crack aready approachesthe neutral axis
of the CT-specimen. From the vy 1,-Aa-curve (which is not included here) it
is seen that at vr;, = 2 mm the crack extension amounts Aa ~ 6.3 mm. At
this value the Ri.t — Aa curve has its second peak. Thus, it is concluded
that this peak appears at (or shortly before) the moment where crack growth
isinitiated at the side surfaces. A similar observation was made in [41] for
another material.
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10 J. Stampfl, O. Kolednik

It is interesting to check the lateral contraction of the plain-sided speci-
mens. The maximum deformation in thickness (z-) direction (which amounts
0.32mm on each side) is reached when the crack extension starts near the
side surfaces. During further crack extension at the side surfaces a “lateral
contraction zone” moves with the crack front, but the amount of additional
z-deformation decreases.

The results of this section suggest that the second peak of the Ri.t- Aa-
curve may originate from the blunting process near the side-surface regions
and the lateral contraction of the specimen. The curve displays its second
maximum at the point of initiation of crack growth near the side surfaces.

To prove this hypothesis R;.i-Aa-curves were analyzed for specimens
with different thicknesses.

5.3. THE INFLUENCE OF SPECIMEN THICKNESS

From the steel V 720 additional single specimen tests were conducted on
specimens having thicknesses of B = 16, 8, and 4 mm. The resulting Ry-
Aa- and J-Aa-curves are collected in Fig. 5.

All J-integral initiation values lie about J; = (60 — 65) kJ/m?. It is note-
worthy that with decreasing thickness the second peak of the Ry-Aa-curve
is shifted to lower Aa-values: Aa = 6.2, 4.5, 1.8 and 1.1mm for B =
25,16,8 and 4 mm. The height of the second peak increases. Ry,. = 800,
1100, 3700 and 5800 kJ/m?.

Of particular interest isthe R;.-Aa-curve of the thinnest specimen, B =
4 mm, where the first and second peak merge into one peak. After a mean
crack extension of Aa = 2.3 mm asteady-state condition seemsto be reached
when Ry = 1000 kdm 2. The fracture surface reveals a short, cuspated flat
fracture region. The two shear lip regions join and form one sant fracture
surface region.

The lateral contraction of the specimens was studied, too. In each spec-
imen the z-deformation is largest at the position of the stretched zone in
the mid-section of the specimen. By comparing different specimens it can
be observed that the z-deformation reaches its maximum value at that point
when crack growth is initiated at the side surfaces. The lateral contraction
process is about to be completed when the end of the second peak of the
Riot- Aa-curveisreached, e.g. a Aa ~ 2.3 mm for the thinnest specimen.
The mean crack extension where the lateral contraction processis completed,
will depend on the ligament length. For a specimen with a very large liga-
ment length, e.g., a Double Cantilever Beam (DCB) specimen, or ideally, an
infinite clamped strip, the lateral contraction process would not cease and a
steady-state contraction zone would move with the crack front.

This point leads to the conclusion that the steady-state Ry, of this spec-
imen after the peak characterizes the crack growth resistance for producing
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a dant shear-lip fracture surface. Thus, we get for the steel V 720 a charac-
teristic value of Ry = 1000 kJm?. The ratio Rgjan/Raas has a size of
3.6.

5.4. FRACTURE SURFACE ANALYSIS ON THE STEEL A 905

Fig. 7 presents the fracture surface of a plain sided specimen made of the
steel A 905. No shear lips can be found. The reason is that the ferritic do-
mainsin front of the crack tip fail at low loads by cleavage or quasi-cleavage
fracture [42]. At these low loads the width of the low-constraint side-surface
region, which scaleswith the plastic zone size, issmall and, asaconsequence,
no shear lips can be formed. A similar observation was made on a mild
steel containing long MnS-inclusions [29]: the critical plastic strain for void
nucleation is very small, hence no shear lips can be formed.

A section parallel to the crack front shows that the flat fracture surfaces
bend concavely near the side surfaces. It seems as if the crack growth re-
sistance for flat fracture, Ry, increases gradualy when approaching the
side surfaces due to an increase of the subsurface energy, W1 sun- The two
regions of enhanced Ry, are 6 to 7 mm broad (observe the development of
the stretched zone width along the crack front in Fig. 7).

The lateral contraction of this specimen is quite large, too. The maximum
z-deformation amounts 1.16 mm on each side.

Summarizing this section, it is stated that there exists no unique character-
istic value of the crack growth resistance of the near-side surface regions for
the steel A 905.

5.5. THE SEPARATION OF THE FRACTURE ENERGIES

5.5.1. General remarks

As a basic hypothesis for the separation of the total plastic strain energy,
Wol,tot, INtO its components (via the indirect approach) it is assumed that
there exist characteristic values of the crack growth resistance to form either
the (plane strain) flat-fracture surfaces, Rq.t, Or the slant shear lip surfaces,
Rglant- Raar and Rgane Should be independent of crack extension and spec-
imen thickness. This assumption does not seem unredlistic, as long as we
consider deeply notched CT- or bend type specimen.

The separation is demonstrated on five specimens of the steel V 720 (plain
sided specimens with thicknesses B = 25, 16, 8, 4 mm and side grooved
specimen) and on the two specimens of the steel A 905. All the results of the
separation procedure are collected in Tablelll.

The fracture surfaces of each (heat tinted) specimen were photographed
in the scanning electron microscope. On each photo the fina average crack
extension, Aay.t, Was measured. The boundary between the flat-fracture and
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12 J. Stampfl, O. Kolednik

the slant-fracture region was marked. and the sizes of the corresponding frac-
ture surface areas, A Ag.y and A Agjang, Were determined. The plastic strain
energies to form either the flat or the dant fracture surfaces are estimated by

Wpl,ﬂat = Rfat AAfa (8)

or
Wpl,slant = Rglant AAslant- (9)

The values Ry, = 280kIm? and Ry = 1000 kJm? were used for
the steel V 720, and Rg,. = 1000 kJm? for the steel A 905. For the latter
material W, s1ant Was not determined because no shear lips were observed.

The second peak of the R.-Aa-curve was ascribed to the blunting pro-
cess near the side-surface regions and to the lateral contraction of the speci-
men. Accordingly, the plastic strain energy term W, 1,¢ can be evaluated by
integrating numerically the area under the second peak in the Ry.:-Aa-curve.
(The area is taken above an estimated “baselineg” that is given, e.g. for the
steel A 905 by the steady-state value R;,; = 2000 kJym?.)

The W, ;- and the W, 1o-values are taken from the areas, U, under the
load vs. load-line displacement curves by subtracting the el astic energy, Eq.(5).

5.5.2. Discussion of the results

Tablelll lists the following data: the final crack extension, Aay.t; the J-
integral at fracture initiation in the center, J;;the flat-fracture area, A Ag.;,
and the dlant-fracture area, A Ag..¢; the plastic strain energies for fracture
initiation in the center, Wy, ;, for forming the flat-fracture area, W, ga¢, for
forming the slant-fracture area, W s1ant, and for side-surface blunting and
lateral contraction, Wy 1a¢; the sum of the estimated plastic fracture energies,
> Wolest = Woli + WoLtat + Wl stant + Wpi 1at, and the total plastic strain
energy, Wpi.tot, measured in the tests.

Itisinteresting to note that Wy 1.c ~ 30 Jfor the three thickest plain sided
specimens of the steel V 720. This suggests that the plastic strain energy
for side-surface blunting and lateral contraction is constant as long as the
specimen is thick enough, so that the two shear lip regions are still separated
by aflat-fracture region.

The ratio W 1at/ Wii.tot Qives the percentage of the total non-reversible
fracture energy that comes from blunting and lateral contraction at the side
surfaces. This ratio is remarkably large: For the steel V 720 the values are
(with decreasing thickness) 26, 43, 69 and 61%, and for the steel A 905 it is
22%. (1t should be kept in mind that the final crack extension of the specimens
differs. All specimenswere loaded at |east up to the end of the second peak of
the Rioi-Aa-curve. The reason for the different Aayoi-values is that thinner
specimens exhibit larger |oad-line displacement values and the tests had to be
stopped before the clip gauge went out of range.)
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A principle error is made in connection with the term 14/, ;. The reason
is that at the point of fracture initiation, J = .J;, the crack extension has
already reached a small, but finite value, Aa;. A A; denotes the flat-fracture
surface area at initiation. Thus, some plastic strain energy to produce A A4;
is counted twice, because it is included in both the W, ;, as well asin the
Wo1.aatr term. However, this error will be negligeable in most cases except for
small Aaie-values.

The sum of the estimated plastic fracture energies coincides quite well
with the measured total plastic strain energy. The only exception is the plain
sided specimen of the stedl A 905, where the assumption of a constant Rg.
isclearly not met, see Section 5.4.

Although no firm proof, this strongly suggests that our assumption of
characteristic values of Ry, (for both steels) and R, (for the steel V 720)
is correct. No data are available of specimens with other ligament lengths
or other sizes. As far as it concerns highly constraint bend-type specimens,
we expect that the characteristic values would be the same. However, we do
not know how the flat-fracture and shear-lip fracture values would change
for specimens with alow global constraint, like center-cracked tensile speci-
mens. Whether the plastic strain energy for side-surface blunting and lateral
contraction, W, 1. Can be treated as a characteristic value, remains unclear.

6. TheEstimate of Fracture Energiesfrom
Fracture Surface Analyses

This section dealswith the direct determination of characteristic plastic strain
energies via stereophotogrammetric analyses of the fracture surfaces.

6.1. STEREOPHOTOGRAMMETRY

Stereophotogrammetric means have been applied for along time in fracture
research, e.g., to study the topography of fatigue crack surfaces [43], and of
micro-ductile [29, 33, 44, 45] or cleavage [29, 46, 47] fracture surfaces. The
first semi-automatic analyses were reported in [48, 49].

Recently, an already existing digital photogrammetry system [50] was
used to develope an automatic system for fracture surface analysis. The to-
pography of a fracture surface is reconstructed by taking stereophotograms
in the scanning electron microscope (SEM) and analyzing the images with a
system for automatic image processing. This system finds homol ogous points
on the stereophotograms and generates athree-dimensional model of the frac-
ture surface consisting of about 10.000 to 20.000 points. The model is called
“digital elevation model”, DEM. The computing time for an analysisis about
ten minutes on a PC. The new system for automatic fracture surface analysis
is described in more detail in [31,32, 35].
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6.2. THE PLANE STRAIN FRACTURE SURFACE ENERGY

In[26,27], Stiwe introduced amodel to estimate the plastic strain energy that
is necessary to form a ductile fracture surface, Wy, gurf. A schematic cross-
section of the broken specimen shows a series of dimples of height hg, see
Fig. 2. Wy surf IS Qiven by

ho w(h)
Wpl,surf =2 A(h) / U((:D)dgp dh (10)
0 0

In Eq. (10) A(h) denotes the cross section at height h, Ay is the original
Ccross section, ¢ isthe logarithmic (plastic) strain and o (y) isthe flow stress.
After inserting the relation ¢(h) = In (ﬁ) and after division by A, the
equation transformsto

Wpl surf _ ho A(h) AQ
= PS5 — 9 1 . 11
Rt Ao o /0 Ao n A(h) dh (11)

Rt isthe specific plastic strain energy to form the micro-ductile fracture
surface profile depicted in Fig. 2. The surface energy term is neglected.

o designates an appropriate mean flow stress of the material which can be
estimated by [27]

using the approximation o = g™ for the stress-strain curve where n. is
the strain hardening exponent and o areference stress. Eq.(11) can be eval-
uated if the distribution of A(h) versus h of the considered fracture surface
regionsis known.

It should be stated that the so determined value of Wy ¢, SUMs the plas-
tic strain energies of the fracture surfaces from the point of void initiation
until to final failure of the bridges between the voids. Some plastic deforma-
tion energy, Wy sub, IS additionally needed to initiate the voids. That means
that, e.g. in the Irwin-Orowan case the total crack growth resistance must be
somewhat larger, Riotsssy > Rsurf, athough the difference might be very
small.

The knowledge of the topography of one fracture surface is not sufficient
to evaluate Eq.(11), because the topography of one DEM could be compen-
sated by the topography of its opposite from the second specimen half. For
example, an idedlly brittle material may exhibit a rough fracture surface, i.e.
a certain distribution of A(h) versus h on one specimen half, but the two
broken pieces could be glued together without any misfit and Rs,.+ would be
zero. Ry IS determined by the misfit between the broken parts. That means

0 =0y
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that the corresponding fracture surface regions on both parts of a broken spec-
imen must be analyzed. The two opposite DEMs are then used to generate a
void map [34] that contains the information about the misfit between the two
fracture surfaces, i.e. the distribution of A(h) versus h. with this Eq.(11) can
be solved numerically.

The specific plane strain fracture surface energy, Rqu.f, Was determined
on the steel V 720, only. (The austenitic-ferritic duplex steel A 905 shows
a patchwork of micro-ductile and cleavage fracture surface regions. The de-
termination of Rg,,+ heeds, therefore, a more sophisticated analysis, e.g. see
[51], which has not been undertaken so far.) SEM-micrographs of two corre-
sponding fracture surface regions near the stretched zone, together with the
DEMs and crack profiles perpendicular to the crack front are presented in
Fig. 8, 9 and 10. A void map can befound in [32].Table IV liststhe estimated
Rgus-values. All four values lie around R¢ = 20 kJ/m?. It isinteresting to
note that even the same size is measured for the side-grooved specimen at a
distance of 3 mm in front of the fatigue crack, which iswell beyond the point
where fracture became unstable.

6.3. THE DIRECT DETERMINATION OF Rgat

From the preceding section it is seen that for the steel V 720 even in the
flat-fracture region only 7% of the plastic energy is used to form the frac-
ture surfaces. The remaining 93% are spent below the surface. This energy,
Ry = Raat — Rsws = 260kIm?, is needed to produce the global crack
opening angle, CO A, in the wake of the crack.

COA and Ry, arerelated by (see Appendix B)

dCOD n
A= R ot - 13
co dAa mabet ¢ (13)

Eqg.(13) considers the behavior of the total specimen: Aa isthe average of
the crack extension values along the crack front and Ry is the total crack
growth resistance. CO A and COD can be imagined as global values similar
to that determined from the load-line displacement by adopting a plastic-
hinge opening model with a fixed rotational center. However, Eq.(13) can
be applied for a local description, too: COD and Aa are then local values
measured at a given position aong the crack front, and COA is, thus, a
measure of the local crack growth resistance. To describe the behavior of
the flat-fracture region Eq.(13) must be re-written as

COAﬂat =

dCODg 1
~ sub- 14
dAay moyb Bsup (14)
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Aay is the local crack extension in the mid-section. Inserting the data
for the steel V 720 (with m = 1.9 from Eq.(18)), the CO A-estimate results
COAga = 1.0°.

A series of low-magnification stereophotograms were taken from the mid-
section region of specimen to determine C'O Ag,; experimentally. Again, both
specimen halves were analyzed. From the DEMs crack profiles were ex-
tracted, from which C'OD-Aa-curves and the crack opening angle could
be measured. The measurement gave COAg,; = (1.4+0.3)°. Thisisin
reasonabl e agreement to the estimated value, especially when bearing in mind
that the local CO D-Aa-curve is bent and that only a3 mm long region was
analyzed. The curvature decreases with increasing Aa. This is because the
local CTOD at the current tip displaysatransition regime of declining values
before it reaches its steady-state value [ 1, 23, 55].

From the preceding paragraph it is learned that CO A should be deter-
mined in the flat-fracture region at a distance of at least 2 — 3 mm from the
fatigue crack to compute Rg,;, from Eq.(14). The total value of Rg,; is got
by adding R, and Rg,.¢. For tough materials the error, which is made by
neglecting the surface term, will be in the order of afew percent, only.

6.4. THE DETERMINATION OF THE LOCAL FRACTURE TOUGHNESS

The new technique for fracture surface analysis is a perfect tool for deter-
mining the local fracture properties of amaterial. The local fracture initiation
toughness can be measured in terms of the critical crack tip opening displace-
ment, CO D;, and thelocal crack growth toughness can be measured in terms
of the crack opening angle, CO A. Both COD; and CO A increase near the
side-surface. For example, in [29, 52] the scatter and the variation of COD;
along the crack front of amild steel was studied. In[53] for the same steel the
mid-section and side-surface CO A-values were determined !. Surface and
mid-section C'O A-measurements on aluminum alloys are reported in [54].
Additional stereophotogrammetric studiesfor thetwo steelsV 720 and A 905
are being undertaken presently.

To characterizethefracture properties of materialsthe characteristic CO D;-
and COA-values for the flat-fracture and the slant-fracture regions can be
sought, and for solving the transferability problem the variation of these val-
ues along the crack front (and with crack extension) can be analyzed. With

1 These CO A-values were transformed in [53] to CTO A-values taken 0.1 mm behind the
current crack tip. Thetwo CT'O A-values (for the mid-section and the side-surface) were used
subsequently to control the crack extension in the numerical analysis. In both the experimental
determination and the application for controlling the crack growth in numerical studies, it is
important to distinguish between global COA and local, near-tip CTOA values, see Appendix
B. The relation between COA- and CTO A-values was treated analytically in [10]. In the
same paper, [10], arule for estimating COA for various specimen sizesis proposed.
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Eq.(14) and Eq.(17) in Appendix B, COD; and COA can be transformed
into the familiar J;-and R-values.

To understand and to improve the fracture properties of two- or multi-
phase materials, the determination of local fracture properties will be even
more important. There, and in the field of microsystem technology, the new
technique offers a vast variety of possible applications. A first example was
presented in [42]: The crack growth resistance curves of the ferritic-austenitic
steel A 905 shows a very strong influence of the crack-plane orientation.
Via stereophotogrammetric studies it was possible to determine characteristic
values for the fracture initiation toughness and to explain the different shapes
of the resistance curves.

7. Final Discussion and Summary

In this study the total plastic strain energy for fracturing plain-sided CT spec-
imens is separated into several components. The purpose of the separation is
to find characteristic fracture energies which can be used for the characteri-
zation of the crack growth resistance of the material and for the prediction of
the crack growth resistance for other specimen geometries and sizes. For the
two materials investigated, the solution annealed maraging steel V 720 and
the nitrogen alloyed ferritic-austenitic duplex steel A 905, the characteristic
fracture energies are listed in TableV. J; gives the commonly used fracture
initiation toughness of the materials. Rg,; describes the plastic strain energy
for forming a unit area of the flat-fracture mid-section region. Rg,; consists
of a surface and a subsurface component. The surface component, R, iS
the plastic strain energy to form the dimple structure of the fracture surface.
Rqant describes the plastic strain energy for forming a unit area of the dant-
fracture near side-surface regions. W), is the plastic strain energy for the
lateral contraction and for the blunting process at the side-surfaces.

Ra,t isfound by analyzing the crack growth resistance curves of a plain-
sided and a side-grooved specimen. The size of W), is estimated directly
from the resistance curve of the plain-sided specimen. A comparison of the
behavior of specimens with different thicknesses shows that W),; remains
constant as long as the two shear-lip regions remain separated by a flat-
fracture region. The analysis of a thin specimen, where the two shear-lips
merge into one slant-fracture surface, leads to the size of Rgjant.

The crucia point for the extraction of the characteristic fracture proper-
tiesisthe analysis of total crack growth resistance curves (Riot-Aa-Curves)
applying a single-specimen technique.

Itisdemonstrated that the characteristic fracture energies of the flat-fracture
regime can be determined directly from the shape of the corresponding frac-
ture surface regions on both specimen halves. J; can be determined by mea-
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18 J. Stampfl, O. Kolednik

suring the critical crack tip opening displacement, COD;. The sub-surface
component of Rg.; = Rsurt + Rsup Can be evaluated from the crack opening
angle, COA; the surface component is estimated via a model derived by
Stiwe. A new system for the automatic analysis of fracture surfaces from
stereophotograms generates tridimensional models of the depicted regions
consisting of 10000 to 20000 points. From these models the necessary data
for the evaluation of R+ and R4, can be extracted.

For the steel V 720 all the characteristic fracture energy components could
be determined for four specimens with different thicknesses. The flat-fracture
crack growth resistance of this material is not very large, Rpa; = 280 kIm?.
Only avery small part, Ro,s = 20kJm?, is necessary to form the micro-
ductile fracture surface. The same Ry,.¢ isfound at the begin and near the end
of the transition region, and even in the fast-fracture region of a side-grooved
specimen. The generation of a dant shear-lip fracture surface needs much
more energy: Ry... = 1000 kIJm?. A large part of the total crack growth
resistance (22% to 61%) comes from lateral contraction and blunting at the
side surfaces. It was found that the plastic work for the lateral contraction
and the blunting at the side-surfaces, W),, remains constant as long as the
specimen is thick enough, so that the shear-lip regions are separated by a
flat-fracture region.

Thesteel A 905 has no shear-lips. Starting from aplateau-valuesof Rg,; =
1000 kJ¥m?, the flat-fracture crack growth resistance increases gradually to-
wards the side-surface. R as afunction of the distance from the side surface
can be determined by stereophotogrammetric analyses. 22% of thetotal crack
growth resistance comes from lateral contraction and blunting at the side
surfaces.

Except for one specimen, the sum of local energy terms >~ W) est, deter-
mined according to the procedures described in this work, corresponds well
with the experimentally measured value Wy ot

In this paper, two new techiques are applied to extract characteristic frac-
ture energies from experiments. To solve the transferability problem simi-
lar experiments should be repeated, first, on CT- specimens with the same
size but different ligament lengths, second, on CT-specimens with different
sizes and, third, on different specimen types such as Center Cracked Tension
(CCT-) or Double Edged Notched Tension (DENT-) specimens.
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Appendix

A. Some Remarkson the Reversibility
of Fracture Energies

In a fracture experiment external energy which is provided by the testing
machine, is transformed into elastic and plastic strain energy of the specimen
and into surface energy. Most of the plastic strain energy is dissipated; only
a small fraction, say 5%, is used to enhance the dislocation density in the
plastic zone. This fraction of plastic energy could be recovered by annealing,
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thus it is strictly speaking a reversible energy. However, we have to treat it
as a non-reversible energy when considering the energy balance in a usual
fracture experiment, unless the specimen is broken at such high temperatures
that the material may recover.

When plastic flow occurs at the crack tip some portion of the elastic strain
energy becomes non-reversible on unloading but remains as residual elastic
energy, Weinr, in the specimen. If the specimen bursted into thousands of
tiny pieces during fracture this energy would be reversible and would act as
an additional driving force for fracture.

B. TheRelation between R and COA

The relation between the total crack growth resistance, R;., and the slope of
the J — Aa curve was presented already in [8, 38]. The derivation shall be
repeated here briefly.

Differentiation of the J-evaluation formula, EQ.(7), with respect to the
crack extension leadsto

dj _ n dU
d(Aa)  bBd(Aa)

For small Aa the error made by assuming that b and n remain constant is
negligeable. After the plastic limit load has been reached the elastic strain en-
ergy remains approximately constant, and dU = dWe+dWp tor = dWop tot-
Thus, Eq.(15) can be extended to

(15

dJ n dWpitet 1
R — = —Riot, 16
d(Aa) ~ bB d(Aa) p ot (16

Thisrelation holds for deeply notched bend and CT specimens.
To derive the relation between R, and the crack-opening angle we need
the relationship between the J-integral and the crack opening displacement,

J =moy, COD. an

It shall be remarked that in Eqg.(17) COD denotes the crack opening dis-
placement at the position of the fatigue pre-crack (in contrary to the crack-tip
opening displacement, C'T’O D, at the current crack tip position). The factor
m depends primarily on the strain-hardening exponent of the material. For
many materials, e.g. medium-strength steels, m = 2 is a quite good approxi-
mation, but usually not for low-strength materials with high strain-hardening
exponent. It was demonstrated, [56], that Stiwe's estimate of the mean flow
stress, Eq.(12), can be used to evaluate m from the tensile test data,
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_ou_exp(n)
oy (1+n)nn’
By differentiating Eq.(17) with respect to Aa and substituting Eq.(16) we
get

(18)

dCOD n
~ . 1
dAa mabetot (19)

COA is the crack opening angle measured at the initial tip position (in
contrary to the current tip value, CT'O A).

COA =
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Tablel. Chemical composition of the maraging steel V720

C \s. \Mn\Mo\Ni\Co\Ti\Al

0.003 \ 0.10 \ 0.10 \ 5.3 \ 185 \ 9.0 \ 0.6 \ 0.1

Table 1. Chemical composition of the duplex steel A905

C\S\Mn\P\s\Cr\Mo\Ni

0.017 \ 0.37 \ 5.15 \ 0.021 \ 0.002 \ 25.63 \ 2.04 \ 4.04

V\W\Cu\Al\N\

0.06 \ 0.49 \ 0.10 \ 0.009 \ 0.34 \
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Table I1l. The separation of the total plastic strain energy for fracture, Wy 0t, iNt0 its components: the plastic energies for
producing fracture initiation in the center, Wy, ;, for forming the flat-fracture area, Wp1 gat, for forming the slant-fracture area,
W1 s1ant, @nd for side-surface blunting and lateral contraction, W1 1.¢. EXcept for the specimen A 905-25, the sum of the local
energies,> . Wi est, corresponds well with the experimentally measured value Wy tot

SpeC| men ‘ Aatot Ji A-AHat A-Aslant Wpl,i Wpl,ﬁat Wpl,slant Wpl,lat Z Wpl,cst Wpl,tot
| [mm]  [kJ/m®]  [mm?] [mm®] (] [J] [J] [J] (] (]
V720-25 115 65 248 40 6.0 69 40 33 148 125
V720-16 74 60 102 15 3.0 29 15 29 76 68
V720-8 33 65 19.2 74 13 54 74 29 46 42
V720-4 30 65 10.8 52 0.6 30 52 17 26 28
V720-25sg 0.6 70 12.0 0 18 34 0 0 5.2 4.6
A905-25 35 200 88 0 33 88 0 45 146 207
A90-25sy 27 190 53 0 27 53 0 0 80 70

ve
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Table IV. The plastic strain energy to
form a unit area of the micro-ductile
flat-fracture surface for a plain-sided and
a side-grooved specimen.

Specimen | Distancefrom | Rau.r
fatigue crack
| mm | kJ/m?
V720-25 0.1 23
0.1 16
20 19
V720-sg 30 20

Table V. The characteristic fracture energies determined on deeply notched
CT specimens.

Matenal ‘ Ji Rsurf Rﬂat Rslant V‘/lat
| [kJ/m?]  [kJ/m?]  [kJ/m*] [kJ/m*] (]
Steel V 720 65 20 280 1000 30
Steel A 905 190 ? 1000 - 45
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The indirect approach

Riot
Wiat
x Rilat
~

Aflat

The direct approach
Rsurf * Rsub = Rflat
R
1/2 CODiI Rsurf _ Rfar
—>
Aa

Rtot ;

1/2 COD;

Figure 1. A schematic view of the indirect and the direct approach to separate the fracture

A A 1{0

A(h)

Z

A
\

Ag

Figure 2. A schematic crossection of amicro-ductile fracture surface to Stiiwes model for the
estimation of Rgu.f
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Figure3. J-integral, J (solid line), and total crack growth resistance, R:o: (dashed line), with
respect to the crack extension, Aa, for 25 mm thick specimen with and without side-grooves.
Note the different scales.
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Figure4. Local crack in the mid-section region Aay (O), and at the side-surfaces, Aas (A),
with respect to the load line displacement, vr,1,, for plain sided specimens of the steel V 720.
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Figure5. J-integral, J (solid ling), and total crack growth resistance, Ryt (dashed lin€), with
respect to the crack extension , Aa, for plain-sided specimens of different thickness. Steel
V 720. Note the different scales.
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V5 V10 V4

Figure 6. Heat-tinted fracture surfaces of the VV720-specimens from the multi-specimen test.
The specimen thicknessis 25 mm
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5 mm

.

Figure 7. Fracture surface of a plain-sided specimen made of steel A 905. Note the large
lateral contraction and the increased width of the stretched zone near the side-surfaces.
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' Profile2

Ve

Figure 8. Corresponding fracture surfaces of the maraging steel V 720. The digital elevation
models (DEMs) of the fracture surfaces are shown in Fig. 9, the crack profiles are presented in
Fig. 10.
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Figure 9. DEMs of the fracture surfacesin Fig. 8. Both specimen halves, side 1 (a) and side 2
(b), are shown.

sep-fr-e.tex; 12/07/2000; 17:05; p.32



height [mm]

height [mm]

0.14

0.10

0.06

0.02

-0.02

-0.06

0.07

0.03

-0.01

-0.05

-0.09

-0.13

Separation of the fracture energy 33

V720 - 25 Profile 1
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Figure 10. Crack profiles from the fracture surfacesin Fig. 8
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