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ABSTRACT: Mixed mode Wil stable crack growth experiments in a ferritic steel were carried out us-
ing CTS (Compact Tension Shear) specimens. It is shown that predominant mode Il loading drove
the crack in the direction almost parallel to the fatigne pre-crack, whereas high mode I crack fip
opening caused a crack path deviation. The mixed-mode crack resistance curve is presented in form
of the crack tip displacement vector §,=( 82+8,7 1% and in Jorm of the J-integral, which was calcu-
lated from the load-displacement curves using specifically developed plastic n-factors. The suitability
of the nwo paramelers 1o describe mixed-mode ductile fracture is discussed and it is shown that 8, is
more appropriate.

Introduction

The work concerning mixed-mode I/IT fracture has been predominantly restricted to linear elastic
fracture mechanics (LEFM) and thus 1o brittle materials. In many practical situations where ductile
engineering material are involved, the loading experienced at a crack tip can be very complex,
resulting in ductile mixed mode fracture. In these cases the failure behaviour cannot be predicied with
LEFM models.

Only recently some experimental investigations (1-3) and FE simulations (4-6) have been devoted to
the study of mixed-mode /Il ductife fracture. It has been generally found that a non uniform damage
field surrounds an initially smooth notch tip under mixed mode loading, Fig. 1. One side of the notch,
dominated by tensile stresses, blunts while the opposite side sharpens as a consequence of
predominant shear strains. Two distinguished and competing [racture mechanisms are therefore
present al the notch tip: a mode 1, tensile fracture mechanism at the blunted part and a mode I1, shear
mechanism at the sharpened part of the deformed notch. The prevalence of one of the two fracture
mechanisms depends on loading mixity, work hardening behaviour and microstructure (presence and
extent of porosities, inclusions,...). In case of mode I tensile crack growth from the blunted side of the
notch or crack, it is well known, that the main damaging mechanism in ductile materials is void

growth and coalescence. However in homogeneous, low work-hardening materials, like ferrilic steels
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Fig.1  Effect of mixed mode loading on crack tip deformation and crack propagation in
ductile materials.
in the upper shelf, a small amount of mode 11 loading likely causes the formation of an intense shear
band at the sharpened part of the crack tip along which the crack propagates (mode 1l fraclure type)
(2, 3, 7-9). Reasons for this behaviour could be porosities and inclusions too small and isolated to
grow and coalesce under tension (mode [ fraclure type) together with the loss of crack tip constraint
(and therefore shear localisation) under mede IT loading (6).
Values of mixed-mode fracture toughness are clearly dependent on the actual crack propagation mode
and the used fracture parameter. Low work hardening, ductile materials often display a decrease of J-
initiation values and tearing resistance curves with increasing mode 11 componeats (2, 8, 10), whereas
materials which fracture under small scale yielding generally show higher motle II crack resistance
values (11, 12). These trends are however linked 1o the J-integral definition of fracture toughness and
therefore on the influence of the degree of specimen plastification on the critical I-values (see below).
The aim of this paper is to experimentally investigate plane stress mixed-mode crack growth in a
ferritic steel using thin CTS specimens. Atlention was focused on the crack path and on the mixed-
mode crack resistance curve, in attempt 1o verify the suitability of the crack tip displacement vector 8,

and/or the J-integral to describe mixed-mode [racture.
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Experimental Procedure

Fracture tests at 15°, 45°, 75° and 90° loading angles were carried out with 4-mm thick CTS
specimens (13} mounled on the testing rig shown in Fig. 2. The material tested was a fine grained
sttuctural steel with the german designation ,.StE 550 (yield strength plateau at 580 MPa and
ultimate strength 650 MPa).

Most of the mirror-polished CTS specimens were pre-cracked in mode I up to ay/W = 0.6. To achieve
significant stable crack extensions in the near mode II (loading angle ¢ > 75°) loaded specimens,
longer pre-crack length to width ratio (ayW = 0.67) were necessary. In all cases the fatigue crack
tength was monitored by the BC potential drop method.

Before the actual mixed mode experiment the specimens were removed from the servohydraulic
testing inachine and a grid with 0.5 mm pitch was traced around the fatigue crack tip with a
microhardness iesting device, Fig. 3. Thereafter the CT3S-set-up was installed in the desired loading
direction and instrumented with the anti-buckling plates and twe cross-mounted clip gages. These
clip gages allowed the measurement of the inode 1 crack opening displacement cod; and mode 1T crack
sliding displacement cody at 17mm from the specimen border, Fig. 4. The quasistatic stable crack
growth experiments were then performed under displacement controlled conditions. A series of
photographs of the blunting and propagating crack was taken through the microscope during each
test. The values for the opening displacement 8, and for the sliding displacement 8 could be
evaluated directly from these photographs. This was done by measuring the relative displacement of
the intersection points of the fatigue crack flanks with the vertical reference line (0.5 millimetre

behind the fatigue crack tip, Fig. 3).

W=90mm
B=4mm

2,/ W=0.6..0.67

CTS specimen

Fig.2  CTS specimen, ioading device and instrumentation. Note the anti-buckling plates

on the right picture.
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Fig.3  Crack tip of a 45°-loaded specimen. The erack lip opening (8)) and sliding ()
displacements were taken by measuring the relative displacement of the intersection points

of the Fatigue crack flanks with the first vertical reference line behind the latigue crack tip.

1
cod, :ﬁ(u, +uz]uI -y

cod, = \}(u, + D)l —(cod, + Y-z
cod, = Jeod? +eod?,

g=15mm I=10mm d=12mm

Fig.4 Measurement of cod; and cod;; at 17 mm frem the specimen border (14).

After unloading specimens were cycled again under mode I fatigue, to mark the final shape of the
stable crack front. The amount of stable crack propagation was then measured optically and the
average of both specimen halves was taken as the Aa-value for the multiple-specimen presentation of
the results. This is an important aspect, since near mode II loaded specimens showed different
amounts of stable shear crack growth on the mating crack surfaces (15, 16). A step-by-step
displacement-refocusing procedure through a microscope with a micrometric focusing system was
used to record the crack surface profile in growth direction. A mean crack propagation angle o was
calcutated from such data. In this paper only the angles measured on the extended side of the two

maling crack surfaces of each specimen are presented.

562




Fracture Parameters

According to FE calculations (6, 17) and the experimental experiences (8, 17, 18) the magnitude of

the crack tip displacement vector 3, , expressed as a function of §; (opening) and § (sliding)

3, =82 +82 m

is considered as a candidate parameter for an unambiguous characterisation of material failure. In the

components

quoted references it was shown, that similar definitions of crack or notch ti p deformation lengths had
nearly constant values at incipient crack growlh for various levels of mode mixily, whereas the J-
integral value at initiation decreased with increasing mode H components,

Following the work presented in (15) the 8,-values were taken from the scribed lines behind the
fatigue pre-cracks even in the case of growing cracks, Fig. 3. This simple measurement technique
allowed a comparison of the mixed mode crack resistance curves with mode 1 8;5-R-curves of C(T)-
and M(T)-specimens (16). The 8; clip gage measures Lhe relative displacement of two points located
in a distance of 2.5 mm on either side of the fatigue pre-crack tip in made I (19). Recently Amstutz et
al. presented displacement values at a tip of a growing mixed mode crack (20).

The J-integral was chosen as a second candidate parameter to display the crack resistance curves, Like
in mode I it is generally evaluated from the area under the load-displacement curve also in the mixed-
mode or mode 11 loading cases (2, |1, 21-23). According to the usual procedure (24) ] is divided into

an elastic part J; and a plastic part Jn. These two components can be written as (plane stress);

2 2
I, =% @
] _Yn 3
i =M B(W -a) )

where Uy is the plastic work done by the applied load and N is the plastic ny-factor. The elastic
component can be readily determined from the stress intensity factor solutions of (13} as a function of
the applied load. Like in the work of Jeon (23) (asymmetric four point bending specimen), the plastic
part of J is estimated under the assumption that the mode I Np-derivation of Bucci et al. (25) is
applicable also for cracks under mixed mode loading. For ideal plasticity and constant load line

displacement J; can be wrilten as:
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where By is the plastic limit load. Combining (3) and (4) yields:

W —a aFD'

5
F, da )

MNp =—

With the mixed mode limit load for superimposed tension, bending and shear from (26) (Chapter

2.13.4) following expression for the 1, factor is obtained:

075 cosq)%[l + E—J

f
Mgt =4 —— : ©)
4sin“
——+ 1 +1y
(fl + f2)
where
b= (W - a)
f; =075 coqu% (6 bis}

2
fy = J[O.’?Scosq}%) +cos? ]

For a/fW=0.5 the developed ny-function agrees with the finite element analysis (FEA) of a single edge
notched specimen (SEN) under mixed mode loading in a very stiff fixture {2), This is shown in Fig.
5, where the 1y-factors are plotted as a [unction of the applicd mixed mode ratio expressed through
M. {defined in Fig. 5). Mode I and mode II 7)-values of a pin-loaded SEN-specimen (27 and a
compact tension shear specimen (22), both similar to the investigated CTS configuration, arc also
included in the diagram.

The J-analysis required a Uy-cvaluation from the plastic load line displacement versus force curve. In
the CTS specimens the load line corresponds to the specimen centreline and it was therefore
necessary to interpolate the load line codyyy, linearly from the clip gage readings and the §-values
measured at the faligue crack tip, The corrected codyy and Lhe cody values were then projecled on
the load line to give the load line displacement cody,. The plaslic component Uy was obtained by

subtracting the elaslic work from the total work. Since the investigated crack propagations were
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Fig. 5 Dimensicnless TNpr-factors for SEN and CTS specimens under mode I, mode IT and
mixed mode loading conditions.
relatively small, the initial linear cody, -F relationship was used to calculate the stored elastic energy
at the end of the tests,
Another technique for the experimental evaluation of the mixed mode J-Integral was presented by
Thogo and Tshii (11). They calculated Yoz for asymmetric three and four point bending from the

sum of mode I and mode 1L contributions:

l .
o = m(ﬂN,IUN,I + T]pi,llUpl,II) @

where N1 and Nptar corresponded o pure mode [ and pure mode 11 Inading respectively. Con-
sequently Uy (Uyyy) was calculated from the mode | (mode TI) components of piastic displacement
and force. Here the method of Thogo and Ishii led to

1
Vit = m(msup,_[ +09U,, ) (8)

with 11y taken from the pin loaded SEN specimen {27) and NpLu taken as an average of the known

literature values (2, 22) of CTS-like specimens under pure mode II loading. The elastic J-component
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still equalied eguation (4), Finally, it is important to note, that the developed J-estimations are only

valid for small and coplanar crack propagations.

Finite Element Calculations

To check the validity of the J-estimation formulas of the previous section two-dimenstonal, plane
stress finite element (FE) analyses of CTS specimens were performed using conventional small strain
(heory, incremental plasticity with associated v. Mises flow rule and isotropic hardening. The
analyses were conducted using the ABAQUS code on an HP 712/80 workstation. The investigated
CTS specimens had crack-to-width ratios of A/'W=0.6 and 0.67. Loading angles of ¢=15°, 45°, 75°
and 90° and ¢=60°, 75° and 90° were considered respectively. Crack growlh was not vxamined.

In Fig, 6 the FE model of a CTS specimen loaded at ¢=75° is represented. The mesh was build up
with isoparametric, eight-noded elements. A circular core with quarter-point collapsed elements
surrounded the crack tip. This modelling produced the \/r-singularity appropriate for plastic crack tip
fields. The high stiffness fixtures were simulaied by the rigid beam frames visible in Fig. 6. The
position of load introduction could be varied to generate different mixed-mode ratios. The lower
frame extremlty was pinned at a fixed location while the load was applied to the upper frame. During
the loading proccdure the load point displacement direction was constrained into the defined loading
direction. The connection between the specimen and the frame was simulated with rigid cylindrical
surfaces (whose contact points with the specimen are represented by the triangies in Fig. 6). A
“softened” contact pressure-clearance law was defined to avoid convergence problems when solving
the contact conditions. Under elastic loading conditions the difference between the obtained J, values
and the ones presented in (13) were always smaller than 10%. This difference was mainly due to the
different load application used in (13). For the elastic-plastic calculations the true stress and strain
data of StE 550 stee] was used as material model. The J-values on several paths around the crack lip
were directly taken from the ABAQUS output. As shown in (28), the region with path dependent J-

vahies around the crack tip increased with increasing mode 11 loading components,
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Fig.6  Finite element model of the CTS specimen with a/W=0.6 under a loading angle of 75°
(deformed mesh),

In Fig. 7 the numerically obtained J-values are plotted as a function of the load line displacement for
the CTS-specimens with a/W=0.6 under different loading angles. These curves are compared to the J-
values calculated from the areas under the load displacement curves, just like the experimens,
following the formulas (6) and (8) for T and formula (2) for Ja. Both methods agree quite well with
the finite element records. In the case of 75°-loading the differences between the estimated and the
finite element J are attributed to T4, as stated previously. Especially for the near mode I loaded
specimens (¢ < 45°) the method of Thogo and Tshii (eqn. (B)) vields more accurate results, because
the analytically developed Nu-formula (6) apparently underestimates the real M in mode I. This is
also shown in Fig. 5, where the Np-values extracted from the FE calculations are compared to the
analytical results (crossed symbols in Fig, 5), Interestingly in the small range of investigated crack
lengths the afW-effect on N is covered by the change in mixed mode ratio M.. This suggests
following fit of the FE results:

Toies = 0915 +1141M, —5566M? +141M? -8191M? (9)

which should be valid for 0.6 < a/’W < 0.7, The experimentally evaluated J (eqns. (2), (3) and (9)) is
referred to as Jip. In the next seclion the Jis-Aa crack resisiance curves are compared to the J,;-R-

curves assessed with the method of ‘Thogo and Ishii.
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Fig.7  J-values obtained directly (rom the finite element code compared to the J-values

calculated from the areas under the load versus load line displacement {cod,,.} curves.

Results and Discussion

Two types of crack growlh were observed in the ductile steel specimens, which fractured under
ligament yielding conditions. Near mode I tested specimens (M, 2 0.68) failed in a manner similar to
the one observed in mode [ {referred to as tensile crack growth*), The crack firsl diverted normally
to the loading axis and changed then into a fracture path slanted at 45° to the thickness direction (15).
Predominant mode 11 loading drove the crack (M, < 0.68) in a direction almost parallel to the fatigue
pre-crack. This ,,shear crack growth" is often observed in ferrilic steels under mixed mode loading (1-
3,7, 8, 30). Further insights on the microscopic fracture appearance are given in (15, 16, 31). The
stable crack deflection results are summarised in Fig. 8. The symbols denote the crack deflection
angles o measured on the longer crack side of the CTS specimens and cruciform specimens with
slanted cracks investigated in another paper (15). The predicted directions of maximum tangential
stresses and maximum shear according to a small-scale yielding (SSY), plane strain analysis (29} for a
Ramberg-Osgood material with the work hardening exponent N=15 are drawn with solid lines in

Fig. 8. In (15) it was shown, that there is no considerable difference between the SSY plane strain
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Fig. 8 Experimental crack deflection angles of CTS and cruciform specimens (15) versus
applied mixed mode ratio compared to plane strain predictions (29).

and planc stress estimations. It appears that near mode I loaded, kinked tensile cracks followed a
maximum tangential stress criterion. Moderate mode 1T components induced shear controlled failure.
The transition from the tensile fracture to the shear fracture occurred at a mixed mode ratio (M =0.67)
which was found also in other investigations with ferritic steels (1, 2, 8, 32).

The constant offset between the predicted and the measured shear deflection angles together with the
dimples on the shear erack surfaces detected in (15, 31), suggested that the so called ,,shear crack”
was in fact a combination of sliding off and void coalesce (33). The opened shear cracks did not
progress exactly along a shear band, but at an certain offset angle giving a higher stress triaxiality (6).
Probably the crack deviated from the negative hydrostatic stress states in the shear band region (6}, (o
allow a microvoid sheeting mechanism to take part. This lype of failure was successfully modelled by
Kardomateas et al. (34). Their prediction of a (mode mixity independent) offset angle of 24° 1o the
maximum shear strain direction for an N=13 material was very close to the results of the steel StE 550
specimens, Fig. 8 broken line,

Each data point in the following diagrams corresponds to a single mixed mode experiment (multiple
specimen technique). For comparison also the mode I 85-Aa curves of centre cracked M(T)- pecimens
(2W=250mm and ay'W=0.3) and C(T) specimens (W=50mm and ay/W=0.6) are plotied in the

diagrams.
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Fig. 9 shows the magnitude of the crack tip displacement vector as a function of stable crack growth.
All points are positioned between the mode I 8;-R-curves of the C(T}-. and M(T)-specimens and at
least in the initial part of the resistance curves no particular effect of mixed mode loading is
discernible. For longer shear crack propagalions the R-curve already measured with cruciform
specimens under mixed mode loading was obtained. This confirms the finding of (15), where it was
stated that the shear crack 3,-Aa-curve is not influenced by specimen geometry and mixed-mode ratio.
The shear crack R-curve did not reach the high &s-values of the M(T)-specimens, even if the
conslraint and therefore the magnitude of the hiydrostatic stresses are low under near-mode IF loading
(6. The cause for this reduction was probably related to the shear crack progressing into prestrained
material instead of virgin material between the two shear bands of the symmelric (mode 1) case. The
stable cracks of the specimens tested at ¢ < 60° turned after initiation and propagated normally to the
loading axis as a mode I crack. The behaviour of the ,tensile crack® data points can therefore be
explained with the constraint considerations known from mode I (35, 36). Apparently the
combination of tensile and bending loading on the kinked crack exerted a constraint of the plastic
deformation which laid in between the one of C(T)- and M(T)-specimens (37). Increasing bending
components (decreasing ¢) increase constraint and therefore the §,-Aa data points are shifted towards
the C(T)-R-curve (¢=15° in Fig, 9). The 85-R-curve of the highly constrained C(T) specimens seems

to be a conservative estimmation of fracture toughness.

3
StE 550 M(T)
CTS, W=90mm
=4dmm
a_/W=0.6..0.67
2_
g mode |
— blunting-line
>
2]
1 -
— shear crack tensile crach
O ¢=00° v §=60°
shear crack o ¢=75u A ¢=45u
o cruciform spac. (15} ¢ $=15°
. T r . .
0 1 2 3
Aa [mm]

Fig.9  Optically measured crack tip displacement 3, versus stable crack growth of the CTS

specimens,
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Besides for very long propagations of kinked cracks, where all of the investigated I-evaluation
methods were invalid, the J-integral crack resistance curves were relatively insensible to the

respective J-evalnation method: Ji,y in Fig. 10 and Jiz in Fig. 11

1800
StE 550
g:frhvn\'f=90mm M(T)
aolw=0.6..0.67
E 1200-
E
Z
i mods |
™ blunting-lin
6001
shear crack tenslle cracq
- $=90° v O=60°
-3- §=75° 4 (=45°
& P=15°
0 . . . .
0 1 2 3

Aa [mm]

Fig. 10 Jintegral evaluated with the approach of Thogo and Ishii (eqns. (2) and (8)) versus
stable erack growth,
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Fig. 11 Jintegral evaluafed with eqns. (2), (3) and the Ng-factor extracted directly from the
FE analysis (eqn. (9)) versus stable crack growth
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The most obvicus feature of the J-Integral crack resistance curves is that the R-curves decrease with
increasing mode II loading components. For fixed Aa, the mode Il fracture toughness in terms of a J-
R-curve was approximately only one half of the mode I J-Aa-curve of a C(T)-specimen. This is an
important result, becanse the various fracture assessment methods relay on J-R-curves of C(T)-
specimens, which are believed to be conservative. Also other authors found this decrease of the mode
IT J-integral tearing resistance in ductile ferritic steels with low work hardening capability or yield
plateau (2, 8, 9). These materials fracture under fully plastic condilions and the experimentally &b-
tained J is therefore greatly influenced by the global plastic deformation behaviour of the specimens.

In other words: J is, under fully plastic conditions, a somehow calibrated measure of the dissipated
plastic energy during (Up) fracture (38). Knowing that under predominant mede 11 toading the plastic
deformation is localised in the shear band ahead of the crack, whereas extensive plastic zones develop
under mode I loading, Fig. 12, it is clear that the J tearing resistance must be smaller in mode I than

inmode 1. In the former case less energy can be dissipated in the narrow shear band.

)

|
m—p-
| .plastic' '
Z0Ne
mode I loading mode II loading

Fig. 12 Plastic flow pattern in mode I and mode II loaded specimens of ductile, low work

hardening ferritic steefs.

The technical initiation values, taken at Aa=0.2mm and normalised by the geometry independent
mode T 8545~ and J g5-values are displayed in Fig, 13. The differences between a mixed mode
fracture characterisation with &, and J are evident also in this representation of the results. The crack
tip displacement vectors had approximately constant values at incipient crack propagation over
almost the entire investigated mixed mode range. On the other hand, Jegy, fell off the mode I values

as soon as a mode II load component was applied.
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Fig. 13 Technical iniliation values (Aa=0.2) normalised by the mode I initiation values as a

function of applied mixed mode ratio.

Conclusions

The stable crack propagation direction and crack resistance of thin CTS specimen of a ductile ferritic

steel were investigated experimentally. Attention was focused on the suitability of the magnitude of

the ¢rack tip displacement vector 8, and the J-integral to characterise ductile fracture. To obtain the J-

values from the load displacement vectors, plastic nj-factors had to be developed. For standing cracks,

the validity of this J-integral approach was verified with a finite element analysis. The most important

results can be summarised as follows:;

* Predominant mode I loading components caused a crack path deviation, ie. the stable crack Brew
normal to the maximum tensile stress as a mode I crack.

¢ Under moderate mode Il loading, cracks due to shear type fracture grew, with a constant offset of
20°, in the maximum shear strain direction.

» The shear crack resistance curves in terms of 8, were independent of specimen geometry and
mixed mede ratio. They were situaled between the resistance curves of mode 1 C(T)- aﬁd M(T)-

specimens.
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o In case of tensile {(mode I) the behaviour of the §,-Aa-curves could be explained with the
constraint considerations known from mode I ductile fracture.

e The crack tip displacement vectors had approximately constant technical crack initiation values
over almost the entire investigated mixed mode range.

¢ Increasing mode Il load components fead to decreasing J-initiation values and lowered the level
of the J-R-curves, which fell under the mode I J-Aa-curve of C(T) specimens in case of near tnode
11 loading.

» Because of the unconservatism of the J-R-curves of highly constrained C(T)-specimens and the
strong influence of the global specimen deformation behaviour on the mixed mode J-R curves, it
can be concluded that the crack tip opening displacement vector §, is more appropriate to

characterise ductile mixed mode fracture,
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