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Abstract

The objective of this paper is to study the evolution of 7-stress in dynamically loaded fracture specimens. To this end,
two-dimensional plane strain, elastodynamic finite element analyses of single edge notched (tension) specimens, and
three point bend specimens subjected to time varying loads are performed. The 7T-stress is computed using an accurate
and computationally efficient domain representation of the interaction integral. The results demonstrate that dynam-
ically loaded specimens are subjected to a large negative 7-stress during the early stages of loading as compared to that
under static loading. The above phenomenon can satisfactorily explain the strong elevation in the dynamic fracture
toughness at high loading rates, which has been reported in numerous experimental studies. © 2001 Elsevier Science
Ltd. All rights reserved.

Keywords: Dynamic loading; Dynamic fracture toughness; T-stress; K—7 locus; Finite elements

1. Introduction

The precise knowledge of the dynamic fracture behaviour of engineering materials at high loading rates
is very important in the fracture analysis of large structural systems subjected to dynamic loading. Some
examples of such systems are space station modules subjected to micro-meteroid impact, blast loading in an
aircraft, etc. (Kanninen and O’Donoghue, 1995).

Experimental studies show that the dynamic fracture toughness of engineering materials is a function of
the stress intensity rate, K. It is generally observed that the dynamic fracture toughness associated with very
high loading rates is significantly higher than the static fracture toughness (Ravi-Chandar and Knauss,
1984; Kalthoff, 1986; Dally and Barker, 1988; Zehnder and Rosakis, 1990). In a very recent investigation,
Owen et al. (1998a) conducted dynamic fracture initiation experiments using single-edge notch (SEN)
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specimens made of 2024-T3 aluminium alloy. They used a servo-hydraulic testing machine to obtain
fracture data at low loading rates (K < 10* MPa/m/s) and also a split-Hopkinson bar set-up to gather
data at high loading rates (i.e., K > 10° MPa+/m/s). Their results show that the fracture toughness is
approximately the same as the quasi-static value for K less than 105 MPa /m/s. On the other hand, it shows
a steep elevation above the quasi-static value for K greater than 10° MPa/m/s. Similar results were ob-
tained by Owen et al. (1998b) and Venkert et al. (1998) for beryllium-bearing bulk metallic glasses and
Ni—Cr steels, respectively.

The above phenomenon has not been satisfactorily explained through analytical studies. Kalthoff (1986)
proposed the existence of an incubation time to modify the static instability fracture criterion. Ravi-
Chandar and Knauss (1984) also arrived at the conclusion of a minimum time requirement for fracture
initiation. In a more recent work, Liu et al. (1998) have analytically modelled the experimental configu-
ration used by Ravi-Chandar and Knauss (1984) and obtained a transient elastodynamic solution. This
solution shows a decrease in magnitude of stresses from the elastic K-field near the crack tip. Liu et al.
(1998) modelled fracture initiation in terms of activating a flaw at some distance from the crack tip, when
the normal stress across the defect attains a critical value. The observed increase in fracture toughness was
attributed to the finite time required to achieve a critical stress state ahead of the crack tip over a char-
acteristic length. The work of Liu et al. (1998) is an important contribution since it provides for the first
time an explanation for the observed increase in fracture toughness of engineering materials at high loading
rates based on an analytical study of inertial effects in the near-tip fields. It provides impetus for under-
taking a systematic investigation of the effects of loading rate, crack length and specimen geometry on the
stress field near the crack tip with the view of rationalizing the experimentally observed dynamic fracture
behaviour.

The traditional fracture mechanics approach assumes that a single parameter such as K in linear elastic
materials, or J in elastic—plastic materials, fully characterizes the crack tip field. However, for certain geo-
metries and loading configurations, the validity of the single parameter characterization has been found to
be inadequate (see, e.g., Al-Ani and Hancock, 1991; O’Dowd and Shih, 1992). In this context, the im-
portance of the elastic 7T-stress, which is the second term in the series solution for the stress field near the
crack tip in an elastic solid (Williams, 1957), is well studied in the literature for quasi-static loading. In an
early investigation, Larsson and Carlsson (1973) showed that the elastic T-stress can have a significant effect
on the size and shape of the plastic zone around the crack tip under small scale yielding conditions.

Betegon and Hancock (1991) showed that the crack tip fields in fracture configurations can be ade-
quately described by the stress intensity factor and 7-stress. O’ Dowd and Shih (1992) argued that the 7-
stress is a parameter based on elastic analysis and hence cannot be used to characterize crack tip fields
under large scale plasticity. Hence, they proposed the J-Q theory, where Q is a stress triaxiality parameter.
A negative Q indicates loss of stress triaxiality or constraint near the crack tip. However, for small to in-
termediate scale yielding conditions, the J-T theory is fully equivalent to the J-Q approach (see O’Dowd
and Shih, 1992).

O’Dowd and Shih (1994) predicted the cleavage fracture toughness of two steels corresponding to dif-
ferent Q values using a critical stress criterion. They found that the predicted cleavage fracture toughness
increases strongly with negative Q-stress and also agrees well with the experimental data of Kirk et al.
(1993) and Sumpter and Forbes (1992). Betegon et al. (1996) made similar predictions for the effect of 7-
stress on the cleavage fracture toughness of a high strength low carbon steel. They also concluded that
the fracture toughness increases strongly with negative T-stress and matches well with experimental data.
Roy and Narasimhan (1999a) have studied the effect of T-stress on the ductile fracture processes of micro-
void growth and coalescence. They found that a large negative T-stress can significantly retard the
above processes under mode-I loading and, hence, can elevate the fracture toughness of ductile alloys. This
was confirmed from an experimental investigation by Roy et al. (1999) using a ductile 2014-O aluminium
alloy.
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By contrast, very little research work has been devoted to understand the role of T-stress (or, equiva-
lently, the Q-stress for ductile solids) on fracture processes under dynamic loading. A first step in this
direction was taken by Koppenhoefer and Dodds (1996) who studied the evolution of Q-stress in impact-
loaded pre-cracked ductile Charpy specimens. Their results indicate a negative Q-stress throughout
the loading history. In a more recent study, Basu and Narasimhan (2000a) carried out a systematic in-
vestigation of loading rate and crack length on Q-stress in dynamically loaded fracture specimens. They
found that a specimen which shows no constraint loss under static loading, can exhibit strong negative
QO-stress when loaded dynamically. This satisfactorily explains the retardation in the ductile fracture
processes of micro-void growth and coalescence at high loading rates reported by Basu and Narasimhan
(1996, 1999, 2000b). It also helps in understanding the enhancement in fracture toughness of ductile
materials at very high loading rates (Owen et al., 1998a,b; Venkert et al., 1998). Since the Q-stress and T-
stress are related under small scale yielding conditions and static loading (see, O’'Dowd and Shih, 1992), it
may be expected based on the conclusions of Liu et al. (1998) and Basu and Narasimhan (2000a) that the
T-stress may be dramatically affected under dynamic loading in typical fracture specimens. Hence, a careful
investigation of the evolution of 7-stress in dynamically loaded linear elastic fracture specimens is war-
ranted.

Thus, the main objective of the present study is to examine the dependence of T-stress on specimen
geometry, crack length and loading rate in dynamically loaded specimens. Following the approach of
Betegon and Hancock (1991) in quasi-static fracture mechanics, a two-parameter fracture model based on
K and T is proposed, which can explain well the enhancement in fracture toughness of engineering materials
at high loading rates. To this end, two-dimensional (2-D) plane strain transient finite element analyses of a
SEN specimen subjected to a tensile stress pulse (SEN(T)), and an impact loaded three-point bend specimen
(TPB) are conducted. Several crack length to width ratios a/W ranging from 0.2 to 0.7 are considered. The
loading rate K is varied from a moderate value of 10° to a very high value of about 107 MPa/m/s. The
energy release rate ¥ is evaluated using the domain integral method (Nakamura et al., 1986). The evolution
of elastodynamic 7-stress is computed for each case using the interaction integral (Sladek et al., 1997). The
results show that the 7-stress has a very strong negative value during early stages of dynamic loading albeit
it may be positive or small in magnitude under static loading.

2. Numerical analysis
2.1. Modelling aspects

Two specimen geometries are analysed in this work. The first specimen considered is a single edge
notched plate subjected to tensile loading (SEN(T)) as shown in Fig. 1(a). The length 2L and width W of the
specimen are taken as 160 and 40 mm, respectively. The ratios of crack length a to the width W considered
in the analyses are a/W = 0.7, 0.5 and 0.2. The boundary conditions applied on the specimen are as shown
schematically in Fig. 1(a). Since the load versus time curves obtained from impact testing of fracture
specimens generally exhibit a highly non-linear variation (see, e.g., Zehnder et al., 1990) the applied load
P(t) is chosen as a function of time 7 in the form P(¢) = oz + y¢*. By varying the constants o and y, a range of
stress intensity rates, K, is achieved at the crack tip. Further, as shown in Fig. 1(a), the load P is uniformly
distributed on the edge X, = +L.

A typical finite element mesh used to represent the SEN(T) specimen with a/W = 0.7 is shown in Fig.
2(a). In this case, the complete specimen needs to be represented because wave propagation effects render
this geometry unsymmetric with respect to the crack plane. This mesh comprises of 1932 four noded (2-D
plane strain) quadrilateral elements and 2024 degrees of freedom. The details of the refined mesh near the
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Fig. 1. Schematic of (a) SEN(T) and (b) TPB specimen.

tip is shown in Fig. 2(b). As can be seen from this figure, a focussed mesh having concentric rings of el-
ements surrounding the crack tip is employed. The smallest element size near the crack tip in this mesh is
about 0.116 mm which is less than 0.01 (W — a). The above focussed near-tip mesh merges smoothly with
an outer region in which the element size gradually increases towards the boundaries. Similar meshes with
good refinement near the crack tip were used for analyses with other a/W ratios. A mesh convergence study
was performed by conducting a few analyses with a mesh having more elements near the crack tip than that
shown in Fig. 2(b). It was found from these analyses that the evolution histories of important quantities like
J-integral and T-stress are well represented by the meshes employed in this work. A mesh sensitivity study
was also carried out by comparing the results obtained using a mesh generated by an automatic mesh
generation programme and a structured mesh with focussed elements near the tip as shown in Fig. 2. The
results obtained from these different meshes for the J-integral and T-stress were within 1% to 2% of each
other. However, the domain independence (see also Section 2.2) was better for the structured mesh and,
hence, it is selected for this study.

The second fracture geometry (see Fig. 1(b)) modelled in this work, is a TPB specimen subjected to
impact-type loading, which is widely used in dynamic fracture testing (Zehnder and Rosakis, 1990; Zehnder
et al., 1990). The length and width of the TPB specimen are chosen identical to that of the SEN(T)
specimen. The boundary conditions applied on the specimen are also shown schematically in Fig. 1(b). The
a/W ratios considered in the analysis of the TPB specimen are 0.7, 0.5 and 0.2. Since the SEN(T) and TPB
specimens have the same geometry, meshes similar to Fig. 2 are employed in analyzing the TPB specimen
also, except that due to symmetry, only half the specimen is modelled. Further, a fine mesh is used near the
loading point and the applied load is distributed as a uniform traction over a small distance of about 2 mm
in order to reduce numerical errors. The applied load P(¢) is chosen to have the same functional variation
with respect to time as the SEN(T) specimen.

In addition to the dynamic analyses, static analysis of each specimen is conducted in order to compute its
biaxiality parameter (f = T+/na/K, where a is the crack length) under static loading. The material prop-
erties employed in all the analyses are £ = 200 GPa, v = 0.3, and p(density) = 7800 kg/m>. In the dynamic
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Fig. 2. (a) Finite element model of the SEN(T) specimen. Crack length is marked as a. (b) Enlarged view of mesh used near the crack
tip.
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analyses, the equations of motion are integrated using the explicit central difference scheme (Zienkiewicz
and Taylor, 1989). Since this time integration scheme is only conditionally stable, the time step size At
chosen as less than the critical time step At = 2/@pmax, Where mp,y is the maximum eigenvalue of the finite
element system.

2.2. Computation of energy release rate and T-stress

The expression for the energy release rate corresponding to a dynamically loaded stationary crack tip in
an elastic solid is given by (Nakamura et al., 1986):

Cui lar. (1)

g:llm |:(W+L)n1 —O'ijnja
1
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Here, o;; and u; are the cartesian components of stress and displacement, and »; are the components of
unit outward normal vector to I' (see Fig. 3(a)), which is a vanishingly small contour surrounding the crack
tip. The quantities W and L are the elastic strain energy and kinetic energy densities, respectively. A domain
integral version of Eq. (1) proposed by Nakamura et al. (1986), is employed to compute % from the finite
element results. Several rectangular and circular domains (with outer dimension ranging from 0.3 to 0.75,
where b is the minimum of a and (W — a) are employed to evaluate ¥. It is found that the maximum
percentage variation in % obtained from different domains is within 0.5% at any instant of time. The stress
intensity factor K is obtained from the average value of ¢4 determined from the different domains using the
relation % = K* (1 —?)/E (assuming plane strain). Further, an average loading rate K is computed from
the stress intensity factor history obtained for each analysis.

In order to evaluate the elastodynamic 7-stress accurately, the interaction integral is employed. This is
given by,

M = gA-I—B _ gA _ gB7 (2)

A X 2
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Fig. 3. Schematic showing an annular area A enclosed between a vanishingly small contour I', arbitrary outer contour I, surrounding
the crack tip, and the crack faces I'* and I'". (b) Schematic of semi-infinite crack with point load f applied at the tip parallel to x;
direction.
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where, ¥ and % are the energy release rates (see Eq. (1)) corresponding to the original dynamic field 4 and
an auxiliary static field B, respectively, and 4+ is that pertaining to the field combining 4 and B. Using
Eq. (1), the final expression for the interaction integral can be shown to be:

M = lim [af.}sgn] — o, — (rgnjufl]df. (3)

r-o Jr

Kfouri (1986) and Sladek et al. (1997) selected the auxiliary problem as that of a semi-infinite crack
subjected to a point load f at the crack tip in the direction of crack line (see Fig. 3(b)). On using this
auxiliary field in Eq. (3), a simple relation between the interaction integral and the 7-stress pertaining to the
original field can be derived for the plane strain case as,

M =

(=) -
=T 4)
The expressions for the auxiliary fields and the detailed derivation of the above relation for a dynamically
loaded crack tip are given by Sladek et al. (1997).
In this work, the interaction integral given by Eq. (3) is converted to an area integral following the
approach suggested by Nakamura et al. (1986) in order to facilitate its easy and accurate computation from
the finite element results. The expression for the domain integral version of Eq. (3) is given by,

. ou? dul\ dg dg
w=tim [ [(o2% 4 20N ap 00 s g :
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In this equation, ¢ is a weighting function which has a value of unity on the vanishingly small inner contour
I’ surrounding the crack tip and zero on an arbitrary outer contour I, (see Fig. 3(a)). In the annular area 4
enclosed between I', I', and the upper lower crack faces I't and I'" (Fig. 3(a)), the function g(xi, x,) is
assumed to be smooth but is otherwise arbitrary. The last term in Eq. (5) arises from inertia effects and can
be neglected for quasi-static loading.

Before pursuing the actual analyses, the computation of T-stress using the method presented above was
extensively tested by studying a few benchmark problems in elastostatic as well as in elastodynamic frac-
ture. A crack of length 2¢ in an infinite plate subjected to a quasi-static, far-field, uniform tension normal to
the crack plane (Griffith’s problem) was considered and the computed 7-stress deviated from the exact
value by about 0.05%. In the elastodynamic case, a semi-infinite crack in a strip subjected to a tensile stress
wave (Freund, 1990) normal to the crack plane was chosen as the benchmark problem. Again, an excellent
agreement between the computed 7T-stress history and the analytical result given by Freund (1990) was
noted.

The interaction integral (Eq. (5)) is computed from the results of the finite element analyses of the
SEN(T) and TPB specimens using several rectangular and circular domains with size ranging from 0.3 to
0.7b, where b is the minimum of the crack length and uncracked ligament length. The maximum percentage
variation in 7-stress values computed from the different domains was found to be less than 1% at any
instant of time in all the analyses.

3. Results and discussion

In this section, the results obtained from the finite element analyses are presented. In Table 1, the
biaxiality parameter f§, computed for SEN(T) and TPB specimens with different a/W ratios under static
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E?abxlieallity parameters corresponding to different a/W ratios for the SEN(T) and TPB specimens
Specimen a/W ratio
0.2 0.5 0.7
SEN(T) —0.448 —0.158 +0.203
TPB —0.256 +0.117 +0.432

Biaxiality Parameter, f = Tv/na/K.

loading are tabulated. The results presented in Table 1 compare very well with the corresponding biaxiality
ratios given by Kfouri (1986).

3.1. SEN(T) specimen
Results obtained from the dynamic analyses of SEN(T) specimen are presented in Figs. 4-8. In Figs. 4

and 5, typical time histories of the stress intensity factor computed for the SEN(T) specimen with a/W ratio
of 0.7 and 0.2, respectively, are shown. The coefficients « and y of the loading function P(¢), which are given
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Fig. 4. Typical time histories of stress intensity factor obtained for SEN(T) specimen with a/W = 0.7.
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Fig. 5. Typical time histories of stress intensity factor obtained for SEN(T) specimen with a/W = 0.2.

as legend in these figures are chosen by trial and error so that stress intensity rates K vary in the range of
105107 MPa+/m/s. A comparison of Figs. 4 and 5 shows that, a much higher load function P() must be
applied for the shallow cracked specimen than for the deep cracked specimen, in order to obtain similar
time histories of stress intensity factor.

In Figs. 6-8, the evolution histories of the biaxiality parameter with the dynamic stress intensity factor
are displayed for SEN(T) specimen with a/W = 0.7, 0.5 and 0.2, respectively. Results are presented per-
taining to same three stress intensity rates K in each figure to facilitate direct comparison. Here, the average
stress intensity rates K are calculated from time histories of stress intensity factor like those shown in Figs. 4
and 5. For comparison, the quasi-static biaxiality parameter obtained for each SEN(T) specimen is marked
on the ordinate axis in the respective figures. The first observation that can be made from these figures is
that unlike the static case, where f is independent of load and has a fixed value for a given specimen geo-
metry and crack length, the biaxiality parameter under dynamic loading varies strongly with the stress
intensity factor. It can be seen from Fig. 6 that for the deeply cracked specimen, § under dynamic loading
has a large negative value at early stages of loading (i.e., when the magnitude of the stress intensity factor is
small), even though the static biaxiality parameter has a small positive value. This behaviour is more
pronounced at very high loading rates. Thus, for example, corresponding to a value of K = 20 MPa+/m,
the value of f§ in Fig. 6 is —1.36, —0.72 and —0.04 for K = 7.5 x 10°, 1 x 10° and 2 x 10° MPa/m/s, re-
spectively, whereas for the static case ff = +0.203 (see Table 1). This clearly implies that the above



4996 K R. Jayadevan et al. | International Journal of Solids and Structures 38 (2001) 4987-5005

0-5 T T T T

Static

i = K=75x10® MPa-m'’2/s
-150 --  10x10° . 1
& —  20x10° .
-2 L 1 1 L
0 100 200 300 400 500

K (MPa-m'’2)

Fig. 6. Evolution histories of biaxiality parameter with stress intensity factor corresponding to different K for SEN(T) specimen with
a/W =0.7.

behaviour is caused by inertial effects and corroborates with the large negative Q-stress reported by Basu
and Narasimhan (2000a) for dynamically loaded ductile SEN(T) specimens. As the magnitude of stress
intensity factor increases (i.e., at later stages of loading), the biaxiality parameter gradually approaches the
static limit. Thus, it is found that for the case a/W = 0.7, the biaxiality parameter computed from the
dynamic analyses corresponding to K = 2 x 10% and 1 x 10° MPa /m/s is within 5% of the static limit for K
greater than 190 and 635 MPa+/m, respectively. Although, the curve corresponding to K = 7.5 x 10°
MPa /m/s in Fig. 6 is well below the static limit at K = 500 MPa /m, it does indeed tend to the static limit
at much higher values of K.

The evolution of § with stress intensity factor for a/W = 0.5 and 0.2 for different loading rates K shown
in Figs. 7 and 8 are qualitatively similar to those discussed above for a/W = 0.7. However, it can be seen by
comparing Figs. 6-8 that as the ratio of crack length to width (a/W) decreases, the biaxiality parameter
approaches the quasi-static value at lower levels of K for the same K. Thus, considering K = 1 x 10°
MPa+/m/s, it is found that f8 is within 5% of the static limit for K greater than 635, 346 and 92 MPa/m
corresponding to a/W = 0.7, 0.5 and 0.2, respectively. Another interesting observation that can be made
from these figures is that while f becomes more negative under static loading as the normalized crack length
decreases (see also Table 1), the reverse trend applies under high rates of loading. Thus, considering a stress
intensity rate of K =7.5x 10° MPay/m/s, f=—0.99, —0.64 and —0.49 at K =100 MPa,/m for
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Fig. 7. Evolution histories of biaxiality parameter with stress intensity factor corresponding to different K for SEN(T) specimen with
a/W =0.5.

a/W =0.7, 0.5 and 0.2, respectively. This implies that loss of crack tip constraint in a shallow cracked
ductile SEN(T) specimen would be less as compared to a deep cracked specimen during the initial stages of
dynamic loading. This is contrary to the known behaviour of these specimens under static loading (see Al-
Ani and Hancock, 1991). The above trends may be attributed to difference in inertia effects experienced by
the crack tip region in specimens with various crack lengths. Indeed, it was found from the numerical
results that, in shallow cracked specimens the kinetic energy is comparable to the strain energy only during
the initial stages of the loading, whereas in deep cracked specimen the kinetic energy continues to dominate
over the strain energy for a longer time.

3.2. Three-point bend specimen

In Fig. 9, typical time histories of stress intensity factor obtained for the TPB specimen with a/W = 0.5
are shown. As in the case of the SEN(T) specimen, different stress intensity rates are realized by changing
the coefficients o and y in the load versus time function P(¢). The evolution histories of biaxiality parameter
f with stress intensity factor corresponding to different loading rates for TPB specimens with a/W = 0.5
and 0.2 are presented in Figs. 10 and 11, respectively. The effect of loading rate on the biaxiality parameter
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Fig. 8. Evolution histories of biaxiality parameter with stress intensity factor corresponding to different K for SEN(T) specimen with
a/W =0.2.

for the TPB specimen is qualitatively similar to the SEN(T) specimen. Thus, it may be observed from Figs.
10 and 11 that f has a large negative value during early stages of the loading process if the stress intensity
rate is high. At later stages of loading (i.c., at higher values of K), f gradually tends to the static limit. Also,
at the same stress intensity rate (see, for example, the curves corresponding to K = 1 x 105 MPa/m/s in
Figs. 10 and 11), § approaches the static limit at lower levels of K for the shallow cracked specimen. The
above results indicate that for both the specimen geometries analyzed in this work, inertial effects have a
dramatic effect on the biaxiality parameter during early stages of dynamic loading.

3.3. Comparison of evolution histories of § in SEN(T) and TPB specimens

In Fig. 12, the evolution histories of  with stress intensity factor obtained for SEN(T) and TPB
specimens with a/W = 0.5 corresponding to the same stress intensity rate K = 7.5 x 10° MPa/m/s are
compared. It can be observed from this figure that although f for the above SEN(T) specimen is slightly less
than that of the TPB specimen under static loading (see Table 1), the reverse trend applies under highly
dynamic loading. Thus, during early stages of dynamic loading (say, K < 300 MPa/m), the TPB specimen
experiences a much more negative value of biaxiality parameter as compared to the SEN(T) specimen. A
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Fig. 9. Typical time histories of stress intensity factor obtained for TPB specimen with a/W = 0.5.

similar behaviour was noted by comparing the evolution histories of  for SEN(T) and TPB specimens with
other a/W ratios as well. This observation is important since TPB specimens are commonly used in dy-
namic fracture testing and the large negative f§ values experienced by these specimens will affect the dynamic
fracture toughness data as will be seen in Section 4.

3.4. Variation of stress intensity factor with T-stress

It is instructive to plot the variation of the stress intensity factor with 7-stress for different loading rates
in order to understand the effect of K on the fracture process and, hence, the dynamic fracture toughness
(see Section 4). These plots are shown in Fig. 13 for the SEN(T) specimen with a/W = 0.5. For comparison,
the variation of K with T-stress for this specimen under static loading is also displayed in Fig. 13. This
variation is linear since f is constant (independent of K) for a given specimen under static loading. It may be
seen from Fig. 13 that the curve pertaining to the low loading rate (K =2 x 10° MPa+/m/s) is virtually
indistinguishable from the linear static variation. The distinction between these two curves may be observed
for very low value of K (less than 50 MPa y/m) from the inset diagram in Fig. 13 which shows the K versus T
variation at initial stages of loading. As K increases, it can be seen from Fig. 13 that the K versus T curve
shifts to the left of the static line (i.e., 7" becomes more negative for a given K). It merges with the static line
(after oscillating around it) at higher values of K.
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Fig. 10. Evolution histories of biaxiality parameter with stress intensity factor corresponding to different K for TPB specimen with
a/W =0.5.

4. Dynamic fracture initiation model

In this section, the results obtained in the previous section (in particular, Fig. 13) are combined with the
two-parameter (K—7 based) fracture characterization suggested by Betegon and Hancock (1991) in order to
propose a simple dynamic fracture initiation model. To this end, it is important to recall that studies based
on static analyses show that the mode-I fracture toughness of engineering materials increases strongly with
negative T-stress. This is true for failure due to ductile void coalescence (Roy and Narasimhan, 1999a,b) as
well as due to brittle cleavage (O’Dowd and Shih, 1994; Betegon et al., 1996). Thus, the fracture toughness
K. versus T locus may be represented in the form of the thick curve shown in Fig. 14(a). It is postulated here
that this K.—T locus is characteristic of a material in the sense that it applies equally well for both static and
dynamic loading for a given material. This is a reasonable assumption since a negative T-stress would
manifest itself in the same way for both static and dynamic loading by retarding the micro-mechanical
processes such as void coalescence or cleavage cracking which are operative in the fracture process zone
near a crack tip.

The curves depicting the variation of K pertaining to different applied load histories, versus 7, for a
typical specimen (see, e.g. Fig. 13) are superimposed on the above K.—T7 locus in Fig. 14(a). The linear K~T'
variation pertaining to static loading is also shown in Fig. 14(a) (assuming, for the sake of definiteness, that
T is negative under static loading also). As in Fig. 13, the curves corresponding to low K (such as dotted
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Fig. 11. Evolution histories of biaxiality parameter with stress intensity factor corresponding to different K for TPB specimen with
a/W=0.2.

curves 1 and 2 in Fig. 14(a)) merge with the static line at small values of K, whereas, those corresponding to
higher K shift further to the left of the static line. They are expected to merge with the static K-7 line at
much higher values of K (see also Fig. 13). The point of intersection of the static K~7 line with the pos-
tulated K.—T locus will yield the static fracture toughness K. that will be obtained from the given specimen
(see Fig. 14(a)). Similarly, the point of intersection of each dotted curve with the K.—T locus will give the
value of the dynamic fracture toughness K(S’C) corresponding to a particular loading rate K. Thus, dotted
curves 1 and 2 pertaining to low values of K will intersect the K.—T locus close to Ki., whereas, the curves
pertaining to higher K values will intersect the K.—7T locus at higher levels of K.

The variation of K4 with K, obtained by the above simple model can, now be plotted as shown in Fig.
14(b). This figure shows that Ky, will vary negligibly from the static limit Kj. for low loading rates (see
points marked as K. and K7, in Fig. 14(b)). However, at high loading rates, K4, will display a substantial
enhancement over the static limit and will also increase steeply with K. From the curves shown in Fig. 13,
the above enhancement is expected to occur for the SEN(T) specimen with a/W = 0.5, when K exceeds 10°
MPa /m/s. This agrees qualitatively with the experimental data of dynamic fracture toughness versus K
obtained recently by Owen et al. (1998a) for 2024-T3 aluminium alloy.

It must be mentioned that the model proposed above assumes that the material response under static and
dynamic loading is similar as in the case of rate independent plastic materials. However, for rate dependent
plastic solids, the yield stress will be elevated at high loading rates. This enhancement in yield stress is also
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same K of 7.5 x 10° MPa/m/s.

expected to affect the variation of dynamic fracture toughness with loading rate. For example, it has been
observed by Costin and Duffy (1979) that the cleavage fracture initiation toughness of a rate sensitive steel
under dynamic loading is lower than that under static loading. This trend can be rationalized on the basis of
the above noted elevation in yield stress at high loading rates (see, also Freund, 1990).

5. Conclusions

In this work, 2-D transient finite element analyses have been carried out to study the effect of loading
rate on the T-stress in dynamically loaded single edge notched tension specimens and three point bend
specimens. The following are the main conclusions of these analyses.

(1) The biaxiality parameter f§ under dynamic loading is not a constant for a given specimen geometry
like in the static case, but is a function of both the stress intensity factor and the stress intensity rate.

(2) The biaxiality parameter has a large negative value during the early stages of dynamic loading (i.e.,
for low values of K). This is true for both SEN(T) and TPB specimens, irrespective of crack length, and is
very pronounced when K is high. However, 8 approaches the static limit as the magnitude of K increases.
The static limit is attained at lower levels of K for shallow cracked specimens as compared to deeply cracked
ones for a given K.
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Fig. 13. Variation of stress intensity factor with T-stress for different loading histories (along with the static case) for SEN(T) specimen
with a/W =0.5.

(3) The TPB specimen experiences a much more negative value of biaxiality parameter during the early
stages of dynamic loading as compared to the SEN(T) specimen with the same normalized crack length
a/W when both specimens are subjected to the same stress intensity rate.

(4) A simple model of dynamic crack initiation is proposed which combines a material-specific K.—~T
locus along with the K versus 7T variations for a typical specimen subjected to different loading histo-
ries. The model predicts that the dynamic fracture toughness will be close to the static value for low to
intermediate stress intensity rates (say, K less than 105 MPa/m/s), and would show a strong elevation
at higher K (in excess of 10° MPa/m/s). This is in qualitative agreement with experimental results ob-
tained for engineering materials. Thus, the enhancement in fracture toughness at ultra-high loading
rates may be attributed to the large negative 7-stress experienced by dynamically loaded fracture speci-
mens.

Although the dynamic fracture initiation model proposed in Section 4 qualitatively explains experi-
mentally observed variations of fracture toughness with loading rate, further static and dynamic fracture
experiments need to be conducted in order to precisely validate the model. These experiments must be
aimed at obtaining the K.—T locus for typical engineering materials as well as the evolution of stress in-
tensity factor with 7-stress for dynamically loaded specimens. These results can then be combined in the
manner discussed in Section 4, to obtain the variation of fracture toughness with loading rate, which can be
compared with that determined directly from the dynamic fracture experiments.
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Dynamic fracture toughness versus K predicated by the proposed model.
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