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Effect of Loading Rate on Fracture
a.venkert | Mlorphology in a High Strength
P-R.Guu § Puctile Steel

G. Ravichandran

Mem ASME Fracture experiments in a high-strength ductile steel (2.3Ni-1.3Cr-0.17C) were conducted
under static and dynamic loading conditions in a three-point bend and a one-point bend
Graduate Aeronautical Laboratories, configurations. A qualitative description of the influence of loading rate on the micro-
Mail Code 105-50, scopic features of the fracture surfaces and their role in the fracture initiation process
California Institute of Technology, was considered. The fracture surfaces consist of tunneled region and shear lips. The size
Pasadena, CA 91125 of the shear lips increases with increasing loading rate and is characterized by micro-

voids and cell structures. The tunneled region consists of large voids and micro-voids that
coalesce by impingement. At high loading rates, localized molten zones are observed at
the tunnel-shear lip interface[DOI: 10.1115/1.1371231

1 Introduction Rice and Johnsofl4]. Most of these studies mentioned above
. . . . ) have been limited to investigation of quasi-static fracture. An
High strength ductile steels constitute a wide variety of struc- . :
turalgsteels tr?at find a wide variety of applications invglving im&arly attempt to correlate the loading rate and the micrastructure
pact and dynamic loading. Understanding the failure mechanisij{&- made by Couque et 4lL6]. Dynamic tension experiments

re performed on circumferentially notched tensile specimens.

llg;(iie;gtvg'rﬂe trc?rt])ge?tgrf (Ij%i(?";]g n:g?h(gglgnlfultnctc?jZea?ggtﬁagadli gv\,(\),u N attempt was made to characterize the observed microstructure
y 9 %ﬁterms of the percentage of fibrous areas and cleavage areas and

of enhancing the desired properties of these steels. The 2.3 . 7 X
te it to such parameters as grain size, temperature, and loading

S s rel
1.3Cr-0.17C steel has been chosen for this investigation becal %é ; . ’ .
its failure mechanisms are very similar to and are representativep . Godse et a[17] investigated the micromechanisms of dy-

the class of steels mentioned above. The constitutive propertiesn ic fracture initiation under extremely high rates of loading in
this steel can be found in the work of Marchand and D{ffyand 4340 gteel. In recent years much progress has bee_n _n_qa_de through
Zhuang and Ravichandraf2]. Extensive work has been Con_numerlcal studies to understand ductile crack initiation and
ducted in order to understand the common failure mechanismsg1rr10Wth under dynamic loading conditions, for example, Tvergaard
steels under quasistatic loading and their influence on fract nd Neediemafi8], Neediemari19], Needleman and Tvergaard

; . . )], and Basu and Narasimh@®1].
:ﬁgg:f?:éz c;‘o:ni%rgysetlrsugtrr%ngnthc?ugteillgyfrlgéeus}tég?g{:sh;?wiglﬁgu:n dIn this paper, results obtained from fracture experiments and
microstructural characterization of the fractured surfaces were

especially the role of nucleating particles and the particle-matr] ; ) - )
interface strength in the void growth and coalescence proce%mbmed to understand the changes in the failure mechanisms as

. g - “a‘function of loading rate in 2.3Ni-1.3Cr-0.17C steel. A brief de-
Cox and Low{4] proposed a ductile fracture mechanism by whic cription of the steel used in the investigation, the experimental

voids initiate and grow under hydrostatic tension and coalesce Lthods used to obtain the fracture parameters, and the micro-

either impingement with each other or formation of void sheet fructural characterization techniques are presented. A detailed de-
Though a significant amount of experimental and analytical wo% 4 P :

has been devoted to study the role of void initiation, growth an ription of microstructural observations and fracture mechanisms

; . . different loading rates is given and correlated to the crack tip
coalescence processes in ductile fracture, the complexity of { g ss state
processes and the diversity of the material systems necessit g '

systematic experimental investigations in order to make toughness .

predictions based on microstructural information. Some of the e%- Experimental

perimental studies of the conditions leading to the nucleation of, ;  \\ i The steel (2.3Ni-1.3Cr-0.17C used in this
voids from inclusions, their growth and coalescence were co
ducted by Argon et all5] and Zurek et al[6]. Using analytical
and numerical approaches, among others, Argon gf7alhave
modeled the void initiation processes. Numerous models to ch
acterize void growth and coalescence have been proposed, seg,
example, Le Roy et al[8], Curran et al.[9], Needleman and
Tvergaard 10], Faleskog and ShifiL1], and Tonks et al[12]. A
comprehensive review of void growth to coalescence modeling
ductile failure can be found in Tvergaafi3].

Using the slip line theory, Rice and Johnddd] characterized 2.2 Fracture Experiments. The specimens were tested at
the stress field ahead of a blunting crack and investigated tieee loading rates: quasi-static and dynamic at two different im-
growth of a void under such a stress field, which led to a criteriqact speed$5 m/s and 50 mjs Fracture experiments have been
for its coalescence with the main crack. McMeekifidp] em- conducted in a three-point bend configuration and a one-point
ployed a large deformation finite element analysis of the crack tip
region and obtained results that were in agreement with those of

Table 1 Chemical composition  (wt percent ) for the steel

Qt'udy has been manufactured by Lukens Steel Co., Coatesville,
PA., in a quenched and tempered condition. The chemical com-
gp_sition of the steel used in this study is given in Table 1. The

gstitutive characterization of the material has been conducted
Y tresting specimens in compression and tension at different load-
ing rates. The yield stress of this material exhibits rate sensitivity,
increasing from 780 MPa at a strain rate of 0.001/s to 1190 MPa
8t a strain rate of 70507s.
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Fig. 1 (a) Schematic of impact loaded three-point bend pre-

cracked steel specimen

(thickness, t =10 mm, precrack length,

a,=30 mm, notch width =0.25 mm); (b) crack tip coordinate

system

bend configuration. The specimen geometry and a schematic
lustration of the three-point bend loading configuration are show
in Fig. 1. The notch shown was made, parallel to the rolling di-
rection, by electrical discharge machinifgDM), followed by

fatigue precracking which extended the notch by 2 mm. Quasi-
static experiments were conducted using a servo-hydraulic mate- 10

rial testing system.

A medium rate of dynamic loading was achieved by impacting
the specimen under a Dynatup 8100A drop weight tower with tup

one point bend configuration was used because at such high im-
pact speeds, inertial effects are sufficient to initiate failure and no
supports are required. This greatly simplifies the experimental
setup. In the current experimental geometry, with the crack length
to specimen width ratio used, the stress/strain field in front of the
crack tip is known to be governed by tldeintegral through the
HRR singular field22,23. Hence a characterization of the crack
tip loading and its resistance to initiation is sought in terms of the
J integral. DynamicJ integral was calculated by measuring the
evolution of the crack opening displacemé&@80D) and by mea-
suring the temperature rise ahead of the crack tip. High-speed
photography was used to image the deforming crack to measure
the COD and a high-speed infrared detector was used to measure
the temperature rise. The details of the experimental procedure
and data analysis can be found in the work of Guduru €t4l.

2.3 Microscopy. Samples for microscopic examination
were prepared from selected fracture specimens. Samples from
the crack initiation area were cut using a diamond saw and were
gold coated for better resolution. The samples were examined in a
Cambridge 360 scanning electron microsc¢pEM). The micro-
scope was equipped with an X-ray energy dispersive spectroscopy
(EDS) system which is used for chemical analysis. All chemical
analyses were conducted on uncoated samples.

3 Results

3.1 Fracture Experiments. Four specimens at each loading
rate (the quasi-static and the two dynamic ratere tested, and
the results were found to be highly repeatable. Table 2 summa-
rizes the average values of the loading rat&s gnd the critical
value of theJ integral ;) obtained under the three loading con-
ditions. There is a substantial increase in the toughness at higher

Table 2 Critical value of J integral, J., as a function of load-
ilg rate, J

J (kNm''s™) J o (kNm™)

1,080 (£5%)

1.5x10° 1,750 (£12%)

mass of 200 kg at 5 m/s impact velocity. Higher dynamic loading

rate was obtained in a specimen impacted with a steel projectile at

22.4x10° 2,230 (£12%)

50 m/s using a gas gun in a one-point bend configuration. Here,

Fig. 2 Comparison of tunneled regions of the fracture surfaces of 2.3Ni-1.3Cr-0.17C steel under

(b) dynamic loading by drop weight (5 m/s), and (c) dynamic loading by impact using gas gun
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(50 m/s) conditions
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loading rates. Such a trend could be expected from the rate sesile Figs. Zb) and 2c) were taken from dynamically loaded
sitive behavior of yield stress, coupled with inertial effects. samples, loaded at a rate df=1.5x1F°kNmts* and J
=22.4<x10°P kN m~ts™1 respectively. Note that Fig.(8) is at a
lower magnification than that of Figs(® and Zc) in order to
g_ccommodate a larger area.

3.2 Microscopy. A low magnification SEM image of the
fractured surface of the samplgdanex, ,x5 in the Fig. 1b)) is

shown in Fig. 2 and reveals the crack initiation region. The pr The image of the tunneling area in the quasi-static case has a

fatigue crack is clearly visible in the lower part of the micro- . S . . -
graphs. The tunneling region, having a triangular shape, sta'r’f%'form appearance while in the highest rate of dynamic loading

from the prefatigue crack and is flanked on the sides by shear 1i§8S€ 0=22.4x 10°kNm 's™) one sees two extremely large
The dark flat area on the right side of both micrographs is a sa{fids close to the centerline and a narrow band just ahead of the
cut of the shear lip that was made during SEM sample preparatipfgfatigue crack. The size of the tunneled region decreases with
in order to reduce the height of the sample. Figu@ %as taken !npreasbe in the”I;(aTilng "astg- In them?uasrstﬁtlc s'?mple in k&g, 2

tat ' S1o1 : it is substantially(almost 50 percehtarger than the same region
from a quasi-statically loadedJE1OKN m ~s %) specimen in the highest loading rate sample in FigcR

Higher magnification image of the tunneled area from a high
rate fractured sample is shown in Figag Though the void size
distribution is different at each rate, this is representative of the
morphologies of the tunneled region for all three loading rates.
The fracture surface has a dimpled morphology showing large
voids in the range of 10-5@&m. In many of these voids the
nucleating inclusions, about Am in diameter are visible. The
area between the big voids consists of a fine structure of cancel-
lous voids and cells. Fig.(B) is an image from the shear lip
region and mainly consists of micro-voids and cell structures but
still a few big voids are noticeable. This is a typical ductile shear
fracture surface. Fig. (8) is a high magnification image of the
shear region showing microvoids and the cell structures. In this
figure, a 0.1um size particlgarrowed that nucleated a microvoid
can be seen.

Just ahead of the prefatigue crack and before the well devel-
oped tunneled zone, a region adjacent to the notch abou@00
wide with cancellous voids, can be observed in the dynamic cases
and is shown in Fig. 4. This micrograph is an enlargement of the

Fig. 3 SEM micrographs of void structure in (a) tunneled area
and (b) shear lip region. (c) Is a high magnification image of the
shear region showing a 0.1 um size particle (arrowed) that Fig. 4 Micrograph of shear dominated area at the crack initia-
nucleated a microvoid. tion site
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Fig. 5 Molten zones at the tunnel-shear lip interface: (a) 50
m/s impact experiment, (b) 5 m/s impact experiment and (c) 5
m/s impact experiment, at higher magnification.

boundary between the prefatigued crdbkttom of the Fig. &))
and the tunneled region.

The boundary between the tunneled region and the shear lips of Ok /3
the specimen fractured at the highest dynamic loading rate (

ten area within the interface. Figuréchshows an enhanced view
of this area at a higher magnification revealing droplets of molten
and re-solidified material.

4 Discussion

The fracture surface in 2.3Ni-1.3Cr-0.17C steel has a dimpled
morphology near the middle of the specinf&mneled arel This
region is flanked by areas of shear failure, near the specimen free
surfaces(shear lipg, which are characteristic features of ductile
fracture. Microscopic observation of the fracture surface reveals
that the mechanisms of fracture can be classified into the follow-
ing categories.

(@) The material contains a dual size population of particles, of
sizes about um and 0.1um. The tunneled area consists of large
voids, that initiate at nucleating particles 1z in size and grow
to 10-50um in diameter. They dominate the fracture surface in
the tunneled region, which is approximately triangular in shape
(Fig. 2. The nucleating particles can be seen in some of the voids.
Other voids do not contain the nucleating particles because either
these particles were separated from the specimen during fracture
or they are adhered to the voids on the other half of the specimen.

(b) The shear lips and the areas between the large voids in the
tunneled region are filled with two features, micro-voids and cell
structures. The micro-voids are approximatelyth in size and
are initiated at nucleating particles, about @uh in size. On the
other hand, it appears that the other feature, i.e., the cell structure,
which is characterized by distinct corners, is similar in size and
has no nucleating particle population.

Clearly, the magnitude and the distribution of the stress com-
ponents ahead of the deforming crack tip determine the relative
extent of the above two failure mechanisms. A number of inves-
tigations have been conducted to determine the state of stress
ahead of a blunting crack tip during deformati¢Rice and
Johnson[14], McMeeking [15]). Distribution of the hydrostatic
stress ahead of the blunted crack tip, which is one of the factors
that drive void initiation and growth, is shown schematically for
two different values ofl in Fig. 6(a). The coordinate system used

=22.4<10° kN m~1s7%) is shown in Fig. a). On the right-hand

side of the micrograph is the tunneled area and on the left-hand
side is the shear lip. The interface between the tunneled and the
shear lip regions is highly localized in the form of shear deformed
voided bands with evidence of local melting in the material. The
molten droplets have been smeared indicating large shear strains
in the direction of crack propagation. The same phenomenon was
also observed in the sample fractured at the medium (dxtzp
tower, J=1.5x10°kN m~*s ™) but was absent in the quasi-
statically fractured specimens. Figurébpwas taken from the

Okk /3
+ L>nh
J2
Jh
” X
(a)
A
®) t/2

sample fractured at the medium rate and shows the interface bgr 6 Schematic illustration of hydrostatic stress (o /3) dis-
tween the two region&unnel and shear ljpand a localized mol- tribution, (a) along x ; axis and (b) in the thickness direction
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is shown in Fig. 1b). This shows that the maximum driving force c
for the nucleation and growth of voids is at a distance ahead of the

blunted crack tip. The location of maximum stress depends on the Blunted Crack

value of the applied integral. Also, the traction free condition of

the free surface on the sides, ix;= *=t/2, wheret is the speci- —»
men thickness, gives rise to a hydrostatic stress distribution in the N
thickness direction as illustrated in Fighs (Nakamura and Parks d
[25], Narasimhan et a[26]). This indicates that void growth has

the highest driving force near the mid-plane of the specimen, giv-

ing rise to extensive void growth there, leading to the formation of

tunneled area.

As the porosity increases, the tunneled region loses some of its
ability to carry load in thet, direction and the ligaments between
the tunneled region and the two free surfaces<=*1/2) on the
sides begin to carry more load and accumulate plastic strain in
shear. Eventually they fail along the maximum shear stress planes
(*45 deg. These shear failure areas consist of microvoids of size
~1 um that originate at inclusions of-0.1 um size and the
characteristic cell structures, very similar to the areas between the
large voids in the tunneled region. This leads one to conjecture
that the accumulated shear plastic strains in the shear lips initiate
micro-voids at the 0.1um particles, which grow and impinge
upon each other, leading to material separation in the shear lips. y

Examining Fig. 2, one could notice the difference in the void t~t <<ty SNAINANAS
size distribution between the quasi-statiz=(10 kN m ts™%),
medium rate(drop tower,J=1.5x 10° kN m~*s™%), and the high
rate (gas gunJ=22.4x 10° kN m *s™%) cases. In the quasistatic
case, the void size distribution in the tunneled area appears to be ~ —»| t1{4—
more or less uniform. In the high rate case, the tunneled area is
highly nonuniform, with a large variation in void sizes. Some of
the voids are of the order of a millimeter, shaped like a coin. The H l l l l

S c

(a) o

m—
—>
>
—>
——»

— tz <

medium rate case is somewhere in between. Under quasistatic

loading conditions, void growth takes place under equilibrium

conditions. Because of the lack of equilibrium under dynamic (b) (©)

conditions, coupled with the high growth rate of the initiated

voids, the voids that are initiated earlier, at the relatively larggld. 7 Schematic illustration of shear failure of the ligament at
inclusions, grow rapidly at the expense of those that initiate IatéE,e crack tip: (a) ligament between the blunted crack tip and
leading to a highly nonuniform void size distribution. As an exthe voided region subjected to tensile stretching. lllustration of

treme case of this, the voids that are initiated very early at Iar@girgnrm%ﬁégepskﬁﬁe%eﬁgrf}:'eez:long(%%gnpls;::gss;?deaed(g a

inclusions grow to become very large in size, of the order of @ick plate subjected to tension undergoes shear failure at the
millimeter. This is akin to the phenomenon of cavitation iredges and fracture by void growth and coalescence in the in-
elastic-plastic solid$Chung et al[27]) where small voids grow terior.
unboundedly when the far-field hydrostatic stress reaches a criti-
cal value, in the absence of competing voids in the neighborhood.
The rapid void growth phase is followed by the void coalescence
process, which involves extensive plastic strains, leading to matghis situation is analogous to the stretching of a thin strip of metal
rial separation. These normal strains result in severe stretchingtliat results in failure along the 45 deg shear planes as shown in
thex, direction and contraction in the; direction resulting in the Fig. 7(b). This contrasts with the stretching of a thick rod, that
coin like shape of these very large sized voids. results in a cup and cone fracture, with shear fracture at the edges
Careful observation of the fracture surface in the dynamic casasd void fracture at the centéfig. 7(c)). The dashed lines in Fig.
reveals that just ahead of the prefatigued crack surface and befé(® b, c) are the planes of shear failure. Further, the width of this
the well developed tunnel zone, there is a narrow layer that ruligament depends on the critical stress required for void nucle-
along the specimen thickne&Big. 4). Its width is about 20Qum  ation and growth. For a given set of critical conditions, this width
in the 5 m/s impact experiment and it is about 30@ in the 50 increases with the critical value dfsuggesting that the ligament
m/s case. Such a layer is almost nonexistent in the static expdx@comes more pronounced at higher loading rates, which is con-
ment. The microvoid population and the cell structures observetstent with the observation&ig. 2). Though this does not pro-
in this layer are similar to those that dominate the shear lip regioride a quantitative explanation for the exact size of the width, it
suggesting a shear failure. It is well established from the work gfialitatively accounts for the observed trends.
Rice and Johnsofil4] and McMeeking[15] that the maximum  One of the important differences between the static and the
hydrostatic stress occurs at a distance ahead of the cradkigip dynamic loading is the critical value of thkintegral. It can be
6). From the work of Rice and Johnsh4], for the current ma- seen from Table 2 that at the highest loading rate considered, its
terial properties, this distance is given ky0.005 (JE/o3). For Value is almost twice that at the quasi-static loading case. This has
the three loading rates considered in this study, these distandg¥lications for the size of the plastic zone) at the time of
for the corresponding critical values df are 0.32 mm, 0.53 mm crack initiation. Crack tip plastic zone size scales with the ratio
and 0.67 mm, respectively. This results in a narrow ligament bdlog, Where o is the yield stress. From Table 23"
tween the voided area and the main crack, which is subjected>td®". Assuming that the Hutchinsd22], Rice and Rosengren
tensile stretching, leading to failure by shear along the maximu23] (HRR) description for stresses and strains near the crack tip
shear stress planes. This is schematically illustrated in Fay. 7 holds good, the strain rate ahead of the crack tip can be written as:
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1 n . 4 Void growth under nonequilibrium conditions results in a
éij:go(a ol )71 n+1)\]l/(n+l)\]Eij(n19) (1) non-uniform void population under dynamic conditions. Under
0%0n extreme conditions, this leads to huge coin shaped voids at milli-

meter scale.

where(r, 6) are polar coordinates with the origin at the crack tip 5 |ncrease in the critical integral value with loading rate in-
and 6 measured from the crack line in front of the crack &p. creases the plastic zone size under dynamic conditions, leading to
are the components of straim, &9, oo, andl, are material con- 3 wider shear lip and consequently a smaller tunnel area.
stants,E;; are functions oih and 6 and dot denotes time deriva- g | ocalized molten zones were observed for the first time at
tive. Usinge = 0.004,00=800 MPa,n=8 andl,=4 [2], for the " the tunnel-shear lip interface. This could be explained through the
highest dynamic case considered, at a distance of a fraction o§rear localization occurring at the interface as a result of defor-
millimeter in front of the crack tip, the strain rates can be estination trapping.

mated to be of the order of 100/s. Constitutive data reported in the

above reference would also imply that the yield stre§§2™Cis
static

effectively the same as§®* (05" ™%~05*"9. Thus, the size of Acknowledgments
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