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Abstract

Notched specimens of the structural st&lldox 460 E have been tested at high strain rates in a Split
HopkinsonTension BarThe aim was to study the combinefeefs of strain rate and stress triaxiality on the
strength and ductility of the material. It is further considered important to obtain experimental data that may
be used in validation of constitutive relations and fracture crifEni@.force and elongation of the specimens

were measured continuously by strain gauges on the half-bars, while the true fracture strain was calculated
based on measurements of the fracture area. Optical recordings of the notch deformation were obtained using
a digital high-speed camera system. Using image processing of the digital images, it was possible to estimate
the true strain versus time at the minimum cross-section in the spediheeductility of the material was

found to depend considerably on the stress triaxi®lion-linear finite element analyses of the notched tensile
specimens at high strain rates have been carried out using LS-DAXNAmputational material model
including viscoplasticity and ductile damage has been implemented in LS-Ryi8ldetermined foeldox

460 E steelThe aim of the numerical simulations was to assess the validity of the material model by
comparison with the available experimental results.

Intr oduction

Constitutive relations for materials at high strain rates are important in many industrial applications, such as
crashworthiness, structural impact and plastic forming operations. Since high rate loading conditions may lead to adiabatic
temperature rise in the material, it is necessary to allow for high strain rates and elevated temperatures in the constitutive
model. Furthermore, constitutive relations for metals under impact loading are normally empirical or semi-empirical, and
thus extensive experimental investigations are typically needed to determine the material constants with the required
accuracy

The aim of the current study was to obtain experimental data that can be used to validate constitutive relations and
fracture criteria for a structural steel at impact rates of strain, and to increase our understanding of the material behaviour
under such loading conditiono this end, notched axisymmetric specimeniMeldox 460 E steel with three tbfent
notch root radii were tested in tension at two strain rates to give the commetcbéktrain rate and stress triaxiality o
the material behaviouhe tests were performed in a Split Hopkind@msion Bar using a digital high-speed camera
system to record the local deformation in the notch. Experimental results are presented and used to validate a computational
material model of viscoplasticity and ductile damafjge material model has been implemented in LS-DYa#d used
with success in simulations of projectile penetratio&idox 460 E steel plates, see B¢ rvik et al [1]-[5] for details.

Definition of stress and strain ariables

The equivalent stress,, is defined in terms of the principal stress components and as (Hancock and Mackenzie
[6])
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The elastic region in the stress space is defined by the yield sugfacé, whereY is the current macroscopic yield
stress of the materialhe accumulated plastic strain p is defined by its rate p as

p=[oA(60 8" + (& — 61 + (& - )" )]"

where i , : and: are the principal components of the plastic strain rat&Hieldquivalent stress and the
accumulated plastic strain p are connected through a constitutive relatiorf, (p,p, T), whereT is the temperature. It is

assumed that the yielding and plastic flow is independent of the mean stredsch is defined by

[
G = 5(0_1 +0, +03)

The equivalent stress,, and mean stress, are combined into a non-dimensional parametgr ., that characterises
the stress state and represents a measure of the stress triaxiality



Computational material model

The constitutive relations for metallic materials under impact loading are normally empirical or semi-empirical, defini
the equivalent stress,, in terms of accumulated plastic strain p, plastic strainrate p and temp@ratdieo important
constitutive relations, which are frequently used for impact analysis, have been proposed by Johnson and Cook [7]
Zerilli and Armstrong [8]. Owing to its simple identification and widespread use for impact problems, the forme
constitutive equation has been adopted in the present investigdt®mdohnson-Cook relation reads [7]

o, =(A+Bp")(1+Clnp)(1-T")

where there are five material constaAtsB, C, n and mThe dimensionless plastic strain rate is given by
p =p/p,, where p, is a useidefined reference strain rafthe homologous temperatufeis definedad =T-T,)/
(T - T)) , whereT is the absolute temperature, andfiges r and m indicate room and melting temperature, respectively
(Harding [9]). It is convenient to modify the Johnson-Cook equation for mficeeat implementation into FE codes, and
the result is (Camacho and Ortiz [10])

o, =(A+Bp)1+p) 1-T")

The computational fracture model of Johnson and Cobki$lbased on damage accumulation, and has the basic form

1)=ZDCg
P;

where D is the damage to a material elemeptis the increment of accumulated plastic strain (that occurs during an
integration cycle), and; s the accumulated plastic strain to failure under the current conditions of stress trjestiality
rate and temperature. Failure (or element erosion) occurs when.Dirtbe original fracture model of Johnson and Cook
the critical damage was equal to unfpr proportional loading with constant stress triaxiality Hancock and Mackenzie [6]
proposed a fracture strain defined by

pr=p, +taexp|-3/2-6, /0]

where pis a nucleation strain andis a material characteristithe criterion was partly based on the Rica€ky void
growth equation (Rice antracy [12]) and partly on experimental results. Johnson and Cddlexlended this fracture
criterion by including d&cts of strain rate and temperature

pf = [DI + D?. eXp(DXGm / ch )] [1 + D4 lnp*][l + DST*]

Also the Johnson-Cook fracture strain is modified according to the expression proposed by Camacho and Ortiz [1(
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where D,..., D, are material constants.

The constitutive relation and the fracture criterion may be coupled to account for damage softening, using the princi
of effective stress and strain equivalence (Lemaitre [T3{g result is that the constitutive relation can be rewritten as

el

G, =(1-D)A+Br")(1+i) (1-T")

*

where r is the damage accumulated plastic strain, defined in rate form by r = (1-D)ps afig ris the dimensionless
plastic strain rate for the damaged material. It is referred to B¢rvik et al [1] for details about this coupled model
viscoplasticity and ductile damage based on the constitutive relation and fracture model proposed by Johnson and
[7][11].



In the present studyhe material model is used for adiabatic conditions, and it is thus necessary to estimate the increase
in temperature due to plastic woilhe temperature increase because of adiabatic heating is calculated as

.t o.dp
AT= [y
o PG,

where is the densityC, is the specific heat andis the proportion of plastic work converted into heat. In this study
is assumed to be constant and equal to 0.9.

Experiments

The notched specimens were made from a 12 mm thick platéelofox 460 E steel and tested in the as-received
condition.Weldox 460 E is a thermo-mechanically rolled ferritic structural stéediog high strength combined with a high
degree of ductilityAll specimens were taken parallel to the rolling direction of the steel plate, since prior tests thdicate
the material is approximately isotropiche geometry and dimensions of the notched specimens are given in Fitests1.
were performed for three €#frent notch root radii fRequal to 0.4 mm, 0.8 mm and 2 mfwo levels of loading rate were
applied, defined by a pre-loading forcg @¢ual to 20 kN and 40 kN. In this papenly tests with a pre-load of 20 kN will
be considered. For each of the six combinations, four parallel tests were performed. One additional test was performed for
the combination R 0.8 mm and j = 20 kN, so that the total number of tests was 25.

The tensile tests were performed in a Split HopkiriBamsion Bar (Albertini and Montagnani [14])he test apparatus
consists of two half-bars called the input bar and outputbarthe specimen is inserted between these bars. Elastig ener
is stored in a pre-stressed loading device, which is the solid continuation of the inByt tgaturing a brittle intermedia
piece, a tension wave with a rise-time of 5)is transmitted along the input bar and loads the specimen to fradtare.
strain rate is changed by varying the pre-loading forgefithe loading device and thus the stored elastioggner

According to the theory of one-dimensional elastic wave propagation in circular rods (Kolsky [15]), the elastic stress
wave propagates along the input bar with a constant velocity and g¥iage the incident pulse reaches the specimen, it is
partly reflected by the interface between the input bar and the specimen, and partly transmitted through the specimen and
into the output barThe relative amplitudes of the incident, reflected and transmitted pulses depend on the mechanical
properties of the specimen. It is assumed that the specimen, which is short relative to the input and output bars, reaches a
state of force equilibrium after numerous reflections of elasto-plastic waves inside it. Strain gauges are placed on the input
and output bars at equal distances from the specimen and these are used to measure the elastic deformations versus time in
the half-bars caused by the incident, reflected and transmitted pitheesieasurements are subsequently used to calculate
the elongation, the force and the rate of elongation of the specimen, using one-dimensional elastic wave theory (Kolsky

[15]).

In some of the parallel tests, a digital high-speed camera system was used to obtain optical recordings of the notch
deformationThe purpose of the set-up for optical measurements was to capture images of the specimen during deformation
and to derive the diameter reduction as a function of time. For each test, the specimen diameter was calculated for a pre-test
calibration image and 15 test imag&ke calculated diameters from the test images were then divided by the diameter of
the calibration image to achieve a relative diamé@tee duration of the experiment varied with the change in specimen
geometry and pre-loading forcEherefore, it was attempted to adjust the interval between the images so that the first image
was taken just before the pulse reached the specimen and the final image was taken just after complete failure.

Some results from the Split Hopkins@ansion Bar tests are presented in Figure 2 in terms of typical elongation-time
curves and force-time curves for the threéedént notch radii at 20 kN pre-loading for@éese particular experiments will
be used in the following validation study with LS-DYNA.

Numerical simulations

The finite element code LS-DYN[L6] was used in the analysis of the impact teEte finite element models of the
notched specimens are shown in Figurét® specimens were modelled using foade axisymmetric elements with one-
point integration and sfifess-based hoglass control. Introductory simulations were performed to establish the mesh
density defined in Figure 3, taking into account the accuracy of the stress state predictions at the centre of the test specime
and the computationalfefiency. The loading was defined by prescribing the elongation of the left specimen end against
time, using the measured elongation-time curves from Figure 2, while the right end was fixed (see Figure 3).



The computational material model of viscoplasticity and ductile damage was used in the simulations. In a previous s
(B¢ rvik et al [1]), the material model was determined based on experimental data from quasi-static tests on smooth
notched specimens at room temperature, high strain rate tests on smooth specimens at room temperature, and quas
tests on smooth specimens at elevated temperaflinesidentification method used was based on simple analytical
considerationsThe material constants faWeldox 460 E are compiled ifable 1. Note that in the simulations element
erosion was used to remove elements that reached the critical damage leVeisDEpproach makes it possible to predict
failure of the notched specimens.

Results and discussion

Typical force-elongation curves from tests with pre-load 20 kN are compiled in Figure 4 and compared w
corresponding curves obtained in the LS-DYBlfulations. Figure 4(a) demonstrates that severe oscillations occur in the
numerical force-time curves, while this is not the case for the experimental direagason is that only the specimen was
modelled in the numerical model and it follows that the calculated force is disturbed by an elastic wave that propagates ¢
the specimen length and is reflected from the specimen Bnelsvavelength of the oscillations agrees with the time it takes
for the elastic wave to travel twice from one side of the specimen to thelatleder to get rid of the force oscillations,
the force signals from the numerical simulations were filtered using a cosine filter witl fregaency of 10000 HZ he
unfiltered and filtered signals from the simulation with notch radius 0.4 mm are compared in FiguFael@mparison
of tests and simulations in Figure 4(b)-(d) shows that the finite element model is capable of describing both the fo
elongation curves and the ductile failure of the notched specimens with good accuracy when considering the complexi
the material tests. It should also be kept in mind that some scatter was found in the experimental data.

Diameter reduction and strain versus time from experiments and simulations are presented in FigureT)-(c).
average strain at the minimum cross-section of the notched specimens in the tests and simulations was calculat
(Hancock and Mackenzie [6])

o =2In(d, /d)

where d is the diameter of the minimum cross-section gigltde initial value of dThe elastic strains are assumed to
be negligible compared with the plastic strains, so that no distinction needs to be made between plastic strains and
strains. In the experiments, the current value of was based on the digital high-speed camera measurements, which i
that only discrete values (about 12 in each test) of the minimum diameter are avagableit is found that the results
obtained with the finite element model are in good agreement with the experimental data. In patriculared that the
time at failure initiation is well predicted.

Figure 5(d) presents the fracture strain from experiments and simulations. For the test specimens, the fracture strail
calculated as;, = 1n (A/A;),whereA is the minimum cross-section area of the specigisg the initial value oA, while
A; is the value oA after fracture. For the element models, the fracture ragdiwasameasured as the distance from the
symmetry axis to the outermost node at minimum cross section after fracture (not including any eroded nodes at the
surface). Subsequentlthe fracture strain was calculated as 21n(g/a), where g= d, / 2 is the initial radius of the
specimen at the minimum cross-sectidhe fracture strain is plotted against the triaxiality parametgh {),, defined
according to Bridgman's analysis (Hancock and Mackenzie T8P. triaxiality parameter is 1/3 at the surface of the
specimen, and increases to its maximum value on the symmetry axis of the specimen

(G /Gy = % +In(l+a,/2R,)

It is seen from Figure 5(d) that the finite element model predicts fracture strains that fall within the scatter band fo
in the experiments. It should be noted that in the tests, the cross-section became oval-shaped during deformation, whil
effect is not accounted for in the LS-DYNsdmulations.

The deformed geometry of the notched specimens, as obtained with the digital high-speed camera system
tests with pre-load 20 kN, is compared with results from LS-DYslfulations in Figure 6. It is clearly
demonstrated that the simulations are able to capture the local deformation of the notch against time, includir
good prediction of the time to fracture. Close-ups of the deformed geometry at fracture initiation from tt
simulations are presented in Figure 7. It is noted that element erosion starts in the centre of the notch for the n
radii 0.8 mm and 2.0 mm, while it starts at the surface for notch radius 0.4rhisnobservation is in agreement
with experimental observations (Holland et al [17]), showing that the fracture process initiates in the central reg
of the notch for lage and medium notch radii, while for small notch radii variations in the plastic strains across tt
minimum cross-section may lead to fracture initiation at the surface in the notch root.



Concluding remarks

A validation study has been performed comparing LS-D¥iRalyses of notched specimens subjected to impact loading
with experimental results obtained in a Split Hopkingension BarIn the LS-DYNAsimulations, a coupled model of
viscoplasticity and ductile damage was applied and combined with element erosion to predict failure. Good agreement is
obtained between experimentally obtained and predicted curves of force versus elongation, and strain versus time. In
addition, both the time at fracture initiation and the fracture strains are well predicted.

References

[1] T. B¢rvik, O.S. Hopperstad, Berstad and M. Langseth, @amputational model of viscoplasticity and ductile
damage for impact and penetrationO, accepted for publication in European Journal of Me&i&oig$sD2001.

[2] T. B¢rvik, M. Langseth, O.S. Hopperstad and K.A. Malo, OBallistic penetration of steel plates, International Journal
of Impact Engineering, 22, 855-887, 1999.

[3] T. B¢rvik, O.S. Hopperstad,. Berstad and M. Langseth, ONumerical simulation of plugging failure in ballistic
penetrationO, accepted for publication in International Journal of Solids and Structures, 2001.

[4] T. B¢rvik, M. Langseth, O.S. Hopperstad and K.A. Malo féEbf projectile nose shape in structural impact, Part
I: Experimental studyO, submitted for publication, 2000.

[5] T. B¢ rvik, O.S. Hopperstad, Berstad and M. Langseth, @t of projectile nose shape in structural impact, Part
Il: Numerical simulationsO, submitted for publication, 2000.

[6] J.W. Hancock and\.C. Mackenzie, OOn the mechanisms of ductile failure in high-strength steels subjected to multi-
axial stress-statesO, Journal of the Mechanics and Physics of Solids, 24, 147-169, 1976.

[7] G.R. Johnson and/.H. Cook, OAonstitutive model and data for metals subjected gelatrains, high strain rates
and high temperaturesO, In: Proceedings of the 7th International Symposium on Baliistitague Netherlands, 541-547,
1983.

[8] F.J. Zerilli and R.W Armstrong, ODislocation-mechanics-based constitutive relations for material dynamics
calculationsO, Journal Applied Physics, 61, 1816-1825, 1987.

[9] J. Harding, OThe development of constitutive relationships for material behaviour at high rates of strainO, Inst. Phys.
Conf. SerNo 102, Session 5, 189-202.

[10] G.T. Camacho and M. Ortiz, OAdaptive Lagrangian Modelling of Ballistic Penetration of M&segjasO, Int. J.
Comp. MethAppl. Mech. Engng., 142, 269-301, 1997.

[11] G.R. Johnson and.H. Cook, OFracture characteristics of three metals subjected to various strains, strain rates,
temperatures, and pressuresO, Engineering Fracture Mechanics, 21, 31-48, 1985.

[12] J.R. Rice and D.MTracey OOn the ductile entgment of voids in triaxial stress fieldsO, Journal of the Mechanics
and Physics of Solids, 17, 210-217, 1969.

[13] J. Lemaitre, OBourse on damage mechanicsO, Sprixigdag, 1992.

[14] C.Albertini and M. Montagnani, @3ting techniques based on the split Hopkinson barO, Inst. Phys. CoNb Ser
21, 1974.

[15] H. Kolsky, OStress waves in solidsO, Clarendon Press, Oxford, 1953.
[16] LS-DYNA Usei® Manuals Version 950, Livermore Softwafechnology Corporation, 1999.

[17] D. Holland A. Halim andW. Dahl, OlInfluence of stress triaxiality upon ductile crack propagationO, Steel Research,
61, 504-506, 1990.

Figure 1. Geometry and dimensions of notched specimens (in mm). (Note;;Fo®.2 mm and R= 0.8 mm the side
faces of the notch were inclined at an angle of 1fb.%fe specimen axis, while for R = 2.0 mm the side faces were normal
to the specimen axis (see Figure 3)).
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Figure 2.Typical elongation-time curves and force-time curves measured in the tests.

Figure 3.Finite element meshes for notched specimens.



Figure 4. (a) Force-time curve from simulation B raw data and filtered signal; (b)-(d) Force-elongation curves from
experiments and simulations.



Figure 5. (a)-(c)Diameter reduction and strain against time from experiments and simulations; (d) Fracture strain frc
experiments and simulations.



Figure 6. A selection of typical high-speed camera images from the tests compared to deformed geometry from
simulations showing notch deformation against time.



Figure 7.Fracture initiation in simulations (ti = time at fracture initiation; tf = time at complete fracture).



