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Abstract The study of mechanical behavior of the structural steel S400 under quasi- static and
dynamic loading has been the subject of this investigation. In oder to obtain different stress -
triaxiality conditions the specimens were notched with 1, 1.5, 2 and 3.5 mm notch radius. The
results of fractography show as the velocity of tension increases, ductility reduces and a
ductile-brittle transition occurs under certain stress triaxiality or strain rates. The observation of
load-time history diagrams and SEM micrographs show that, as far as the fracture is ductile,
any increase in velocity leads to the reduction of fracture load which is presumed to be due to
reduction of plastic deformation. In brittle fracture, however, the velocityincrease results in
increase in fracture load which is thought to be due to micro-cracks formed at different level
near to the fracture surface of specimens, the so called crack shielding and crack branching at
high deformation velocities. Notch radius also proved to be highly effective on fracture
mechanism which is due to notch strengthening. The change in grain size of some of the
specimens shows that the ductile to brittle transition in fracture mechanism can be postponed by
a suitable heat-treatment scheme up to a certain strain rate.

Key Words Dynamic,[Behavior, [ Strain[Rate,[ Fracture[ IMechanism,[ S400-Steel

Ui T UBISHW @0V QIS g4 EiFAgiu YTy UDIEDE Il 00ck R £ EDST{TE  aié®_
3iCy i Ih 23Dy &1l n wiiénd hITE GIONTEN @01 flu wis nt PTE % £imy EnITAQu it @ii-iiyaUE
Qcrméu wilod 4 it 110hUE Eaxi Uy Tty YO i Ihmk HER) mEIE 1,3 T 0 */,3 +/ @i0=0Dy

Nat UM e *hhmdUE Q Dy @il wwlto 1 [TE *hms Q Dy Ih T Tmli wOi B [1E Qému wwiloy! *mi
oli Thith i UrFu ©msFebaa? Nk NTET Th msoll hiz m? Uyl UETh T Slkubd ADy mll°s wiog Qi
T ONGAE 1683l mét - UEde mins olif 24Dy 24Cy *ElINED -iyBUE ADy miles hiln Qemu mir mi §0°ms HiCx
BONITET m @hi Cs @l Nith 1Rgihu mil°s -i y§UE UrFu 2Dy Al N @mielion Uyl i hith Qedy Folijde
wim dmi n? UIICE ¢ 81 Q Dy KoligdE miles Usime PRAEC B ul Ofimi &SI §f ETTSUE M h Edxi oll

-Qqil! migns i

INTRODUCTION

Numerous applications of structural materials
involve dynamic or impact types of loading. In
order to design or analyze dynamically loaded
structures more accurately, it is necessary to
know mechanical behavior and properties of the
materials involved at the strain rates to which
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the structure components are subjected. This
paper is a progress report on a large-scope
investigation into failure initiation of S400 steel
under quasi-static and dynamic tests.

It is well known that the mechanical
behavior of most materials are influenced to

some extent by strain rate [1,2]. The magnitude
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ofsuch strain rate effects, especiallyin metals,
has been a topic of numerous research projects
since 19507s. Progress in this area, however, has
been hampered by the lack of a reliable test
technique for determining the mechanical
behavior of metals at high strain rates. One of
the major breakthroughs in this area was the
development of Hopkinson bar [3]. Other
devices such as cam-plastometer and Lindholm
machine [4] have also been used by some
researchers over past several decades. All high
rate testing machines (tensile, compressive, and
torsional) have some advantages and some
disadvantages. It is not within the scope of this
paper to review the aspects of these machines.
However, a brief discussion of the high rate
tensile testing machine called," Flying Wedge",
[5] which has been designed and constructed by
the authors and been used in the present work
seems necessary.

Our investigation had three main objectives:

(a) to subject the material to different stress
states and to record the load - time histories to
evaluate the effect of strain rate on rupture
load.

(b) to study the fracture surfaces on the
microscopic scales to obtain information on
fracture mechanism using the scanning electron
microscopy , SEM, [6].

(c¢) to obtain knowledge about the notch
effect on fracture behavior. The first difficulty
which faces an investigation into the effect of
stress state (notch) on fracture is the choice of a
suitable test specimen. Possible specimens have
been discussed by McClintock [7]. In this
investigation round tension specimens with
pre-machined circumferential notches were
chosen as being most suited for present

requirements. Failure initiates in the central
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region of the notches of different severity. Also,
the state of stress and strain rate can then be
estimated by Bridgman theory [8]. This is
concerned with the study of variation of stress
triaxiality parameter versus fracture strain which
is an important subject in ductile fracture
simulations. Of course, this part of investigation
is not reported here and will be given in

subsequent papers.

TEST APPARATUS

The apparatus described here is a modified
version ofthe "Flying Wedge™ tensile testing
machine [9]. A general view of the apparatus is
velocily sensor

igh pre e cylinder

Figure 1. A general view of Flying wedge.

specimen

shider

fmpacting wedge

L i
Figure 2. A closed-up picture of slider mechanism of
Flying wedge.
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Figure 3. Gas-gun configuration of Flying wedge.

shown in Figures 1 and 2. This machine consists
of three main parts: (a) propulsion system or
gas gun, (b) slider mechanism , and (c)
instrumentation system.

The gas gun, shown in Figure 3, consists of
two high and low pressure cylinders (HPC and
LPC) which are linked through an orifice, a
wedge plate on which the impacting wedge is
mounted and a piston which can freelyslide in
the low pressure cylinder and which is attached
to the wedge bya piston rod. The HPC allows
storage of high pressure compressed air which is
then released quickly to the low pressure
cylinder to accelerate the wedge. The low
pressure air (up to 10 bar) inside LPC and
behind the piston and high pressure air (up to
70 bar) in HPC are adjusted in such a way that
the piston is held against the orifice by
balancing the forces resulting from low and high
pressures acting on the piston in opposite
directions.

To fire the rig, the low pressure air is
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released and as a result, the additional force on
the piston moves it from its equilibrium position
and unseals the orifice. The high pressure air
then acts on the full piston area and produces
the force required to accelerate the wedge.

Slider mechanism, shown in Figure 2,
consists of two sliders the angle of which match
up with the wedge angle. The sliders track has
been adjusted in such a way that the sliders can
only move at right angles to the motion ofthe
wedge. Specimens are fitted between two
specimen holdrs which are placed into the
sliders.

When the gas gun is fired, the impacting
plate connected to the piston rod moves quickly
and hits the sliders. As a consequence of the
impact, sliders move away from each other
resulting in tension of the specimen.

The deformation velocity can be varied in 3
different ways: (a) changing the wedge angle,
(b) the air pressure in HPC, and (¢) the notch
radius. In the present work only 28 semi -
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wedge angle has been used.

The test rig has been equipped with
pressure, wedge and slider velocity, and load-
time history measuring systems. The pressure of
the two cylinders are monitored by pressure
transducers of the type V440/P440 made by
Digitron Instrumentation. The transducersare
able to measure the pressure up to 100 bar
within 0.01 bar accuracy. The load-time history
is measured by a 120 KN piezoelectric load-cell
made by Kistler Itd. This load-cell which has a
hollow disk type shape , is placed into one of
the sliders in such a way that it is subjected to a
compressive load exactly equal to the tensile
load of the specimen when it is pulled by sliders
movement. The output voltage from load - cell
which is very small is first rectified by a 5011
Kistler type amplifier and then is transferred to
a computer via an SOB-8300 osilloscope board.
The load-time history can be either displayed on
a monitor or stored for further processing.
Velocity of wedge (impact velocity) and slider
(tension velocity) are measured by two velocity
sensors consistsing of a high radiance emitter
and a receiver called slotted switches. After
firing , a narrow opaque strip mounted on the
impacting plate or slider passes through the slot
of the switch. The light emitted to the receiver
can not be transmitted through the strip. The
light transmition from emitter to receiver is
monitored by the slotted switches via the SOB-
8300 board onto a computer. The time to the
passage of strip through the slotted switches is
measured and the velocity is obtained by V= b/t
in which b is the width of the strip.

MATERIALS AND SPECIMENS

The geometry of specimens are shown in Figure
4. In addition to plain specimens, notched
specimens with 1, 1.5, 2 , and 3.5 mm notch
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Figure 4. Geometry of the specimens with different notch
radius.

radius were used in the investigation. The
specimens were prepared from the reinforced
bar structural steel S400, made by Iran”s Steel
Complex, which is widelyused in constructions
and in particular in reinforced concrete. The
chemical analysis of the material shows that the
material contains, 0.62% Si, 0.22%S, 1.53% Mn
and 0.22% C, and the remainder of Fe. Also ,
the yield stress and the ultimate strength of the
material, obtained from tensile test, found to
be430 MPa and 650 MPa, respectively. In
addition to as received specimens , two series of
specimens with 1.5 mm notch radius were
heat-treated to obtain a new grain structure.
This was acheived by using two different heat
treatment scheme. At first, all specimens were
annealed at 900'C and quenched in oil. Then,
half of the specimens were tempered at 200°C
and were cooled in furnace , and the other half
were tempered at 600'C and were cooled in
furnace. The specimens used for experiments
are classified in Table 1.
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TABLE 1. The Specimens Used for Experiments.

Serie | A| B| C| D | E F G
heat-treatment as as as as as tempered | tempered
condition received | received | received | received | received | at 600C | at 200C
notch radius él 3.5 2 1.5 1 1.5 1.5
(mm)
gauge length 60 7 4 3 2 3 3
(mm)

TEST PROGRAM

The main objective of this investigation was to
load the specimens up to fracture to examine
the micro-and macro-structural featuresofthe
deformed specimens after fracture. This was
carried out through the following steps :

(a) All series of specimens were tested
quasi-statically and dynamically at the impact
velocities of 2.5, 3.5, an 6.5 m/ s. Quasi - static
tests were performed on an Instron machine at
rate of 107 S, and the dynamic tests were
carried out on the "Flying wedge" at strain rates
up to 10° S”. At each test, load-time history and
velocity of impact were recorded for further
processing.

(b) The fracture radius, r, (radius of the
fracture section) and the profile radius, R, of
the notch were measured. The fracture strain,
e, was measured from €= 2 In r (r,= initial
notch radius). There were tr{?vo ways of
evaluating strain rate in the deforming material:
(i) ezg , in which t;is the time to fracture
obtaine d from load-time history, and (ii) e=&
in which V,is the slider velocity and L, is the
initial gauge length of the specimen. Slider
velocity was obtained from V=V tan28 in
which V,, is the impact velocity [5].

(¢) metallographic and fractogrophic

International Journal of Engineering

quasi-static

YV =65 mfs

Figure 5. Fracture surfaces of specimens with 3.5 mm
notch radius.

exaimination of the fractured specimens were
performed using optical and scanning electron
microscopy.

(d) from the load-time history and velocity
records the variation of fracture force versus
strain rate for different series of specimens and
the fracture force- notch radius curves for
different impact velocities were plotted on
separate graphs.

RESULTS AND DISCUSSION

The fracture surface of notched specimens
tested at different velocities are illustrated in
Figures 5to 12. The variation of fracture load
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Vo= 3.5 mks

Figure 6. Fracture surfaces of specimens with 2 mm notch
radius.

versus velocity (F-V diagram) and fracture load
versus notch radius (F-R diagram) are shown in
Figures 13 and 14, respectively.

A quick study of these figures reveals that
the mechanical behavior of the material is
evidently influenced by notch radius or stress
triaxiality, impact velocity or strain rate, and
heat treatment condition. Therefore, it maybe
more useful to study the effect of each of these
parameters separately.

(i) Tension Velocity Effects The F-V diagram
for as received specimens (series B to E) is
shown in Figure 13. With regard to the fact that
the study of the manner of variation of fracture
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(uasl-static

Figure 7. Fracture surface of specimen with 1.5 mm notch
radius.

quasi-static

Figure 8. Fracture surface of specimen with 1 mm notch
radius.

load (F) versus impact velocity and notch radius
constitutes the main objective of this
investigation rather than the evaluation ofthe
magnitude of fracture load itself, the value of F
is given in millivolts as obtained from the load
cell output. As it can be seen, each curve on the
diagram descends to a minimum point and
thereafter begins to rise. The observation of the
SEM micrographs shown in Figures 5 to 10 also
reveals that the fracture mechanism is quite
brittle at velocities higher than the value
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corresponding to the minimum fracture load.
The fracture mechanism, however, is either
ductile or brittle before the minimum point.
The softening effect of the velocity in the
descending part of the diagram can be explained
by the fact that for ductile fracture (as for 2 and
3.5 mm notch radii) , plastic deformation is due
to the mobility of dislocations which is affected
by deformation velocity. As a result, at high
tension velocity dislocations have less chance to
move leading to reduction in the amount of
plastic deformation. This subject is verified by
SEM micrographs corresponding to fracture
surfaces of specimens with 3.5mm notch radius
tested quasi-statically and at 6.5 m/s, (Figure 5).
Aslit[danBelseen, themumbetlo fldimpleshas

reduced with increasing velocity. The softening
effect of deformation velocity for specimens
with 1 and 1.5 mm notch radius which exhibit
brittle behavior even at low deformation
velocities, can be explained in a manner similar
to that of ductile specimens. In this case, the
number of cleaves on the fracture surface
reduces with velocity up to a certain value. The
hardening effect of strain rate or impact velocity
on the ascending part of F-V diagram may be
explainedby [fwo [phenlomenlali(a)[¢rack
branching; When a brittle fracture occurs at a
high velocity, any crack which attains to its
maximum/[ growth[rate begins(to[branch
andlaslalresult,Inew(cracksideveloplatThigh

quasi-static

Vo= 35 mfs
Figure9. Fracturélsurfaceslofispecimensfemperedlat
200 'c
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Vo= 35 mis

Figure10.Fractufelsurfacesdfispecimensfempered(at
600 'c
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impact velocities (see Figure 11), The growth of
new cracks require additional force giving rise
to the increase in fracture load. (b) Crack
shielding; which is often used to increase the
strength of ceramics. This phenomenon
happens when micro - cracks known as
secondary cracks develop at different levels
close to the fracture surface of specimen. These
cracks turn into barriers against the growth of
the main crack which is responsible for fracture
of the specimen. In other word, when the main
crack meets the secondary cracks, it is deviated
to a new route. These deviations reduce the
crack growth rate and lead to strengthening of
the material.

(ii) Notch Radius Effects In order to study the
effect of notch radius, we begin to examine the
fracture surface of specimens with different
notch radius under quasi- static loading . As it
can be seen in Figures 5 to &, the fracture
surface of tested specimens changes from a
quite dimpled surface (ductile fracture) for 3.5
mm notch radius to a cleaved surface (brittle
fracture) for 1.5 and 1 mm notch radius. The
reason for this change of fracture mechanism is
streks tHiaxialityatiotehiregion/whichbekome!

Figure 11. Secondary cracks produced at high impact
velocity.
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more severe as the notch radius reduces. Stress
triaxiality is expressed by parameter P/Y in
which Y is yield stress of the material and P is
hydrostatic pressure (P = > S;/3) . This
parameter is approximately defined by the
following relation [8]:

1 r
PY=—+ Ln(—+ 1 1
Y 3 n(2R ) (1)

in which r is the radius of fracture section and R
is the profile radius of the notch after fracture.
It has been found by many researchers that
fracture strain (& = 2 In r—") is inversely
proportional to exponential of Pr/Y. One of the
early equations in this field proposed by
Hancock and Mackenzie [10] is the following:

ee= (D, + D, exp(-% P/Y)) )

in which D, and D, are constants (D, = 0.2 for
steel) . The relations between P/Y and €;are
used for numerical simulations of ductile
fracture. The results of this part of investigation
will be given in details in the next paper.
However , we may arrive at the conclusion that
P/Y which increases with fracture strain
reduction, leads to a brittle transition in fracture
mechanism as the notch radius or €, reduces.
Table 2 gives the fracture strains measured for
tested specimens with various notch radius.
The SEM micrographs shown in Figures 6
(Q.S.) and 12 which correspond to the fracture
surfaces of 2 mm and 3.5 mm notched
specimens, respectively, indicate that the

TABLE 2. Fracture strains measured for
various notch radius.

notch radius 35 2 1.5 1
(mm)
€; 80% 40% 32% 18%
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.
Figure 12. Fracture surface of a specimen with 3.5 mm
notch radius.
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Figure 13. Fracture load-impact velocity diagrams for
as-received specimens.
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Figure 14. Fracture load-notch radius diagram for different
impact velocities.

number of dimples considerabely hasreduced
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for 2 mm specimen. This agrees with
anapproach of ductile fracture which is based
on statistical measurements of a large number
of microscopic voids, which are nucleated and
grow to observable size in ductile fracture.
Inthis approach which has been extensively used
bymanyresearchers such as Barbee etal [11],
the number, size and orientation of voids or
microcracks in brittle fracture are determined.
Then from the experimental data, the
nucleation and growth rate of voids are
obtained and a damage criterion which
correlates these parameters to material
properties is derived.

A useful diagram of fracture load
versusnotch radius of various tension velocity is
shownin Figures 13 and 14. The change in the
trend of curves shown in this figure can be
attributed to the effects of two parameters:
notch strengthening and crack shielding.

Notch strengthening is due to the plastic
region developed in the vicinity of the notch
appex. These plastic stresses are overcome by
reactive stresses exerted by the elastic portion
of the specimen surrounding the plastic region.
So, an additional force is required to overcome
the plastic stresses. As the notch radius
decreases, the plastic region is more expanded
and the specimen is more strengthened. The
crack shielding phenomenon was described in
the first part of this section. Now the F-R
curves shown in Figure 14 and the
corresponding SEM micrographs shown in
Figures 5 to 10 can be explained as follows:

In the first part of the diagram in which the
F-R curves are descending, the notch
strengthening and crack shielding have the same
effect, because as the notch radius decreases,
the number of cracks produced in the specimen
and the effect of notch strengtheningincrease.
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However, in the second part of the curves the
fracture mechanism is ductile and the effect of
notch also diminishes. As a result, after a
certain notch radius , say 1.5 or 2mm , the effect
of notch decreases with velocity increase.

(iii)(Heat-Treatment Effects 'The [fractire
sutrfatelo fifhelspecimens(with1 5mm motth
radius)tempered [Jat[200uC [(serie[G)and[600uC
(serie[E)TareSshownlin[Figure§9and(10,
respectively. [While,the behavior[oflas(teceived
specimens[Wwith[1.5inm hotchradius werelquite
brittle inlquasi-static condition§(keelBigute(7) /]
the Figure§I9and[10[tepresentlalductile
behavior[for[heat-treated[] specimens [} [indicating
that[heat-treatment ] has softening[effecttfo[some
extent[on[the material.[Theseleffects[)however!]
are[more[ profoundfor[the specimens tempered
at[600uCthan[thosetempered[Jat[200uC.
The[F[3V [tufves[for(theélheatttreated
spécimens (series B [@nd (G )] notshown here,
had the same trend as for the F-V curves
alreadykixplained forl@sreceivedispeCimensT]
namely[thiel¢uriesidescendtolanl ekt rem tim
point[andlthereafter[Ibegin[toltise.
ThislislconsistentwithISEM micrographisiof]
fractire [Surfacesin(Figuresi9andll0 wvhich
show(alductilefracture (dimpled [surface)uip[to
aldertain velocitylindicatedon [fhe [figures]
Higheflvelocitie§lthan [fhose shown [on [fhe
figure§Ttesultlin [a (brittle fractireand fheir
corresponding ['[SEM [micrographsarehot[shown
herelln(genefal, it(dan(belconcludedithatrd
convenient[ heat[ treatment[Ischemelmaybeuised
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to soften the material and postpone the change
of fracture mechanism to a certain deformation
velocity, to avoid an undesired and unpredicted
failure of a structure which may happens due to
a change in mechanical behavior or fracture
mechanism.
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