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ABSTRACT—This paper reports our methodology and results
for the assessment of the dynamic fracture energy of notched
Charpy A508 steel specimens. The fracture tests consist of
one-point bend impact applied to the specimen in contact
with an instrumented bar. Fracture is caused by the inertia
of the unsupported specimen only. The fracture energy is de-
termined from the incident, reflected and single wire fracture
gage signals. High-speed photographic recordings show that
for all the specimens investigated in the “lower shelf” tempera-
ture regime, fracture occurs relatively early and prior to “taking
off” of the bar by rigid body motion. It also confirms that the
fracture gage readings indeed coincide with the formation of
a crack from the notch tip.

The present methodology is relatively easy to implement,
and it allows the investigation of the fracture properties of
materials at loading rates (and velocities) that are substan-
tially higher than those achieved in a conventional Charpy
test. Moreover, this test is attractive for modeling purposes
since its boundary conditions are simple and well defined.

KEY WORDS—Charpy, dynamic fracture, one point bend im-
pact, instrumented bar, high-speed photography

Introduction

Dynamic fracture properties of many engineering materi-
als are most generally assessed using the well-known Charpy
test.! Charpy testing is the most popular dynamic character-
ization test in the industry.? This test, which is easily per-
formed on a simple notched beam specimen, yields infor-
mation on the global fracture energy. By global, it is meant
that the various components of the impact energy are all ac-
counted for, including strain, kinetic and fracture energies.
Modeling of this experiment has been a challenge for many
years, and whereas a thorough literature survey of this topic
is beyond our scope, the reader may refer to recent work in
order to gain insight into the problem.3~8 One additional dif-
ficulty inherent to this test is that there may be a temporary
loss of contact between the specimen and the tip of the im-
pacter, thus causing the boundary conditions to vary in an
uncontrolled manner.”1°

In a conventional Charpy test, the impact velocity sel-
dom exceeds 5 m/s, thus setting a limit on the experiment.
While this limit is not exceeded, it is by no means a limitation
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of the concept but rather a limitation of the setup. Experimen-
tal dynamic fracture mechanics has developed considerably
in the last decade and accurate methods to determine the
dynamic fracture toughness of materials have been devised,
all of which apply to precracked specimens. Whereas sev-
eral methods (specimen, loading device and data processing)
were proposed, specific advantage has been taken of the
specimen inertia to perform fracture tests on unsupported
specimens, under highly transient impact conditions. Such
methods, called “one-point (bend) impact experiments,” have
been applied to various precracked specimen geometries
(beams, 12 compact compression specimens,'? !4 notched
plates,'3) for which a suitable methodology was developed
to assess the dynamic initiation toughness. Typically, the
specimen is either impacted directly and the crack-tip fields
are monitored directly through optical techniques,'®!7 or the
specimen is in contact with one or two instrumented bars
and the boundary conditions (force/displacement) are deter-
mined from gage readings.!® As an example, the dynamic
fracture toughness of tungsten base heavy alloys was mea-
sured using the one point impact technique applied to small
precracked beams.!? Here the response of the beam to unit
impulse was calculated and subsequently used to determine
the critical stress intensity factor (fracture toughness) reached
at fracture time, as analytical solutions were not directly ap-
plicable due to the compact geometry of the specimen.'® An
important result was that simple modeling techniques could
be used to accurately predict the crack-tip fields (comparison
between calculated and measured data), provided the linear
elastic fracture framework holds.

To our knowledge, the one point bend impact technique
has not been applied to testing of conventional Charpy spec-
imens. Yet this concept can be applied to notched Charpy
specimens to determine the fracture energy, in the spirit of
the previously mentioned work. The relevant parameters are,
as previously, the fracture time and applied boundary loads
and displacements. However, a key difference with the previ-
ously mentioned work is that, to adhere to the philosophy of
the Charpy test, the emphasis is put here on a (global) fracture
energy, and not on a stress intensity factor. The present paper
reports our results on the application of one point impact ex-
periments to determine the fracture energy of steel specimens
at high (vimp > 5 m/s) impact velocities.

The paper is organized as follows: in the following sec-
tion, we describe the experimental framework and relevant
equations needed to determine the above-mentioned param-
eters. Next we present and discuss the experimental results
and fracture energies obtained for a specific grade of bainitic
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steel (A508) used for the fabrication of pressurized water
nuclear reactors. The final section comprises a discussion on
the method and the results, followed by conclusions.

Experimental Setup and Data Processing
Technique

The Setup

The experimental setup comprises the specimen, the ap-
paratus used to apply and measure the applied loads, the de-
tection of the onset of fracture and the real time monitoring
of the fracture process, as described next.

The fracture specimen geometry used in this study is the
standard Charpy V-notch specimen (45° angle), with a length
of 55 mm and a cross section of 10 mm x 10 mm. At mid-
length, a 0.25 mm root radius, 2 mm deep notch is machined.
A single wire fracture gage (MM-CD-02-15A) is cemented
immediately ahead of the notch either on one or both sides
of the specimen. The gage triggers a simple homemade clock
device which delivers an electric pulse when the gage is frac-
tured. The material selected for this study is a French steel
(16MNDS5), of composition given in Table 1, which corre-
sponds to A508 steel. This steel is used in the nuclear in-
dustry for pressure water vessel applications. The material
was heat treated to a hardness HV (20g) = 200, with room
temperature yield strength of 6, = 500 MPa, tensile strength
outs = 620 MPa, and tensile elongation e/ = 10.6% .

To apply and measure transient loads, an instrumented
maraging steel bar (2 m long, 10 mm diameter) is used to
transmit the stress wave induced by the impact of a 0.4 m
long steel striker fired at velocities of the order of 25 m/s.
Such a setup is simply “half” a split Hopkinson pressure
bar.!® The stress wave is measured on a strain gage (5 mm)
cemented at 0.765 m from its free edge. The signal is recorded
on a 12 bit-10 MHz digital Nicolet oscilloscope (sampling
frequency 5 MHz).

The specimen is unsupported, i.e., it lays in contact with
the bar, without supports to restrain the free body motion
subsequent to the stress wave loading. A very thin layer of
coupling grease is inserted at the specimen-bar interface to
improve the impedance matching between the two. In a typi-
cal experiment, the stress wave propagates toward the speci-
men (gjy, incident pulse) and subsequently reflects partly (eef,
reflected pulse) after delivering some of its initial energy to
the specimen.

Direct visualization of the fracture process is achieved
through high speed photography. An image converting cam-
era (Hadland Imacon 790) is facing the specimen to take a
sequence of 8 photographs, with a calibrated interframe and
exposure time of 4.432 s and 1 ws, respectively. The cam-
era is initially focused on the notch, with a sufficient width
of field to capture a global view of the impacted specimen
and the edge of the bar. The camera is triggered by the strain
pulse measured on the incident bar after insertion of a suitable
delay.

The various components of the experimental setup are
shownin Fig. 1. A typical experimental record thus consists of
the incident and reflected pulses, the fracture gage(s) reading
and (eventually) a high-speed photographic sequence. There-
fore, the specimen is stress wave loaded, fractures and then
leaves the bar as aresult of rigid body motion. It is then “softly
recovered” in arug filled box. The exact timing of these events
is determined and discussed in the results section.
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Fig. 1—Photograph showing the experimental setup. The
Charpy specimen is in contact with the instrumented bar, fac-
ing the high speed camera. The single wire fracture gage is
cemented on the opposite side and is thus not visible. Data is
acquired on a digital oscilloscope.

Data Reduction

The experimental signals are processed using a home
made computer program, in which a correction for geomet-
rical dispersion has been carried out, as described, e.g., in
Ref. 12. The relevant equations are given below, based on
the standard assumptions of one-dimensional wave propaga-
tion of elastic waves.!? The load applied to the specimen is
given by

F(t) = AE [gin (1) + erer ()], (1

where A and E are the bar cross section and Young’s mod-
ulus, respectively. The displacement of the edge of the bar
(specimen-bar interface) is given by

t
u(t) = co / [ein(Q) — e (@)] ot @)
0

where c is the longitudinal wave velocity.
Finally, the impact energy delivered to the specimen is
written as

Iy
W = AcoE / [e@2, — e@2] da 3)
0

where t; is the fracture time.

Some remarks can be made on these equations. First, it
should be noted that the load (eq (1)) can only be applied
to the specimen as long as the latter is in contact with the
bar. Once it leaves the bar, a free edge condition prevails,
which is characterized by a load free state. Consequently,
independently of the duration of the incident pulse, the actual
load is ultimately determined by the specimen and the “take-
off” conditions.

By contrast, the displacement of the edge of the bar (eq (2))
will be a boundary condition for the specimen as long as the
latter is in contact with the bar. Past this time, however, the



TABLE 1—NOMINAL SPECIMEN COMPOSITION IN W/O (FE BAL.)

C S P Si Mn

Cr Mo Cu Co \

0.16 0.004 0.008 0.22 1.33

bar will continue to advance, and a nonzero signal will still
be measured.

Finally, eq (3) is all that is needed to actually assess the
energy imparted to the specimen (while eqs (1) and (2) are
useful to obtain eq (3)), provided the actual fracture time #f
is measured.

Visual assessment is useful in two important respects: the
first is the determination of the specimen “take-off” time vs.
fracture time. The second information is the correlation be-
tween the fracture gage readings and visual detection of the
crack, and eventually its velocity. It is well known that accu-
rate determination of the onset of fracture is a bottleneck in
all dynamic fracture experiments. This information is neces-
sary to set the upper integration limit for eq (3). These issues
are discussed in the next section.

Results
Preliminary Considerations

In order to fracture a specimen successfully, the speci-
men has to be sufficiently “brittle” to fracture rather than
deform upon impact. Preliminary experiments showed that
this situation is attained when the specimens are tested at a
relatively low temperature. For the steel investigated in this
study, this corresponds to the “lower shelf” regime. To cool
the specimen it was dunked in liquid nitrogen, let cool down
and then extracted. The time elapsed until the experiment
was measured. In a separate experiment, a specimen instru-
mented with two thermocouples (one attached to the surface,
the second at mid-thickness along the notch) was used to es-
tablish a cooling and a heating curve from liquid nitrogen.
As expected for a steel specimen with these dimensions,?’
almost no difference was found between the core and surface
temperatures. The thermal calibration was used in the subse-
quent experiments to determine the specimen’s temperature
at impact.

Specimen “take-off” Time

The first point to be determined is that of the time at which
the specimen actually leaves the bar. To that purpose, several
experiments were carried out at room temperature, where
fracture does not take place. Figure 2 shows the typical re-
sponse of an uncracked specimen to the impact. The record-
ing shows that the specimen is increasingly flying away from
the bar as time elapses. The first evidence of a faint gap be-
tween the specimen and the bar visible at earlier times than
82.5 s (time 2 on Fig. 3), with the origin of time being mea-
sured when the stress wave first reaches the specimen. This
time is determined from the wave velocity and the specimen
to strain gage distance. The gap is fully visible on the next
frame, taken at 87 ws. Figure 3 shows the superposed raw in-
cident and reflected signals. It can be noted that the reflected
level reaches that of the incident after a time lapse of 80 s
(time 1), thus indicating that the force has decreased to zero
(eq (1)). The small difference in the estimation of the “take-
oft” time results from the use of two different techniques.

0.76

0.22 0.51 0.07 0.0017 <0.01

Fig. 2—High speed photograph of a Charpy specimen sub-
jected to impact loading. Time origin is taken when the stress
wave reaches the specimen. This photographs comprises two
distinct experiments (frames 1-8 and 9-16), to illustrate the
overall response of the specimen. Frame 1 is taken at + =
69.25 us and frame 9 is taken at + =119.25 us. Interframe
and exposure times for each picture are 4.432 s, and 1 us
respectively. Note the faint gap between the specimen and
the bar on frame 4 at r = 82.5 s, indicating specimen “take
off”. In this experiment, the specimen did not fracture.

Visual identification of the gap has inherent limitations, and
accurate estimation of the beginning of the incident/reflected
signals has an absolute error of typically 1 ps. Consequently,
this experiment reveals that the specimen remains in con-
tact with the bar during a typical duration of 80 ws, with very
good agreement between gage readings and photographic ev-
idence. Incidentally, it can be noted that this time is much
larger than the characteristic time associated with a roundtrip
of the waves in a 10 mm thick specimen (about 4 s). This
can be explained by the fact that the specimen is not a cylin-
der as in conventional split Hopkinson pressure bar tests, in
which the wave transit is considered as one-dimensional.

Typical Results

Actypical plot (specimen CHH33) of the signals, processed
as a force-time diagram, is shown in Fig. 4. In this figure,
fracture is recorded 32.3 s after the stress wave reaches the
specimen. It can be noted that fracture is detected beyond the
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Fig. 3—Superposed (inverted) incident and reflected signals
corresponding to a typical experiment during which fracture
does not occur. The signals have been corrected for geo-
metrical dispersion. At time 1 = 80 s the signals reach the
same level, indicating that the applied load has dropped to
zero as a result of a traction free surface condition. Time 2 =
82.5 s is the “take-off” time estimated from Fig. 2.
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Fig. 4—Specimen CHH33. Plot of the applied load vs. time.
The dashed line indicates fracture of the specimen (fracture
gage). Note that fracture occurs beyond the maximal load.
The force drops to zero at about 60 s, indicating completion
of the fracture process.

maximal value of the force, as this is typically the case in dy-
namic fracture. This figure indicates that the load drops back
to zero at about 60 ws. This time is shorter that the previous
“take-off” time of 80 ws. It can reasonably be assumed that
this difference lies in the very fact that, in the former case,
the specimen did not fracture whereas in the present case, it
broke in two halves. The kinetics of flight of the specimen is
obviously different in each case.

The high speed picture corresponding to this experiment is
shown in Fig. 5. From this figure, with a 4.432 s interframe
time, it is noted that the fracture time indicated by the fracture
gage is situated between the 4th (taken at 29.5 ps) and the
5th frame (taken at 34.0 ps), closer to the 5th frame. As such
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a recording is characteristic of the fracture experiments, it
should also be noted that the specimen fractures while in
contact with the bar. It is also concluded that, in this range of
temperatures where the fracture is “brittle,” the fracture gages
provide areliable indication of the onset of crack propagation
(fracture).

Fracture Results

A total number of 8 Charpy specimens were tested at var-
ious temperatures, as shown in Table 2. In the selected range
of temperatures corresponding to the “lower shelf” (up to
137K), all the specimens fractured in two halves. In all the
cases, the impact velocity was of the order of 25 m/s, which
is about 5 times that of a typical Charpy experiment. None of
the recorded fracture times exceeded 43 s, that is all speci-
mens fractured prior to leaving the bar. The fracture energy,
determined in these experiments lies in the range of 7-11 J.
These values should be compared with fracture energies de-
termined in a conventional Charpy test carried out at the same
temperature. This comparison will be developed in a subse-
quent paper, whereas the emphasis is presently put on the
experimental approach.

Discussion

This paper reports new results on the inertial fracture of
Charpy steel specimens. Several interesting issues have been
investigated in this work. Firstly, the experiments show that
notched Charpy specimens can actually be fractured iner-
tially, provided their temperature is sufficiently low. While
the test is restricted to the “lower shelf” regime, it neverthe-
less provides useful information on the fracture energy and
failure mechanisms at high(er) impact velocities, when com-
pared with conventional Charpy tests. This information is all
the more important since there is little information available
on the variations of fracture energy with loading rate in the
“lower shelf regime.” More generally, this method applies to
materials that are sufficiently “brittle” to fracture under given
impact conditions. It is therefore not restricted to the “lower
shelf” regime as it applies to nonferrous materials as well.
Moreover, one-point impact experiments are characterized
by simple boundary conditions, a fact that makes these tests
attractive for modeling purposes.

A critical issue is that of the detection and timing of frac-
ture. Fracture time is the upper limit for the calculation of
the fracture energy, as shown in eq (3). Therefore, monitor-
ing of the fracture process should be as accurate as possible.
In previous work on precracked heavy alloy specimens, it
was found that the single wire fracture gages provided an
accurate indication of the onset of crack propagation, when
compared with crack-tip strain gages signals.!> The corre-
spondence between fracture gage readings and high-speed
photography of the crack development supports this conclu-
sion. However, one must keep in mind that all the methods
mentioned so far (gages, photography) monitor the free sur-
face of the specimen. At present, actual monitoring of the
crack-front through the specimen thickness is still lacking
for these kinds of experiments.!” This may not be critical
as long as three-dimensional effects (tunneling) are negligi-
ble. Unfortunately, this is not always the case, as may some-
times be noted from the front shape of arrested cracks that
are subsequently opened. Our low temperature experiments
always caused the specimen to fracture in two pieces without



Fig. 5—Specimen CHH33. High speed photograph with indicated exposure times. A crack is clearly observed to form between
the 4th and 5th frame. Fracture was detected by the fracture gage at 32.3 s, close to the 5th frame (34 ws).

TABLE 2—EXPERIMENTAL RESULTS AND TEST TEMPERATURES

Fracture
Temperature Time Energy
Specimen (K] [x 10 %s] [J]

CHH28 116 35.05 8.90
CHH29 125 29.25 9.00
CHE14 125 39.70-42.20 10.33-11.03
CHH30 137 29.50 8.50
CHH31 137 33.10 11.24
CHE13 137 28.10-29.40 7.80-8.05
CHE15 139 28.60-35.60 7.60-9.30
CHH33 149 32.30 11.10

Paired values correspond to the use of 2 fracture gages, one on each side of the specimen. Subsequent
testing with the high-speed camera was carried out with one gage only.

noticeable shear lips. As a first approximation, one will sup-
pose that tunneling effects were not predominant. Otherwise,
the measured fracture energy should be considered as an up-
per bound value since fracture is always detected in its latest
phase on the sides of the specimen.

Another important result is the accurate determination of
the time at which the specimen loses contact with the incident
bar. The high-speed photographs definitely show that, on the
average, fracture precedes specimen “take off” by some 30
to 40 ps. While the “take off”” time cannot be correlated to
the specimen dimensions in a straightforward manner, it can
nevertheless be identified as the instant at which the incident
and reflected signals reach a similar level, or in other words
the time at which the applied load drops to zero. This instant
could clearly be observed in the experiments. It is worth not-
ing that in the case of smaller precracked specimens (23 mm
long, 10 mm wide and 8 mm high), the force dropped to zero
at around 40 ws, and here too, all the specimens fractured
prior to “take off.”!? In this case, reducing the length to about
half its original value while leaving the width and height rel-
atively unchanged shortens the “take off” time in the same
ratio. These results provide useful information that can be
related to the analytical predictions of the “test duration.”!!

One may wonder about the validity of such experiments
for the potential case where the specimen would fracture after
“taking off” the bar. The impact energy divides continuously
into strain, fracture, and kinetic energy. It has been reported
that the kinetic energy of the broken fragments of Charpy

steel specimens tested in the lower shelf, is of the order of
2 J.2! On the other hand, as long as the specimen is loaded
by the bar, it deforms and thus possesses a large strain energy
component.'! The exact distribution and evolution of these
energies is beyond the scope of the present paper, as in any
standard Charpy test during which a global impact energy is
measured. Consequently, the fact that a specimen may “take
off” prior to fracturing should not be considered as a limiting
factor for the present test, as long as a global energy is to be
measured.

Conclusions

The one-point bend impact method has been successfully
applied to the investigation of the dynamic fracture energy
of A508 steel Charpy specimens. The following conclusions
can be drawn:

* One-point impact can be successfully applied to high
velocity Charpy testing of sufficiently “brittle” mate-
rials.

* The specimen’s “take off” time is identified as the time
at which the load drops to zero.

¢ The fracture time, as determined from single wire frac-
ture gages, provides a reliable estimate of the onset of
crack propagation. Fracture energy can be determined
subsequently.
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* In the present experiments, the specimens fractured
prior to “taking off” of the bar.
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