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This paper proposes an innovative ultrasonic tensile test methodology for the assessment of quasi-static uniaxial
mechanical properties and tensile strength of brittle materials. An ultrasonic testing machine, commonly
employed for very high cycle fatigue tests, had its control and data acquisition systems adapted to induce
specimen failure in about 100 cycles, avoiding cyclic load damage. The mechanical properties are thereafter
estimated with a finite element model which simulates the experimental test. The proposed method has been
validated by assessing the tensile strength of graphite R4550, characterized by brittle behaviour. The mechanical
properties for graphite R4550 estimated with this experimental-numerical approach were found to be close to
literature values obtained in different quasi-static testing configurations, confirming the effectiveness of the
proposed method and the feasibility of employing the ultrasonic fatigue testing machine for studying the
behaviour of brittle materials. Furthermore, the proposed methodology eliminated issues caused by mechanical
fixtures and tensile testing machine alignment, while also allowing a considerable increase of the material loaded
volume when compared to that of traditional test methods. The experimental and numerical approaches are
successfully validated on graphite R4550, also highlighting its capability of characterizing the material nonlinear

behaviour, including viscoelasticity and asymmetrical response in tension and compression.

1. Introduction

The difficulties generally encountered in mechanical testing of brittle
materials, e.g., fixture failures and machine alignment [1,2], which
invalidate the experimental test, have forced researchers to develop new
experimental methods. Furthermore, the lack of evidence of nearing
their mechanical limits — such as low fracture strains, a general absence
of plasticity, and low fracture toughness - is often responsible for their
catastrophic failures [3,4], requiring a sounder knowledge of these
materials behaviour.

The above-mentioned issues in testing brittle materials also limit the
types of mechanical tests that can be successfully employed for the
assessment of their mechanical properties, with the majority of test
methods developed to avoid the use of mechanical fixtures, which often
induce premature failure on the clamped zones of the specimen, and to
reduce the precision required for testing machine alignment, which is
the more critical the lower the material fracture strain. Particularly three
and four-point bending are amongst the most widespread tests for brittle
materials, from glass to concrete to advanced ceramics, since they do not
require a precise machine alignment or critical clamping of the spec-
imen, tested with simple geometries, such as bars, plates and rods [5-9],
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but also with more complex shapes, as in [10] and [11].

Other types of tests that avoid the necessity of mechanical grips are
also employed, with many of them generating multiaxial stress states.
This is the case for ring-on-ring and ASTM C1550, and their variations as
in [12] and [13], which require specimens with a simple disc geometry.
Similarly, the Brazilian splitting test [14] is also widely employed, as
well as other tests that apply compressive loads on the specimen, aiming
to generate a multiaxial stress state [15], allowing to test both simple
specimen geometries, such as discs [16,17], spheres [18], and rings
[19], as well as more particular geometries [20-22]. Additionally, less
traditional experimental procedures have been found in the literature,
such as the ring hoop tension test [23], the wedge splitting test [24], the
losipescu test method [25] (usually employed to characterize shear
strain behaviour of composite materials), or a tensile testing apparatus
that uses tubular specimens [26].

In general, these methods can be applied to test brittle materials such
as concrete [27,28], glass [29], graphite [19], composites [30], and
advanced ceramics, like silicon carbide [31], alumina [32], and silicon
nitride [18]. Moreover, the literature shows experimental results for
most of the above-mentioned test configurations at different strain rates
[29,33-35], including impact tests on split Hopkinson pressure bar [36,
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371.

However, the previously described tests often require the indirect
calculation of the material tensile strength from the induced multiaxial
stress state, while usually being limited to relatively low loaded volume,
which corresponds to the material volume subjected to a stress close to
the maximum applied stress. Indeed, the strength of brittle materials is
strongly affected by defects and their size [38,39]. The defect size is
dependant on the material loaded volume, i.e., large defects are statis-
tically more likely to occur in large material volumes, with a consequent
decrease of the part strength [27,40,41]. For this reason, it is important
to test specimens characterized by loaded volumes as large as possible,
in order to properly and reliably account for the influence on the me-
chanical strength of size effect associated with defect size.

Furthermore, the objective of mechanical tests on brittle materials is
the assessment of their tensile strength, since their low fracture tough-
ness and, consequently, high susceptibility to defects, implies that the
most critical type of stress for these materials is the tensile stress that
induces crack opening [42], following Irwin’s definition of fracture
mode I [43]. For this reason, testing configurations have also been
developed to directly measure the mechanical tensile behaviour of
brittle materials. However, they frequently require specific specimen
geometries [44], being often only applicable to low-strength materials
[45,46], or still resulting in very small loaded volumes of high-strength
materials [47-50].

Therefore, aiming for a more direct calculation of tensile strength
than that of biaxial or multiaxial tests, while also eliminating the me-
chanical fixtures and testing machine alignment issues, and potentially
allowing for larger flexibility on the choice of the loaded volume, a novel
test method is developed in the present paper, being referred to as Ul-
trasonic Tensile (UST) test. The UST test method employs an ultrasonic
testing machine, commonly used for Very High Cycle Fatigue (VHCF)
tests on metallic materials. Accordingly, with the proposed testing
configuration, fatigue damage mechanisms are eliminated, or at least
minimized, with negligible influence [51], with the assessed material
strength being thus expected to be close to the one measured through a
conventional quasi-static tensile test [52], or even values calculated in
biaxial and multiaxial tests.

During the UST test, the displacement curves over time of multiple
points of the specimen until its failure are acquired. The experimentally
measured displacements are then considered in a Finite Element Model
(FEM) of the test, optimized to obtain the material behaviour model and
its respective properties values that should reproduce the specimen
experimental displacement curves. Once the FEM is optimized, the
tensile strength of each specimen, corresponding to the maximum stress
achieved at fracture, is obtained.

The proposed experimental and numerical methodology is per-
formed on graphite R4550, artificially produced by compressing the raw
material mixture into rectangular or round blocks using a cold isostatic
press, tendentially resulting in the smallest grain sizes amongst graph-
ites and conferring it higher mechanical resistance [53]. As one of the
materials employed in Large Hadron Collider collimators [54,55], it has
high thermal shock resistance and is very easy to machine, allowing
some level of freedom in the choice of specimen geometry. Although
R4550 is characterized by isotropic properties, it is also expected to
behave nonlinearly as often observed in graphene-based materials
[56-59].

2. Experimental procedure

Ultrasonic fatigue tests were developed to characterize the fatigue
response of materials used in structural components with very large
fatigue lives (up to 10'%ycles) [60], such as those experienced by
automotive, aerospace, and railway components. In standard ultrasonic
fatigue tests, the specimen works in resonance conditions in a range of
loading frequency close to 20kHz (ultrasound), allowing a considerable
reduction of testing time.
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According to [61], although ultrasonic fatigue testing machines that
could operate at higher frequencies were designed over the years, the
further reduction in testing time does not ensure significant advantages,
while, on the other hand, they are counterbalanced by more pronounced
disadvantages, such as the reduction of test measurement accuracy, and
increased difficulty in the design of the specimens and of the vibrating
components, e.g., the horn and the booster. Moreover, for this innova-
tive testing configuration, the reduction of the testing time is not an
objective, since the test ends in less than 10 milliseconds. Nevertheless,
exploiting the resonance condition, necessary for running experimental
tests at ultrasonic frequencies, allows to avoid the use of mechanical
clamping systems, since the specimen is attached to the horn with an
adhesively bonded butt-joint. Indeed, by considering the stress distri-
bution along the vibrating components and the specimen length, the
adhesive joint is located at a stress node, i.e., the adhesive is subjected to
a stress amplitude close to zero. This prevents failures in the clamping
region, which can occur when traditional tensile tests on brittle mate-
rials are carried out, invalidating the test results, representing one of the
main drawbacks. Secondly, bending spurious stresses that can be
induced when the specimen is clamped in traditional testing systems are
avoided, since the specimen is bonded at one end and free at the other.
While this method was initially applied to uniaxial fatigue tests (ten-
sion-compression), over the last decade, new configurations for fatigue
tests using the ultrasonic machine have been proposed, including
bending, torsion, multiaxial tension-compression and torsion, and
in-plane biaxial stress [62].

This flexibility of the ultrasonic equipment has allowed the devel-
opment of the UST method. While using the same device configuration
as the one applied to tension-compression VHCF tests, the test proposed
in the present paper is designed to reach the material ultimate stress in a
limited number of cycles — the minimum number allowable by the
equipment — avoiding fatigue damage mechanisms. Moreover, since
brittle materials have considerably lower resistance in tension than in
compression, it is expected that the tensile stress will be the one causing
the specimen damage and failure, hence the name ultrasonic tensile
even though an alternating tension and compression load is applied.

2.1. UST testing equipment description

The ultrasonic testing machine is capable of operating in a frequency
range between 19.5kHz and 20.5kHz, and its main components are an
ultrasonic generator, a piezoelectric transducer, and a booster, all pro-
vided by Branson Ultrasonics. A second mechanical amplifier, the horn,
is rigidly connected to the booster with a threaded connection to further
amplify the displacement in output from the booster. The horn, indeed,
ensures the displacement amplification allowing to apply the required
stress at the specimen centre. Finally, two devices for measuring the
specimen displacement are used, i.e., a laser and a high-speed camera, as
well as strain gauges placed on the horn to verify the machine output, all
of which are described in detail in SubSection 3.3. All the mentioned
components are indicated in Fig. 1a, representing the configuration of
the machine in Fig. 1b.

This equipment configuration provides an imposed displacement
amplitude at horn-specimen interface in the range 13.2um - 120.0pm,
depending on the displacement amplitude provided in output by the
piezoelectric transducer, which is controlled by an external control
system. The ramp time is equal to 10ms. The ramp is defined as the
period between the start of the test, when the longitudinal vibration
starts, and the time when the imposed amplitude output is reached. At
the end of the ramp the specimen vibrates at constant amplitude, i.e., in
regime condition. Given the device operating frequency, the ramp is
expected to last for around 200cycles, meaning that the specimen is
likely to fail while the vibration amplitude is still increasing. Therefore,
the machine output regime amplitude, is set as well above the estimated
value capable of producing the specimen ultimate stress.
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Fig. 1. Ultrasonic testing machine: (a) diagram indicating its main components, and (b) the apparatus used in this paper.

2.2. Specimen design

Taking advantage of graphite R4550 high machinability, a charac-
teristic rarely found in brittle materials, the specimens were designed
with hourglass geometry and circular cross-section, using a linear-elastic
material FEM in Ansys Workbench, assuming a density of 1860kg/m>
and an elastic modulus of 10.9GPa, values derived from measurements
conducted on graphite R4550 bars, specifically, their mass, dimensions
and natural frequency through Impulse Excitation Technique (IET). The
specimen was designed in order to have the first longitudinal resonance
mode at 20kHz, with the expected tensile strength at the specimen
centre achievable for the range of displacement amplitude imposed by
the piezoelectric transducer. The normal stress amplitude distribution in
regime condition for an applied displacement amplitude at the horn-
specimen interface, referred to as A,y, equal to 120.0pm is shown in
Fig. 2, along with the specimen geometry.

Since 4-point bending tests on this graphite provide a failure strength
of 61.2MPa [63], and setting Aoy, = 48um in the UST test provides
80MPa of maximum stress at the end of the ramp, the specimen should
undergo failure during the ramp while also avoiding issues caused by
large strain rates.

Additionally, the ultrasonic machine limit consists of a displacement
amplitude, instead of a load as in quasi-static testing machines. Hence,
materials with large elastic moduli, such as advanced ceramics, should
undergo proportionally larger stress levels when in resonance, possibly
allowing simpler specimen geometries to be designed, such as rectan-
gular cross-section with hourglass or dog-bone profiles (flat instead of
round as the one in Fig. 2), or even constant cross-section specimens,
such as bars and rods.

2.3. Measuring devices
The displacements in the longitudinal direction, corresponding to the

vertical axis, are acquired through an LK-G5001P laser from Keyence
Corporation, using a 392kHz sampling rate, and a FASTCAM SA5 high-
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Fig. 2. Graphite specimen geometry (in [mm]), with numerically estimated
stress amplitude distribution (in [MPa]), for Ay, = 120um.

speed camera from Photron, with an acquisition rate of 420kfps with size
24 x 512pixels. While the laser measures the displacements at the
specimen free extremity, the camera recording window is symmetrically
centred along the specimen lateral surface, being expected to capture
the fracture position, which should happen near the specimen centre, i.
e., in the zone with higher local stress, as shown in Fig. 2.

Moreover, two strain gauges are placed on the horn, both on the zone
with higher strain amplitude to reduce the influence of measurement
errors caused by noise. Their signal is acquired at a rate of 2MHz, and
given the horn linear-elastic behaviour and the relationship between its
strain and displacement, the strain gauges provide the longitudinal
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displacement curve at the horn-specimen interface. Fig. 3 shows the
schematics of the horn-specimen system, with the specimen following
the design model described in SubSection 2.2, and the respective curves
showing the behaviour of the longitudinal displacement and strain
amplitudes, used to define the positions of the three measuring devices.
The camera recording window represents an approximate longitudinal
length of 13.9mm.

The camera frames are analysed with the Digital Image Correlation
(DIC) technique, using the software DICe, specifically the tracking
analysis mode, identifying the displacements along the longitudinal
direction from multiple points of the specimen lateral surface. Once all
the collected data is synchronized, a preliminary analysis allows to
count the number of cycles until failure, as well as the displacement
curves over time in correspondence to the laser and the tracking points
on the recorded images.

3. Numerical procedure

Once the UST test raw data is processed and analysed, the next step
for the material characterization can be pursued, i.e., the development
of a FEM simulating the experimental test. The material properties
which allow to reproduce the measured displacements are obtained
through an optimization process. This procedure can be subdivided into
3 main steps:

e FEM setup, comprising the definition of boundary conditions and a
material model for the specimen on LS-DYNA after qualitative
observation of the experimental displacement behaviour;

o the determination of the optimization variables and objectives in LS-
OPT;

e the extraction of the specimen stresses and strains in each finite
element once the material properties are optimized, to obtain the
maximum achieved normal stress at failure, corresponding to the
graphite tensile strength.

3.1. FEM definition

Since the horn was designed to behave linear-elastically within the
entire range of the machine amplitude outputs, it was not included in the
FEM, in which only the specimen will be involved and analysed.
Moreover, given that the specimen geometry is simple, and optimization
of material parameters is required, plane elements were selected to
model it, which significantly lowers computational time. Specifically,
given the specimen circular cross-sections, the axisymmetric formula-
tion was applied.

The boundary conditions were thereafter set. One of the specimen

Camera Strain \G auge

o

Laser

Aout

—Aout

—— Displacement [u]
——Strain [¢]

Fig. 3. Schematic of the horn-specimen system indicating the positioning of the
measuring devices.
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extremities is free, while the other, at the horn-specimen interface, re-
ceives the experimental displacement curve over time, i.e., the joined
surface displacement ramping up to the set output amplitude, here
referred to as the boundary motion curve. This setup can be visualized in
Fig. 4a through the LS-DYNA model of the hourglass graphite specimens
with the boundary motion curve g(t), defining the displacement at the
horn-specimen interface nodes, being illustrated through Fig. 4b
reporting the experimentally calculated curve for specimen number 16.
The boundary motion curve g(t) is calculated through the fitting of
experimental data measured by the strain gauges. For all the conducted
experiments, g(t) has a form that can be fitted by the equation:

g(t) = (af* + bt + ) sin(2a-f,, 1) W

being four the output frequency of the ultrasonic generator, t the time
from the start of the test, and a, b and ¢ empirical parameters resulting
from the fitting of strain gauges data, then converted into a displacement
curve. This allows the elimination of measurement noise, which was
observed to introduce instabilities into the numerical model despite the
attempts of filtering the data. Instead, the boundary motion curve pos-
sesses the smoothness of a sinusoidal function, whose amplitude in-
creases according to the experimentally measured values from the ramp
envelope, which can be represented by a parabolic function.

Hence, the main characteristics of the FEM generated in LS-DYNA
can be summarized as follows:

e Specimen: simulated with the meshed geometry in Fig. 4a, using
plane elements (SHELL) with axisymmetric formulation;

e Boundary conditions: application of a boundary prescribed longitu-
dinal displacement defined by curve g(t) on all nodes located on the
horn-specimen interface;

e Analysis method: transient explicit without added mass, with
termination time equal to the maximum time of each respective
specimen g(t).

3.2. Material properties optimization

The optimization of the material properties is carried out with LS-
OPT. The variables to be optimized include one or more of the
selected material model properties. The material model is selected
through the observation, qualitative characterization, and preliminary
FEM simulations before proceeding to optimization.

The optimization objective is the assessment of the material pa-
rameters that best reproduce the displacements experimentally
measured with the camera and the laser. Therefore, the goal is to
minimize the error between the measured displacement and the
displacement of the FEM nodes at the corresponding location. Particu-
larly, only the experimental displacements from the last two cycles of
valid curves are considered as optimization objectives, since the cycles

g9(®) “
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Fig. 4. FEM model of the UST tests on graphite representing (a) the meshed
specimen with the boundary conditions, and (b) the displacement curve applied
at the horn-specimen interface (the boundary motion curve) of specimen 16.
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preceding failure are the ones determining the material strength.

The displacements of the 20 camera tracker points have been linearly
interpolated to calculate the experimental displacements at the corre-
sponding nodes of the FEM, being the curves affected by poor local
spray-painting job considered non-valid and eliminated from the pro-
cess. The interpolation is represented in the schematics of Fig. 5a,
highlighting where three of the FEM nodes are positioned in the zone
recorded by the camera and relative to the tracker selected region of
interest (the green squares).

Meanwhile, the optimization setup in LS-OPT is shown in the flux
diagram in Fig. 5b, adopting the metamodel-based strategy with domain
reduction and the genetic algorithm. The initial values of the 4 opti-
mization variables and their ranges are defined at the beginning, which
will be further discussed in Section 4. In each iteration, LS-OPT calcu-
lates the FEM results for multiple sets of optimization variables. After-
wards, the minimum square error between the experimental
displacements and the values obtained through the numerical simula-
tion is computed for each set. For the subsequent iteration, new sets of
variables are selected by LS-OPT, whose objective is the minimization of
the minimum square error between the numerical and experimental
displacement curves. Once either convergence or the maximum defined
number of iterations, in this case 30, is reached, the optimization ends.

3.3. Results extraction and analysis

To verify the calculated material properties, the optimized FEM
displacements are compared to those experimentally measured by
computing the coefficient of determination, according to Eq. (2):

Z (uexp - unum)2

RP=1- <
> (”ﬂp - @)

®))

a)

b)

Setup
8 parameters
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being ey, and upym the experimental and the numerical displacement,
respectively, at the corresponding FEM node. All the valid displacement
curves of the last 20 cycles for each test are considered in Eq. (2), which
allows an ample validation of the optimized FEM material, expected to
reproduce all the experimental behaviour despite the restricted selection
of data as optimization objectives, which would also be an indication of
the process robustness.

With the FEM optimized and validated, the normal stress generated
in each element can be extracted, particularly the values for the highest
global tensile stress achieved on that specimen, referred to as 6. This
quantity, identified as tensile strength, along with the estimated mate-
rial properties are the final values.

4. Results and discussions

The measured specimen density is reported in Table 1 together with
the specimen longitudinal natural frequency, measured through IET.
The average resonance frequency is 20, 971Hz, which could represent an
issue since it is outside the machine operating range. However, ultra-
sonic tests can be reliably carried out if the horn-specimen system
resonance frequency is within the 19, 450Hz — 20, 450Hz range. Since
the horn has a mass considerably larger than the mass of the specimen,
the resonance frequency of the vibrating system is close to that of the

Table 1
Preliminary characterization of graphite specimens.

Property Mean Standard deviation
. kg 1830 5

Density [W]

Frequency [Hz] 20,971 27
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Fig. 5. Definition of the optimization process with (a) the illustration of the interpolation procedure to define the experimental z-displacements of the FEM nodes,

added as objectives in (b) the LS-OPT variable optimization flux diagram.
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horn. Therefore, UST tests can be carried out for this material.

The elastic modulus, considering a linear-elastic material, was also
numerically estimated through Ansys Workbench harmonic response
analysis, providing a value of 11.8GPa, larger than the 10.9GPa used for
the design. With the resulting density being similar to the one originally
employed, the variation in elastic modulus is the reason for the unex-
pectedly high natural frequency.

Furthermore, due to the larger experimental elastic modulus, the
maximum stress at the specimen centre for a displacement amplitude
output Aoy = 48um at the horn-specimen interface has been computed
again and updated to 97MPa. The final test parameters for the graphite
specimens are reported in Table 2, with the output frequency being the
mean value measured for the horn-specimen system for each tested
specimen.

In particular, according to Table 2, the horn-specimen system had
natural frequencies always within the ultrasonic machine output range
as expected, making it possible to run the tests.

4.1. UST results

Through the analysis of the camera recordings, it was determined
that the adhesive joint at the horn-specimen interface lasted at least until
specimen failure in all tests. The displacement along the z-direction for
each point acquired by the camera is plotted in Fig. 6 for specimen 16,
which is amongst the specimens whose tracker curves were all consid-
ered valid. The legend shows the points whose displacements were
computed on the recorded frame, also corresponding to the positions of
the FEM nodes.

If the specimen were to be considered linear-elastic, while in reso-
nance, the displacement curves should be symmetrical with respect to
the abscissa zero, with curve number 9 at constant zero amplitude
corresponding to the displacement node, while the points on one side of
it would be in counterphase with those on the other side. Therefore, the
primary inference drawn from Fig. 6, being supported by the laser
measurements provided later in this Subsection, is that graphite R4550
is a nonlinear material, accordingly with literature data on graphene-
based materials. The analysis of Fig. 6 showed that graphite R4550 is
a viscoelastic material with different elastic moduli in tension and
compression respectively, considering the strain range generated in the
UST test. The reasoning behind this deduction is detailed in this
Subsection.

Firstly, to highlight the difference in behaviour between the initially
simulated linear-elastic model for graphite R4550, employed during the
specimen design step from SubSection 2.2, and the nonlinear material
model selected to describe the experimental behaviour of those same
specimens during the UST test, the graphics on Fig. 7 were plotted. These
two models are illustrated through longitudinal displacement and strain
curves, respectively normalized in each case by A,y;1, the displacement
amplitude output at the horn-specimen interface corresponding to the
regime amplitude of the conducted tests, and &,4x,1, the maximum strain
amplitude for the linear-elastic model. The nonlinear model, selected
and optimized according to the experimental data acquired in the pre-
sent work, considers two different amplitude outputs, Agy2 and Aoyt 3.
All three cases consider the strain and displacement on the specimen at
the instant when u = A, at the horn-specimen interface. While, in the
linear-elastic model the normalized curves are independent from Ay, in
the nonlinear model, increasing A, brings the point with u = 0 closer to
the horn-specimen interface and increases the ratio between the value of
|u| on the free surface and Agy.

Table 2
UST test parameters.

Mean output frequency f,,, ~ Output regime amplitude A, ~ Maximum stress
[Hz] [pm] [MPd]

20,223 48 97
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Moreover, the displacement node cannot be observed, originally
expected to be in correspondence to point 9. Meanwhile, the tests
showed the lowest displacement amplitude around point 8, without any
indication of the presence of the displacement node, since, as in Fig. 6,
the curves seem to have slightly different phases from one another, with
curves 1 and 17 being almost in counterphase. The behaviour con-
cerning both the phases and the lack of a displacement node was
confirmed to be replicable through the preliminary use of a linear
viscoelastic material model to simulate graphite R4550, since the added
time-dependant strain response, causes hysteresis, creep, and stress
relaxation, disposing the phases of the displacement curves as in Fig. 6.

Furthermore, alternated tension and compression are applied to the
specimen in ultrasonic tests. This can be noticed in Fig. 6 through points
1 and 17, symmetrically positioned with respect to the specimen centre.
In the instant when the former assumes a negative displacement and the
latter a positive one, the specimen is in tension, when the reverse hap-
pens, compression is applied. From this observation, it is established that
the specimen in Fig. 6 fails while being submitted to tension, which is
also the case for all tested specimens. Moreover, the difference in
displacement between these two points is larger in tension than in
compression, which is unexpected since the defined boundary motion
curve g(t), as seen in Fig. 4, is always symmetric with respect to the
abscissa zero, meaning that the machine is exerting roughly the same
displacement within the same cycle and, consequently, the same load in
both tension and compression. Hence, if the same load is causing larger
displacements in tension than in compression, it likely means that
R4550 has a smaller elastic modulus in tension than in compression.

Finally, still observing the curve evolution shown in Fig. 6, as the test
progresses, it can be noticed that the curves do not actually have an axis
of symmetry, contrary to the boundary motion curve presented in Fig. 4,
since they seem to be displaced downwards as their amplitudes increase.
Fig. 6 suggests that the axis of symmetry of the curves is at Opm for the
range [0, 0.051]ms, and is progressively decreasing to around — 5pm for
the range [5.390, 5.456]ms. This specific phenomenon was verified to be
a combination of the two previously identified material behaviours of
graphite R4550, i.e., viscoelasticity and the asymmetric tension-
compression elastic moduli. While either material model by itself was
observed to produce curves symmetric with respect to the zero abscissa,
their combination produces the described asymmetry, a consequence of
the delayed strain response due to hysteresis when the uniaxial load on
the specimen goes from tension to compression and vice-versa, changing
the material elastic modulus. The fact that a single identified phenom-
enon in the experimental results can be simulated through the combi-
nation of two independently identified material models provides further
evidence of their correct deduction.

Through the experimental data calculation, it was also possible to
obtain the results reported in Table 3. If R4550 were a linear-elastic
material, it should be expected that, once regime was achieved, the
laser would be measuring around 48pm of displacement amplitude with
the zero abscissa as axis of symmetry, as demonstrated in Fig. 7. How-
ever, Table 3 reports that the laser signal is characterized by the same
behaviour noticed in Fig. 6, where the displacement curves seem to
progressively translate downwards as the amplitudes increase. Accord-
ingly, the absolute value for minimum displacement is considerably
larger than that of maximum displacement, supporting the correct
attribution of combined viscoelasticity and asymmetric tension-
compression elastic moduli as material models for graphite R4550.

Even considering the asymmetry with respect to the zero abscissa,
none of the tests have reached the regime amplitude, which is further
confirmed by the test durations being all below 10ms. The fact that none
of the tests has reached regime condition is expected, since it means that
failure was achieved in a low number of cycles (at most 140), during the
ramp, while many of the counted cycles were still producing low loading
amplitudes on the specimen, as indicated by the displacement curve
applied to the specimen in Fig. 4. Accordingly, the described experi-
mental test is not considered a fatigue test, with fatigue damage
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Fig. 6. Displacement results for graphite specimen 16 showing the amplitudes at different time ranges up to failure.
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Fig. 7. Analytically calculated and normalized strain and displacement amplitudes for linear-elastic and nonlinear models of graphite hourglass specimens.

Table 3
UST experimental results for graphite.
Specimen  Laser Laser Number Test Achieved
maximum minimum of cycles duration Agye [pm]
[pm] [pm] [ms]
1 229 -36.1 110 5.4 32.7
2 26.8 —42.5 140 6.9 42.5
3 21.5 —43.6 114 5.6 37.4
4 24.5 —42.1 138 6.8 42.4
5 24.1 —42.5 139 6.9 42.7
6 24.0 —37.8 116 5.7 38.2
7 23.2 -36.7 87 4.3 36.7
8 27.7 —41.9 124 6.1 39.1
9 29.1 —40.4 113 5.6 42.3
10 23.8 —37.4 128 6.3 39.7
11 25.4 -36.8 106 5.2 37.8
12 25.1 —-34.4 113 5.6 36.2
13 25.3 —-39.7 98 4.9 43.5
14 23.1 -33.7 103 5.1 35.3
15 23.8 —-37.4 129 6.4 38.0
16 26.9 —37.4 111 5.5 39.0

mechanisms having a negligible effect. Thus, the UST test can be reliably
employed to approximate the quasi-static strength values of brittle
materials.

Finally, all 32 fracture surfaces were observed on Field Emission
Scanning Electron Microscopy (FESEM) to verify the presence of crack
propagation region, i.e., fatigue damage mechanism. In all observations,

the fracture surfaces had the morphology shown in Fig. 8a, being
impossible to determine where failure started or to identify its path,
hence, suggesting no evidence of fatigue. Moreover, the microstructure
of R4550 was also observed, in Fig. 8b, showing the usual morphology of
isostatically pressed graphites, according to [64].

In Fig. 8b, there can be observed structures similar to those found in
the analyses of fracture surface morphology of isostatic graphite for
nuclear applications in [64], specifically:

o the flat and smooth surfaces resulting from filler particles that suf-
fered trans-granular fracture (F);

o the rougher areas generated through intergranular fracture, corre-
sponding to either pure binding carbon or biding carbon attached to
filler particles that were not split during fracture (B);

o the voids that were produced during manufacturing or due to the
dislodging of filler particles during failure (V).

The main difference between the graphite R4550 used in this work
and the isostatic graphite in [64] (SNG623) is the grain size, consider-
ably smaller for R4550, with the exposed filler particles at around 10pm,
while measuring roughly 25um for SNG623. Nevertheless, this is an
expected result, since R4550 is said to be amongst the finest grain
isostatic graphites.

4.2. FEM optimization

The material model considered to simulate graphite R4550 me-
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Fig. 8. FESEM images of graphite specimen fracture surfaces, illustrating (a) their general aspect, and (b) their microstructure indicating filler (F), binding carbon

(B), and void (V).

chanical response should be able to replicate the out-of-phase behaviour
of the experimental curves, the absence of a displacement node, the
vertical translation of the supposed axis of symmetry, and the difference
in elastic moduli in tension and compression. The two first-mentioned
effects were immediately confirmed, through preliminary simulations,
as being due to viscoelasticity [65-67], also identified in split Hopkinson
pressure bar tests from [56], following the shear relaxation described by
[68]:

G(1) = Go + (Gy — G )e ™™ 3)

being G the shear modulus at time ¢, G the short-term or instantaneous
shear modulus, G, the long-term or infinite shear modulus, and p the
decay constant. The delay caused by the relaxation can alter the phases
in the same way as in Fig. 6, with the consequent disappearance of the
displacement node.

However, the model described by Eq. (3) alone is not capable of
replicating graphite asymmetrical behaviour in tension and compres-
sion. For this reason, a visco-hyperelastic model was considered [69],
with hyperelasticity having as defining features the increase in elastic
modulus during compression, and its decrease during tension, also
proving to be effective for compressed expanded graphite [58] and for
graphene [70,71]. Nevertheless, these changes only occur in these
literature models once high strains are reached, i.e., above 10%, both for
tension and compression, according to [72]. However, this is not the
case of the investigated graphite, whose largest strains roughly esti-
mated through the tracker results are between 0.5% and 1%.

For a proper simulation of this effect at low strains, a material
allowing the setup of linear elasticity with two elastic moduli, one for
tension (Ep) and one for compression (E;), was chosen. For continuity
purposes, the transition from E; to E; occurs when the stress changes
from tensile to compression, or vice-versa. The resulting FE model,
considering both viscoelasticity and asymmetric tension-compression
behaviour, produces the stress-strain curve in Fig. 9, which represents
the central cross-section of the specimen throughout the ramp, with the
last cycle highlighted in red with A, reaching 48um.

The model in Fig. 9 considers the viscoelasticity effect through the
setup of values for B, and (Gy — G,), referred to as the shear relaxation
modulus (G1), as required by the software LS-DYNA. Hence, the exper-
imental behaviour can be successfully simulated through the optimiza-
tion of 4 variables: E; and E,, from the linear-elastic part of the model,
and G; and B, to reproduce the hysteresis caused by viscoelasticity. The
LS-OPT starting values and ranges for these 4 variables are reported in

70 T T
= 35 .
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Fig. 9. Stress-strain curve for the central cross-section of the specimen applying
the adopted nonlinear model to the UST test.

Table 4

Starting values and ranges for the optimization variables in LS-OPT.
Variable Starting Minimum Maximum
Elastic modulus tension (E) [GPa] 11.3 10.2 12.0
Elastic modulus compression (E.) [GPa] 11.7 10.4 12.2

Shear relaxation modulus (G,) [GPa] 1.2 0.0 2.4
Decay constant () [ms’l] 40.0 0.0 80.0

Table 4. Particularly, the elastic moduli ranges are set considering the
value of 11.8GPa measured through IET in this work, and the fact that
literature experimental data shows a slight reduction in the elastic
modulus of graphite R4550 with the increase in strain during quasi-
static tests [63]. However, since no optimized values for the visco-
elastic parameters were found in the literature, the non-optimized
values reported in [56], being G; = 1.22GPa and f = 40ms~ !, were set
as starting values, with their respective ranges at = 100% of them. The
large ranges of the two latter variables take advantage of the domain
reduction strategy adopted in LS-OPT, which consists of restricting the
ranges of selectable values for the subsequent iteration according to
results obtained in previous iterations, while also analysing all possi-
bilities of convergence points.

Meanwhile, the density value was defined as the one measured from
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the specimens, as in Table 1, and the Poisson ratio was used as 0.16,
according to the literature on graphite R4550 [56], since it does not
significantly affect the results for uniaxial displacements, consequently
making its optimization through the collected experimental data inef-
fective. Finally, as optimization objectives, the displacement values
measured through the tracker and the laser were used, with the opti-
mization aiming to reduce the errors between the numerical and
experimental displacements, as explained in SubSection 4.2.

Furthermore, not all the curves represented in Fig. 6 were utilized as
optimization objectives. After excluding the tracker points whose mea-
surements were considered non-valid, only a few of the larger amplitude
curves were considered. There were two reasons for this choice: i) the
reduction of percent error by avoiding the curves measuring lower
amplitudes; and ii) to verify the optimization convergence capability by
aiming to measure a large determination coefficient for all the valid
displacement curves, despite not all data being used as optimization
objective.

Since the elastic moduli seemed to converge faster and have a nar-
rower range throughout the specimens, after running the first round of
optimizations, the average of the converged values for E; and E, amongst
all specimens were calculated and defined as fixed parameters. A new
optimization round was then conducted having as variables only G; and
B, at the end of which G; was averaged and fixed, with a final optimi-
zation round being conducted only on f, which was finally averaged
amongst all specimens like the other variables. Considering the low
availability of viscoelastic properties data on graphite R4550, this
optimization sequence focused on converging the values of G; and .

4.3. Optimized results

Once the final material properties were assessed as described in
SubSection 4.2, the experimental displacements can be compared to the
numerical ones calculated through the simulation on LS-DYNA using the
converged material parameters for E, E;, G, and f. Fig. 10 shows the
comparison between these displacements for specimen 16. The selected
material model and the optimized properties are capable of reliably
replicating graphite R4550 behaviour in the UST test, properly simu-
lating the tension-compression asymmetry and viscoelasticity.

The properties resulting from the experimental tests and the
following optimization process for graphite R4550 are reported in
Table 5. The elastic moduli are 4.2% and 3.2% smaller, for tension and
compression, respectively, than the dynamic elastic modulus obtained
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Table 5

Graphite R4550 material properties.
Property Value
Density [kg/m’] 1830
Elastic modulus tension (E,) [GPa] 11.31
Elastic modulus compression (E.) [GPa] 11.42
Shear relaxation modulus (G;) [GPal 1.83
Decay constant () [ms’l] 31.38

with the IET (equal to 11.8GPa), as expected given the nonlinearities
concerning graphite behaviour. Moreover, these results are in agree-
ment with literature data, suggesting the slight reduction in elastic
modulus (E) with the increase in strain, as observed in four-point
bending tests from [63], work which also provided experimental data
from IET, resulting in E = 11.5GPa.

Furthermore, the results in Table 5 can be compared to the numerical
results obtained by simulating split Hopkinson pressure bar tests on
R4550 [10], which considered a viscoelastic material, having E =
11.5GPa, Gy = 1.22GPaq, and f = 40ms~'. The shear relaxation modulus
and decay constant values in [56] and in the present work show quite
large differences. This can be explained by considering that in [56] no
parameter optimization seems to have been carried out, with the model
being purely viscoelastic and not considering graphite asymmetric
tension-compression behaviour.

Additionally, the values G; = 1.22GPa, and §§ = 40ms ™! from [56]
were applied to the material model in this work in conjunction with the
optimized values of E; and E, reported in Table 5. This tentative simu-
lation aimed to evaluate the capability of the viscoelastic parameters for
graphite R4550 adopted in [56] to fit the experimental results from the
UST test, with the results for specimen 16 being presented in Fig. 11.
However, it is apparent that the numerical displacements obtained in
the simulation with the viscoelastic parameters from [56] did not
manage to reproduce the experimental displacements from the UST test
as well as the simulation presented in Fig. 10, which used the values for
G and P obtained in the present paper. Particularly, the viscoelastic
parameters from [56] cannot properly simulate the compression stages
of the UST test, providing evidence of the proper optimization of these
parameters in the present work.

Hence, employing the optimized parameters from Table 5, Table 6
summarizes the estimated test results for each specimen. The co-
efficients of determination were calculated from the experimental and
numerical displacement curves for the laser and the valid tracker points,
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Fig. 10. Comparison between the experimental displacement curves calculated through the tracker and those obtained through the numerical model for graphite

specimen 16.
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Fig. 11. Comparison between the numeric displacements applying the visco-
elastic parameters from [56] and the experimental results for specimen 16.

Table 6
Summary of the results for the tested graphite specimens extracted from the
optimized FE model.

Specimen Average R> Omax [MPa]
1 0.937 50.5
2 0.984 59.6
3 0.984 57.8
4 0.988 59.6
5 0.978 60.3
6 0.994 53.5
7 0.994 51.7
8 0.968 55.1
9 0.988 59.7
10 0.990 55.9
11 0.995 53.0
12 0.993 51.0
13 0.986 61.3
14 0.985 49.7
15 0.992 53.4
16 0.995 55.0
Mean 0.984 55.4
Standard Deviation 0.014 3.7

all above 0.90, validating the chosen material model as well as the
optimization process. Table 6 also reports the tensile strength, i.e., the
maximum nominal tensile stress achieved in each specimen when failure
happened, referred to as Gygy.

The calculated 6,4, values for graphite R4550 are in accordance with
values reported by suppliers, usually ranging from 40MPa to 60MPa,
depending on the considered test method. Particularly, to further vali-
date the experimentally assessed tensile strengths, they were compared
to experimental values obtained through 4-point bending tests on
graphite R4550 bars in [63], in which rectangular cross-section bars of
5mm height, 10mm width, and 25mm length have been tested (with
20mm span between supports, and a 10mm load span). The mean
strengths for both tests, corresponding to 4-point bending ultimate
strength and UST maximum tensile strength 6,4y, are presented. Table 7
also reports the loaded volumes of the specimens tested in the present
paper and in [63]. The loaded volume has been assumed as the material
volume subjected to a stress above 90% of the maximum stress,
providing an idea of the volume subjected to almost constant stress and
at risk of crack nucleation [73].
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Table 7
Comparison of strength data and loaded volumes for graphite submitted to UST
test and 4-point bending.

Test configuration Mean strength [MPa] Loaded volume at 0.9 - Gy [mm®]

UST
4-point bending

55.4
61.2

99.8
26.3

The results in Table 7 further confirm that the tensile strength values
obtained through the UST test are in agreement with literature values for
the investigated materials. Indeed, the differences with respect to 4-
point bending experimental data can be attributed to size effect, ac-
cording to [27,40], since the loaded volume in UST tests is considerably
larger. Furthermore, the difference in testing configurations also affects
the measured strength, with the stress gradient and the related size effect
possibly having a significant influence [27]. It can be concluded that the
difference is within the variability typical for brittle materials, thus
validating the UST testing methodology.

As a final consideration, the specimens designed for these experi-
mental tests did not focus on increasing the loaded material volume,
despite still being larger than most loaded volumes employed in 3 and 4-
point bending tests. However, since the UST tests were successfully
executed in all 16 specimens in a small number of cycles with the set
machine regime output being only 40% of the maximum limit, the
loaded volume in future designs have margin to be considerably
increased, like in previous research on uniaxial VHCF tests [73], pro-
vided they fulfil the frequency and amplitude constraints established in
SubSection 2.2.

5. Conclusions

This paper proposes a novel testing procedure for the experimental
and numerical assessment of tensile mechanical properties of brittle
materials. The entirety of the methodology is performed on graphite
R4550, bringing forward the following conclusions:

1 The ultrasonic testing equipment commonly used for fatigue tests
was exploited to experimentally assess the tensile strength and the
mechanical properties of graphite R4550. Failures in the fixture re-
gion are avoided since the specimen is connected to the testing de-
vice through an adhesive butt-joint subjected to stress close to zero.
Similarly, testing misalignments are avoided, since only one ex-
tremity of the specimen is connected to the machine while the other
remains free.

2 Since the operating limit of the ultrasonic equipment is a displace-
ment amplitude and not a load, it potentially allows testing of high-
resistance brittle materials with considerably larger loaded volumes
than those found in the literature and possible with conventional
testing methods, e.g., bending tests. Accordingly, the ultrasonic
tensile methodology has potential flexibility in increasing the ma-
terial loaded volume for investigating size effect.

3 Even if the specimen is loaded with input sinusoidal displacement at
20kHz, it is designed to fail before the occurrence of fatigue damage,
allowing the measurement of tensile strength values close to those of
quasi-static tests. Indeed, the ultrasonic tensile tests on graphite
R4550 have proven that fatigue damage can be considered negligible
after several observations: all specimens failed in at most 140cycles;
since failure occurred during ramp to reach the imposed displace-
ment, the majority of the loading cycles are therefore at low-stress
amplitude levels; the fracture surfaces observed through field emis-
sion electron microscope showed no visible fatigue marks.

4 During the tests, displacements were measured through data
collected by a laser and a high-speed camera. Although a uniaxial
alternated tension-compression stress is applied, all specimens failed
under tension and close to the gauge section, as expected.
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5 The experimental displacements are used as objectives for an opti-
mization process based on finite element analyses, aiming to mini-
mize the differences between the experimental and the numerical
displacements by varying the material parameters. This procedure
allowed to estimate graphite R4550 material properties, establishing
a numerical material model with viscoelastic and asymmetrical
tension-compression behaviour, and subsequently calculating the
tensile strength of each specimen.

6 The selected material model and optimization method were vali-
dated by the high determination coefficients computed by consid-
ering the numerical and experimental displacements for all tests,
despite the restricted data selection as optimization objectives,
confirming the method’s high convergence capability.

7 The developed numerical modelling method was able to find a
convergence for the material mechanical properties. The elastic
moduli calculated through the ultrasonic tensile test are coherent
with the ones found in the literature for graphite R4550 and the
values measured through impulse excitation technique in this work.
Meanwhile, the values obtained for the shear relaxation modulus and
the decay constant showed the same order of magnitude as non-
optimized values reported in the literature.

8 The tensile strength has been found to be close to literature values
and within the range indicated by graphite R4550 suppliers, with the
small differences being ascribed to different test methods (such as
four-point bending test) and the different loaded volume.

To conclude, the developed ultrasonic tensile test and data analysis
procedure allowed the assessment of mechanical properties of graphite
R4550, being potentially applicable to most brittle materials, repre-
senting a reliable experimental-numerical alternative methodology for
evaluating their uniaxial quasi-static behaviour.
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