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Abstract:

A simple methodology is proposed for measuring diyaamic flexural strength of
brittle materials. The proposed technique is based-point impact experimental setup
with (unsupported) small beam specimens. All teateeded is a measurement of the
prescribed velocity as a boundary condition anditheture time for a failure criterion,
both to be input in a numerical (FE) model to deiee the flexural strength. The
specimen was modeled numerically and observed tesbentially loaded in bending
until its final inertial failure. The specimen’'sageetry was optimized, noting that
during the very first moments of the loading, tipeamen length does not affect its
overall response, so that it can be considerednfasite. The use of small beam
specimens allow large scale testing of the flexste#ngth and comparison between
static and dynamic loading configurations. Prel@mninexperiments are presented to

illustrate the proposed approach.
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1. Introduction

The wide usage of ceramic materials in many higdgmanding engineering

applications has increased the need for reliablasomements of their mechanical
properties. Much work has been done on this suls@oeterning static loading. Several
standardized techniques are available for testirgriechanical properties of advanced
ceramic materials such as flexural strength [1jnpressive strength [2] and static
fracture toughness [3]. It is also well known tlaittle materials, such as ceramics,
possess a significantly higher compressive stretiggin its tensile counterpart. This
observation has been rationalized in terms of tiermal flaws that are less active in
compression than in tension. Consequently, knowdedfythe tensile strength of a

ceramic is of prime importance to the designersimanity. While compressive testing

(either static or dynamic) is a relatively strafghivard task, tensile testing is a real
challenge, would it only be for the fact that tlesults are very sensitive to specimen

alignment issues.

Moreover, many situations involve dynamic loadiegseramic components, and here,
there is an obvious lack of simple and reliablecpdures for testing these brittle
materials. In this work, we will concentrate on dmsessment of the dynamic tensile

(flexural) strength of brittle materials.

Dynamic compression of brittle materials drew muattention in the recent years,
because their compressive strength is very higlecédd their pressure-sensitivity [4]
Since these materials are widely integrated inteoarapplications, much work has been

done on the determination of compressive (confirsg@ngth and their fracture modes.

Concerning tensile testing, one should note thastmesearchers tend usually to avoid
direct tensile testing configurations, in both,tistaand especially dynamic loading
regimes. The main reasons for that lie in the laigt of machining and manufacturing
specimens, gripping and alignment issues whicleatiplicate the experimental setup.
Consequently, several indirect tensile testing nepies have been devised, which are
applied to both static and dynamic testing. Onehef widely adopted experimental
approaches to determine tensile strength of bnittdgerials is the so-called Brazilian
disk specimen configuration. In these test a dgcsnen is diametrically compressed.
Failure is being caused by an induced tensile streshe middle of the disk [5]. The

ASTM C1144 [6] standard suggests a test method e¢asore static splitting tensile
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strength of brittle materials. Some limitation isemtioned in this standard testing
procedure, namely: the stress state tends to b&b&nd loading pads should be used
in order to prevent compressive-stress failure nisar loading points. To avoid
biaxiality in Brazilian disk tests, the ring tesasvsuggested [7]. The ring test differs
from the Brazilian disk by a hole that drilled etcenter of the specimen, thus causing
a more tensile stress state. However, severe dowdrts raised about the validity of
tensile strength values calculated by this methpdHbdson [7]. In order to prevent
compressive-stress failure near the loadings poists/eral improvements were
introduced. These include a modified Brazilian dmshen the difference consists of
arc-shaped steel spacers in order to evenly dis&rithe loading over a wider area [8].
Another version consists of a flattened Braziligskdspecimen [9] that partially solves
the loading problem, but has some other limitati{8}s In general it is possible to
reduce the contact stresses by loading the Braaisk between curved anvils or fitting
a relatively soft washer in the contact areas, |ss suggested by standard for static
loading [6]. Yet, in the case of dynamic loadingnpedance mismatch and
reproducibility issues arise and the accuracy ef elkperimental results is decreased
[10].

Another technique to determine the dynamic tenpileperties is the spalling test.
Usually, this technique consists of projecting @ai@lof the investigated material against
a rigid flat target. On impact, compressive steases originate and reflect from the
back surface of the plate as tensile waves, thiiscing spalling [10]. A modification of
this technique uses a long cylindrical rod andekgerimental setup consists of a Split
Hopkinson Pressure Bar (SHPB) [11]. In both speningenfigurations (plate and
cylindrical rod), a rather significant piece of @stigated material is needed, which is

not always available. Spalling tests are alsodliftiin terms of data processing [11].

The bend test provides a convenient alternativeth bim terms of specimen
manufacturing, experimental setup and data reductmcalculate the flexural (tensile)
strength. One of the proposed specimen's is th&seular bend specimen (SCB) that
can be loaded by a SHPB in three-point bendingigordtion [12]. This specimen is
simply a half of the Brazilian disk specimen, ahd three-point configuration loads it
in bending. There are some advantages in suchgtoation, however it still has the

same limitation as the Brazilian disk specimenaddition to the fact that modeling



such a configuration is rather complex, in addittonthe requirement for dynamic

specimen equilibrium.

The purpose of present research is thus to deterthsn dynamic flexural strength of
advanced ceramics using flexural testing, yet kegjfiito the simplest possible level.
The overall approach is largely simplified by théservation that under impact
conditions, the specimen's failure occurs inestiath that the specimens does not need
to be supported, which in turn greatly facilitattssmodeling as discussed in the sequel.
The experimental technique called 1-point (bend)ant was used in several instances
related to dynamic fracture mechanics. One showddtion here the work of BOhme
and Kalthoff [13], where these authors found tina¢arly stage of the 3-point bending
test, the supports do not influence the loading #nedloading histories for specimen
with or without support is identical.

The proposed technique consists therefore of ltpompact tests of unsupported
specimens (such as beams), as described e.g. Ishiiand Rittel [14], or by Rittel et
al. [15]. More recently, Belenky et al. [16] applithe one-point impact technique to
measure the dynamic initiation fracture toughndssanograined transparent alumina.
In other words, the state of development of theppsed technique and its related
modeling aspects are quite advanced for dynamictura problems, so that it can
almost be applied in a routine fashion to stremgsting with minor modifications.

At this stage, one should note the very recent wairkDelvare et al. [17], who
developed a full dynamic bending test of brittleums to assess their flexural strength.
The idea is to use a model of the dynamic respoh#ige beam to assess its strength on
the one hand, while failure is identified from thgperimental signals. Specifically,
since a set of Hopkinson bars (one incident + Bsiratted) are used, the reflected
signal in the incident bar is used to assess tsetasf dynamic fracture. These authors
verified their method on relatively long beam spsns (of the order of 20 cm). While
the proposed method is quite elegant, its practioghlementation relies on a
sophisticated dynamic bench test on the one hartdalbo on specimens that are quite
large, to an extent that is not always practicahweramic materials. Moreover, as will
be shown in the sequel, when the specimen's dimesisire reduced, it is almost
impossible to detect variations in the reflecteghal that would unambiguously signal

fracture. But the most interesting point is thasd authors remark that fracture occurs



in an inertial manner, as noted previously, whictlicates that supports are not really
necessary.

We now propose to implement the one-point impachnieue to the assessment of the
dynamic flexural strength of brittle materials, ingtthat in this case the specimen will
not be pre-cracked. The specimen size will be kspgmall as possible. Here one only
needs to measure the boundary conditions, namegledpdisplacement/velocity (and
perhaps load), as well as the fracture time sighakebefore by a single wire fracture
gauge [14]. The approach is of a hybrid experimemianerical nature in which the
boundary conditions and fracture time are appl®é tinear elastic numerical (finite
element) model of the experiment.

In the following section we will present the nuncati model of the experiment,
including considerations about specimen's sizet,Nex will describe an experimental
illustration of the proposed technique, followedawiscussion section and concluding

remarks.

2. Specimen and numerical model

2.1 Specimen design considerations

Machining of ceramic materials is quite delicateaddition to the fact that the quantity
of available material is often limited, so that sipgen dimensions and machining
should be carefully optimized. The proposed shesgr geometry allows convenient
pre-shaping in a green (powder) form, sintering gnididing in order to get good
surface finish and accurate dimensions. The ASTM611standard [1] suggests three
different specimen's sizes for flexural testingaofvanced ceramics. The preparation
method, along with prescribed tolerances and serfaushing also defined in this
standard. Therefore, in order to use same specifoem®th type of loading (static and
dynamic) while minimizing high-cost unnecessary hiaimg, it was decided to follow
the standard recommendations [1] for specimen'®dons and shape, as shown in

Figure 1.

2.2 Numerical model

In order to prove that the stress distributiorhi@ short-beam specimen during impact is
characteristic of bending, a simple numerical madas$ created using the commercial
finite element code ABAQUS 6.8-2 [18]. The modelsviilt based on 1-point impact
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technique as described in Weisbrod and Rittel | implemented by these authors
for dynamic fracture toughness measurements ofstengoased heavy alloy as well as
by Belenky et al. [16] for transparent nano-graireddmina. The 1-point impact
experimental setup is shown in Figure 2, and itssis of three components, namely
incident bar (and striker), specimen and fractueeigg. The specimen boundary
conditions during an impact are free-free, thusuogty the complexity of the finite
element model. Half-model with one symmetry conditivas used to investigate the
dynamic stress distribution in the specimen, asvsha Figure 3. The modeled incident
bar dimensions is ©6.35x500 [mm] and the specimé@x4x45 [mmni], as suggested by
[1]. The striker velocity profile, as in ordinarypl& Hopkinson (Kolsky) Pressure Bar
(SHPB) test, was implemented as a loading condittogure 4. We chose to model
commercial alumina whose physical properties atediin Table 1, in addition to those
of the steel bar material (15-5PH).

Numerical convergence was checked on both, thdentibar and specimens models. A
meshed model along with the boundary conditiorsh@wvn in Figure 5. The number of
elements, their type and other relevant detailsaliriested in Table 2. It was previously
shown by Giovanola [19] and by Rittel et al. [15lat an impacted unsupported
structure will not immediately start to propagatgag from the contact point upon
impact. Rather, a certain amount of time will e®pduring which loading waves travel
back and forth in the structure. These authors useitheir studies notched/cracked
specimens and their conclusion was that the stredtactures long before the specimen
takes off from the contact with the incident bar.this study specimens don't have

notches/precracks, so that the loading causesahieending only, until fracture.

2.3 Numerical results

A typical stress distribution on the outer (tensgarface of the specimen (Figure 6a) is
shown in Figure 6b. From Figure 6b it is clear it bending stress {3 prevails most
of the time during the one-point impact test. Thigeo stress components;§&and S»)
have no influence during the initial phase of theding, and essentially keep a very low
level as compared to: S For the sake of completeness, the Mises strealsasplotted
on this figure, and from the comparison of Mised &y curves, one can note that the
shear stress components (not shown in this plo# Baminor influence, if any. This
plot proves that uncracked short-beam specimendetbdy 1-point technique will

essentially experience bending stress which wiiinately cause failure.
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Finally, the local strain-ratee was found to bee»450 s* for a steel bar, while it

becamee»900 s* for an aluminum bar, emphasizing the role of thechanical

impedance on the expected strain rate. In thiseaonbne should pay attention to the

accuracy of detection using the single wire fraetgauge. For the above mentioned

strain-rates, the accuracy of determination of stress will be166[MPa /mﬂ and

332[MPa /mﬂ respectively for this material. Consequently, cstreuld be paid to silk-

screen narrow fracture gauges, as shown in Figuk This point is further addressed

in the experimental section.

2.4 Preliminary optimization of the specimen's getyn

In order to optimize the specimen's geometry sé\syacimens' sizes were checked
numerically. The incident bar diameter was keptstamt to reflect our experimental
setup (26.35 [mm]), so that the smallest specinenstiggested by ASTM C1161 [1]
was considered. However, it was found that thisispen is not practical in terms of
experimental positioning and difficulty in layingiba fracture gauge.

Numerical simulations were therefore run for thodespecimens' cross-sections: 3x4,
4x5, and 5x6 [mr], where the larger side (d) of the specimen's sgestion is in
contact with the incident bar. For each cross-eactvarious specimen lengths were
checked numerically. Figure 7 shows three diffeisgrgcimens' geometries, for which
the ratio between the depth (d) of the specimeitstéength (L) was kept constant,
(~0.09, Figure 1). During the first 124] of the loading, the bending stress on the outer
surface of the specimens is almost identical fbispécimens geometries. Thereafter,
different bending stress curves are obtained fon specimen. These differences can be
attributed to wave's reflection from the longitualirends of the specimen. In other
words, for the first 12rfs] of the loading after the stress wave reachesgbeimen, the
specimens basically behave as infinite. A similaservation was also reported in

Delvare et al. [17] from much larger specimens.

2.5 Failure simulation

In order to gain some qualitative understandinghef specimen's failure, a maximum

principal stress (Rankine) failure criterion wasplemented as a user-subroutine [18]



and introduced into the numerical simulations. Taikire criterion uses the stress data
at integration points of each element, calculabesmhaximum principal stresses, and
erases elements when a certain critical stres$ (Begural strength) is reached. The
only input into this subroutine is the value ofixileal strength of the tested material. In
the present simulations, the maximum principalsstrealue was set to 400 [MPa], a

representative value for commercial alumina (Tdble

The simulation results are shown in Figure 8. Tineetreference is the same as in
Figures 6-7, and it is set with to t=6s] when the stress wave just impinges on the
specimen (Figure 8a). Figures 8b-c show the maxirswess distribution at t=5 and t=7
[rs] respectively, after the stress wave reachedspleeimen. Note that the specimen
has not failed yet. From Figure 8§ [ns]), it can be observed that as the maximum
principal stress reaches the level that was seelements deletion, failure proceeds
from the outer (tensile) surface of the specimearkad by red circle). Failure happens
long before the specimen looses its contact withitftident bar. Figures 8e-f show
complete failure of the specimen, with additionaloks being formed on both sides of
the specimen, Figure 9. It is interesting to nodeehthat a similar failure pattern was
observed by Dorogoy and Rittel [20] in the totalifferent context (plastic hinges) of

the dynamic response of aluminum beams subject&eptmint impact.
3. Experimental

Experimental validation of the proposed techniquaswmade on three ceramic
specimens that were available in our laboratorpc&itheir exact composition was
unknown, it was identified using SEM-EDX technigared found to contain Si, C, Al
and N. Yet, this observation was not sufficienfitmly identify the ceramic material
and mostly its fabrication process. Consequentlg, rteported experiments are of a
qualitative nature aimed at validating the approeather than at providing accurate

strength data for this material.

The specimens' (beam) dimensions were 3x4x45°[m@ilver paint fracture gauges
were silk-screened on the outer (tensile) surfdceach specimen, as shown in Figure
10. The incident bar was, as mentioned, made 0% wdened PH steel with a
diameter of 6.35 [mm] and length of 660 [mm)]. Beain gauges were positioned at

395 [mm] from the end of the incident bar thani€ontact with the specimen. This was



done in order to get enough time for triggering high-speed camera and the flashes,
so they reach their full lighting power.

A total of 16 high-speed pictures were made dueagh experiment, using our Cordin
550-16 high-speed camera at framing rates betw&@ridl150 [kfps]. The camera was
triggered by the incident strain gauge signalsupdb a level of 3.5 mV, Figure 11.

By checking the incident, and reflectede, signal from the actual test (Figure 11),

one can note that they do not differ significantso that the measured load,

p(qn+ e;ef), is too noisy. Consequently, a measured displag#wedocity,

M (egn— Eef ) is preferable, since of a much higher precisiote that this situation is

the result of the specific acoustic impedance mismehich results from the combined
bar-specimen geometry. In other instances, e.d, {ft& incident and reflected signals

are quite different for a much larger specimen getoyn

The fracture gauge reading and the exact time oh gacture were synchronized
according to incident signal. In order to do s, wave velocity in the bar and time at
which the wave reaches the specimen were deternfined the duration roundtrip of

the signal in the bar. For the sake of brevity,wiléjust describe one experiment out of
3 for this kind of specimens, keeping in mind tesuits were highly repeatable.

Concerning the above-mentioned accuracy of theuraegauge reading, one should
mention that the sampling was carried out at a eate0 [MHz]. From Figure 11, the
rise time of the fracture-gauge signal from zeraganaximum value (full fracture) was
found to last for some 2v§]. However, due to the high sampling frequencylear
variation in the level of the fracture gauge signalld be detected after 100 [ns].
Consequently, a representative error in the detetioin of the flexural stress is of the

order of 17 or 34 [MPa] for the above mentionedugal of the local stress-rates

of166] MPa /75 and 332 MPa / /7d| respectively. For a typical strength of 400 [MPa]

this error corresponds to 4.25 and 8.5 [% ] resp&gt which is not too large.

Figures 12-15 shows selected pictures from shot $pd framing rate in this test was
112676 [fps]. Figure 12 shows the beginning of Ih@oint test, at t=9.251F] from the
time at which the stress wave impinges upon theismn. The synchronized fracture

gauge reading isi19.92 |s]. So the first reported picture was taken jusiotse
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specimen's failure. Figure 13 shows the picturbtraiter fracture occurred, at t=18.12
[s]. This picture shows that the specimen has faileticracked into two halves, but it
is still in contact with the incident bar. In addit, small crack starts to develop just
above the upper fracture gauge's tab. The nextdpglkd picture, Figure 14, is taken at
t=27.00 prs]. The main central crack is fully developed ahe tentral part appears to
bend significantly. The crack above the upper trecgauge’s tab is also clearly seen. If
one qualitatively compares numerical simulatiorultss(Figure 9) and experimental
failure pattern (Figure 14), they are found to hetey similar indicating a reliable
numerical simulation procedure. An additional pietuaken at t=89.121f], shows the
total fracture of the specimen and loss of contétt the incident bar, Figure 15. On
this figure, the thin layer of lubricant betweere thpecimen and the incident bar is

clearly visible.
4. Discussion

This work presents a simple procedure for the dsetetion of dynamic flexural
(tensile) strength of advanced ceramics and othétleb materials. The proposed
technique is of a hybrid experimental-numericalunat The experimental setup is a
regular Split Hopkinson Pressure Bar and the spaEtiis of the beam type. In order to
create a reliable numerical model, one only needsriow a-priori the Young's
modulus, Poisson's ratio and density of tested mat&he only boundary condition is
the measured velocity/displacement prescribed ® dpecimen. The last required
important information is the fracture time. Thedatis measured by means of a fracture
gauge, which can also be compared to high speeudiag of the test. However, this
comparison is not compulsory as a good agreemestolwaerved between the fracture
gauge reading and the high speed camera recordh Wi above-mentioned
experimental data, one can construct a simple noalenodel which calculates the

bending stress experienced by the specimen atufeatine.

One should note that the main advantage of theosexptechnique is its simplicity and
economy of tested material, a point that is notegiviully appreciated in the literature.
As such, it allows for large scale testing of keitnaterials whose strength is usually
statistically distributed. A further simplificatiosan be gained if identical specimens are
tested. In this case, all that is needed is theutation of the specimen's response to a

unit displacement (or load) pulse, which can thesdonvoluted with the actually
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measured displacement or load, again until fract({lreear problem). A similar

approach was already used in fracture mechanits[tey.

We have presented here a typical experiment agdieat numerical simulation. Since

the simulated and the tested material were noticlnthe numerical simulation should

be considered as a qualitative validation and tiu®n of the methodology, without

any attempt to extract accurate values of the dimélexural strength.

Future work will concentrate on the practical impéntation of the presented

methodology on a well defined material for whicle gtatistical nature of the dynamic

flexural strength will be assessed.

5. Summary and Conclusions

A new approach has been proposed to test the dgnfexural strength of
brittle materials.

An instrumented bar is used to load a small beagmisgen in one point, causing
its inertial fracture.

During the test, the prescribed velocity/load dmftacture time are measured.

These are next used as a boundary condition alalefairiterion in a numerical
(FE) model of the impacted beam.

The methodology is simple to implement, both experitally and numerically,
and it does not require testing of large specimens.

It is believed that the proposed methodology caagy#ied to large scale testing

of brittle materials.
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Tables

Table 1: Material properties that were used for edoal calculations and specimen's

geometry optimization.

) Density Young's Poisson's Flexural
Material )
modulus E ratio Strength
Name 3
[kg/m’] [GPa] [MPa]
Incident Bar | 15-5 PH steel 7800 204 0.3 -
Specimen Alumina
3930 370 0.22 379
(CoorsTek) 99.5%

Table 2: Mesh properties that were used for assgséise validity of stress distribution.

>3

Normalized
. element sizé
Number of Element size
Element type hav
elements h, [mm] el
e /]y
type ad d
a c a c < c < c
o o O Q o O Ro) &
= E = E = = = E
g |2 |3 s |8 |8 |5 | g
E N E w E ) E N
Average C3D8R 11000 | 19300 1 0.25 0.157  0.0¢
Notes:

1. C3D8R - an 8-node linear brick element, reducesnation, hourglass control.

2. alvzhe%’ h, is the element size ardl is the depth of ceramic specimen

(Figure 1) andrd is the diameter of the incident bar.
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Figures
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Fig. 1: Specimen dimensioris, is the lengthp is the width andl is the depth of the

ceramic specimens [1].

a I ey oo Incident Bar

Specimen

Fig. 2: Schematic drawing of 1-point impact expeal setupa: front view —
assembly of the specimen and incident batop view — the specimen lies in contact
with the incident bar only.
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Specimen

Incident Bar

Fig. 3: Close up on 3D model of half-specimen aalf bf the incident bar that were

used to validate the numerical convergence andrapaalimension optimization.
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Fig. 4: Velocity profile that was used for numelis@mulations and as measured in

ordinary 1-point impact test (Sp4).
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Specimen

I I I

Incident bar T

Fig. 5: Close up on meshed incident bar and specuseng one symmetry condition.

All other boundary conditions were set free-fregnaactual 1-point impact test.

Fig. 6a: The midpoint on outer tensile surfacehefspecimen where the stress
distribution was compared (Figure 6b).
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Fig. 6b: Stress distribution on the outer tensilgfaxe of the specimen during 1-point

impact simulation. The bending stress;J$revails during most time of loading.
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Time [sec] % 10°

Fig. 7: Bending stress distribution for differepesimens' dimensions. For the first ~12

[rs] there is almost no difference between the cyrsaggesting that the specimen

behaves as infinite during that time.
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b: t=5 [s]

c: t=7 [ns] d: t=8 [rs]

e: =18 [rs] f: t=29 [ns]
Fig. 8: Numerical failure prediction by maximum maripal stress failure criterion. The

stress color-map refers to maximum principal stressstress wave reaches the
specimen, t=Qns]; b-c: maximum principle stress distribution in the spean after t=5
and t=7 frs], respectivelyd: after t=8 [rs] the specimen fails and the crack(s) initiated
from the outer (tensile) surface of the specimenadditional cracks formed after on

both sides of the specimen, t=[k&]; f: the end of numerical simulation, t=ps].
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Fig. 9: Close up on the total failure of the spemimas in Figure 8f, t=29rs]. Note the
additional cracks on both sides of the specimen.
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Fig. 11: Raw signals that were recorded during itHgmpact test (Sp4). The fracture
gauge and camera trigger were synchronized witimtident pulse.
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Specimen

Fracture

Incident Bar gauge wires

Fig. 12: High-speed picture of one point-impact {(&p4) at t=9.2511s] (after specimen
impingement by the stress wave). Failure has motest and the specimen is still in
contact with the incident bar.
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Additional
Crack

Crack

Fig. 13: Second picture in the sequence, t=181%R [The specimen is fractured in the
middle and an additional crack starts to developcture gauge reading is t=9.9%].
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Fig. 14: Third picture in the sequence, t=27 106],[ (Sp4). The specimen gets
significant bending in the area of contact with it@dent bar, but is still in contact

with the bar. The additional crack, above the ugialerof the fracture gauge is clearly

seen (arrow).
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Fig. 15: Total failure and loss of contact for #ame specimen, at t=89.1%] (Sp4).
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