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1. Introduction

The risks due to crack propagation under dynamedlily are still difficult to
estimate. Unlike quasi-static cases, where theirigadnd crack position can be
easily established, in dynamic impact cases, l@gpdionditions, propagation
parameter variations and exact crack positions diffecult to control. The
determination of relevant constitutive crack pragtaan laws from dynamic crack
propagation experiments is thus a challenging dieeraConsequently, the first
step for assessing dynamic crack propagation lavghe development of
numerical simulation tools. Some numerical tools apw able to represent
dynamic crack growth but these numerical resultgehi@ be compared with
experimental results to ensure that the numeraas lintroduced are physically
consistent. In a previous work [1], crack tip pmsit histories have been
determined by standard optical tools. The testvag a split Hopkinson pressure
bar (SHPB) and the specimen geometry was chosemdier to provide direct
conversion between impacting compressive waves tandile waves in the
vicinity of a machined notch. Since the materisddu$PMMA) was transparent,
the crack tip position history was obtained by gsstandard optical tools (four
cameras providing one picture per camera) and byiog out the same tests,
repetitively and reproducibly. Three different pbsswere observed: two
propagation phases were separated by a crack phase. Using an eXtended
Finite Element Method (X-FEM), numerical simulatsowere performed and both
the crack path and the crack position historieeditthe experimental results.
Failure in glassy polymers has been extensivelgstigated for PMMA, which is
well documented [2, 3, 4]. The toughness under nmoldading increases with
loading rate and its value is also notch sensififeerefore, the criterion adopted
in the foregoing X-FEM analysis with a set of paedens for the onset of crack
advance, its dynamic propagation, arrest and dongit for re-propagation
appears to approximate the rate-dependent procelslying failure. However
this kind of comparison allowed the validation ofdgnamic crack growth
criterion but only in a unique case of loading. Tgrevious process leads to a
large experiments number for obtaining differenac&r tip position histories
corresponding to different loading rate and thediog rate influence on the
transient propagation phases as arrest and reatarbt be represented accurately
if several experiments are needed to obtain a dipgsosition history. Therefore
the experimental setup has been improved by remlathe cameras with a



Zimmer extensometer. It leads to a very accurasekcttip localization and
provides the whole propagating crack tip positisstdry for each test performed
as shown in [5] in pure mode 1 conditions with salveonsecutive crack arrest
phases. This paper focuses on the use of the sgmeeiraental setup in order to
study the influence of the loading rate on the di@m propagation phases as
arrest and restart in mixed-mode conditions.

2. Experimental setup

The test rip is a split Hopkinson Pressure Bar (BH® Kolsky bars) test
developed by Kolsky [6] and primarily used for tiieasurement of a material
dynamic behavior. The test specimen is made of rpetlgylmethacrylate
(PMMA), a transparent brittle material. The bare ahosen made of nylon, a
quite similar material, in order to guarantee batlgood wave transmission on
their interfaces with the specimen and an elastairsgage response. Details on
the experimental setup are presented in [1] and TBgre is no standard for
dynamic impact fracture tests. Therefore a simplat distinctive, geometry
designed is chosen to obtain transient propaggiltases as crack arrest and
restart. A rectangular specimen with a circularehisl used to provide both the
direct wave conversion from compressive waves tatsile waves and the crack
arrest zone. A radial initial notch is machinedhes border of the hole in order to
initiate the crack in mixed-mode conditions as shdwg. (1).
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Fig 1. Specimen geometry

The use of SHPB is attractive because it providgh Bn accurate measurement
of the applied loading and the global responseheftest specimen during the
transient experiment. Wave dispersion and geometfgcts are taken into
account in the shifting of the mechanical dateh® $pecimen-bar interfaces as in
[7]. The experimental test rig includes the strikar, the input bar, the output bar
and the specimen between the bars; 2 strain gageected to their amplifiers; 2



optical displacement sensors Zimmer 115 and Zimme8 with different
measuring ranges (see Table 1).

Zimmer 115 116
Measurement rangémm] 100 20
Measurement widtmm] 5 1
Incertainty [mm] 0.2 +0.04

Table 1. Characteristics of the optical displacetsnsors.

Since the signal delivered by the extensometerstaki® account the specimen
solid body displacement in addition to the cragkdisplacement, a correction is
processed in order to obtain the real crack grovabur different tests are
performed at different impact velocities. The expental conditions are
described in Table 2 and the crack tip positionstonies for each Zimmer
extensometers in Fig. (2).

Experiment Test 1 Test2 Test3| Test4
Striker velocity [m/s] 8.35 10.3 11.2 12.6
Table 2. Experimental conditions.
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Fig 2. Experimental crack tip position histories the four tests (Zimmer 115 and
Zimmer 116).

Fig. (2) reveals that this method based on optidaplacement sensor
measurement provides an accurate crack tip lo¢@lizaFor each test, the signals
delivered by each extensometer agree and the higifigient propagation phases



such as arrest and restart are easily distinguishdlhus, the influence of the
loading rate on the crack arrest and restart pheeede noticed. The lower is the
striker velocity, the lower is the horizontal craiiz velocity, the earlier occurs
the crack arrest phase and the longer lasts tlo& areest phase.

3. Numerical comparison

The eXtended Finite Element Method is chosen fer dimulation because the
cracks are not described explicitly by the meshallows the mixed-mode
dynamic propagation laws validation because thekcpath is considered a priori
unknown. This method consists in using an enrichntenthe classical finite
element approximation in order to capture the disoaity and the singularity of
the strain fiels at the crack tip. It was first deped for quasi-static analysis in
[8] and then used for dynamic crack propagatioflinin the light of [9]. The
numerical simulation are carried out using the tmpelocity collected from the
experiments as a boundary condition at the inpuirdarface and an impedance
condition is used to model the contact betweenotitput bar and the specimen.
Even if the PMMA is known to be viscoelastic, aelm elastic behavior is
assumed with a dynamic elastic modulus fitted wité velocity of the elastic
waves measured during the experiment. An exampleoafparison between
experimental and numerical results is presentdéign(3) in order to show how
this numerical tool can be used to validate cradpagation laws. The dynamic
crack propagation laws assumed are quite simpteseshaccording to the global
macroscopic concept of stress intensity factorg gdended to elastodynamics
within the framework of [11, 12].
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The fracture phenomenon is assumed to be govemdéukhintensity of the hoop
stress near the crack tip as in [13] and a dynanaick growth criterion is chosen
to take the crack growth process into account g&4h (the formulation can be
found in [1]). On the Fig. (3), a good matchingtloé numerical and experimental
results is obtained but the criteria have to belved in order to well-represent
the loading rate dependencies noticed in Fig. (2).

4. Micro-macro analysis

In this part, we present estimates of the raterastdh dependence of the energy
release rate and related toughness based on anmachanical analysis of the
failure by crazing, with all the parameters invalven the description being
identified for the same material as that used &odinamic fracture analysis. At
the crack tip region and under mode |, failure nmogohous polymers potentially
involves strain localization by shear yielding dratcture by crazing. We briefly
recall the description of crazing and the relatedrrhomechanical analysis.
Indeed, temperature effects are expected as sodheakading rate exceeds
K, >100MPa/ m/s with the viscoplastic contribution due to thezing process
being the dominant heat source [15]. We use cobesime description used [16,
17] and calibrated for crazing at low rates [18padd craze initiation, craze
thickening proceeds by the growth of fibrils thaidge the craze surfaces.Based
on Kramer's description [2], the transformationtled bulk material into a fibril
take place within a thin active plastic zone of sonanometers in between the
fibrils-bulk interface. Based on this observatidijssens et al. [16] postulated the
following craze opening rate

AC — A -A c

A=A, exp{ T (J Jn)}
where A,, A and &° are material parameters. The teAnaccounts for the
temperature dependence’ is the athermal stress for craze thickeniag,the
traction along the craze surface, while the preseeptial A has the dimension
of a velocity. Thus, the thickening rate of the zeras temperature and time
dependent. Once crazing has initiated, the thicligeprocess continues until the
cumulatedA¢ = | ASdt reaches a critical thicknegE', a material parameter that
primarily depends on the temperature and on thecotdr weight (D6l in [2,3]).
The governing equations are taken from Estevei. ¢1% with the mechanical
and thermal parts being solved in a staggered tagt from craze fibrillation is
incorporated through a heat flux across the craméases into the bulk. The
magnitude of the heat flux across the cohesiveasarfis g,AS. In order to
account for some energy stored by the web of cfdwéds during the craze
thickening, only a fraction3*“c. A® with [ taken as 0.5, similarly to the value
found for the bulk when temperature from the bu#icaplasticity are arising as in
compression. The temperature increase related ¢octhze thickening can



promote an increase in the craze critical open@l(in [2, 3]) observed to be
twice that at room temperature near the glassitrandy for PMMA.

The bulk as well as the cohesive zone parametexgdaing realistically describe
PMMA as they are obtained from detailed calibratiexperiments [18] and
thermal properties. At high rates, we observed \tismoplasticity from the bulk is
inhibited by the crazing process which acts as ahaaical fuses and prevent
material from yielding. Therefore, crazing is thelyopossible heat source. The
related temperature variations remain confined @ltre craze-crack surfaces
over a length which appears of the order of theerthickness. Similarly to
Estevez et al. [15], we analyse mode | fracturdniwita plane strain small scale
yielding configuration in which the bulk viscoplastesponse is accounted for.
Crazing is considered along the crack symmetry eplahere it most probably
takes place. The thermomechanical analysis is Wedtoto [15] to which the
reader is referred for further details.

In Fig. (4), we report the measures of the vanegiof the energy release rate with
loading rate [19]. These correspond to sampleshitiwa sharp notch has been
created by tapping a fresh razor blade at the tip machined pre-notch. The
fracture tests consist in fast three points bendiests with a prescribed
displacement rate ranging in 1-5m/s [19].
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Fig 4. Variations of the energy release rate witlading rate from low to high
rates on samples with a sharp notch. The low rétés< 1MPa\/Tn/9 and the
high ratesK, >1x10’ MPa/ m/smeasures are taken from [19, 21], the prediction
of the failure based on a viscoplastic cohesiveezavith a temperature
dependence of the craze critical opening captusedkperimental data over 7
decades in loading rates.

In Fig. (4), it is observed that the energy rele@de exhibits a marked increase
around K, =1x10¢' MPa/ m/s and a time to failure about 0.1ms. These
experimental data are then used to assess theat@ibperformed at low rates,
presented in [18]. As shown in [19], the predictdmsed on the calibration of



Saad et al. [18] is valid up to a time to failutmat 1ms K, <2x10 MPa/ m/3
but fails in capturing the increase of the energigase rate for higher loading
rates. The prediction with the marked riseGp with K, is obtained by accounted
for a temperature dependent craze critical opetdfifT), of which variation run
from AR (Tamsient) = 3um toA“R (Ty) = 6um. The best agreement between the
predictions and the measures of the energy releasewrtiteloading rate is
obtained by considering a parabolic variationA5f(T) with the temperature, as
reported in Fig.(4).

The above calibration, extended for high rates in now tasevestigate the
influence of the notch size and loading rate effects offtaeture properties
(toughness and related energy release rate). The cmmcBsg variations are
reported in Fig. (5). We have reported the resultsafeharp crack prepared by
tapping together with other predictions with different kraonfigurations. These
correspond to various initial notch radii of 0.25mm aridhin that are closed to
those machined in the dynamic fracture experiments. We Ao considered
notch radii of 0.25mm and 0.1mm with an initial defechglthe crack symmetry
plane of which length is taken of 25 microns in order torege the influence of
an initial defect that results in a small crack along the naltet,could originate
from the machining. We have reported the variationsesponding to the results
for the sharp crack of Fig. (4). In all cases, the hmegs at the onset of crack
propagation is seen to increase non linearly with tlelitg rate. For a given
loading rate, the toughness increases with the cracksradih the lowest value
for the tapping’s configuration, then that of 0.1mm and highest value for a
blunt notch of 0.25mm. It is worth noting that introducing iaitial defect of
25um induces a noticeable drop in the level of the toughi@sshe blunt notch
of 0.1mm, the account for the initial defect results wragation of the toughness
comparable to that for the tapping. For the notch ofrAr@5with a defect, the
toughness is reduced down to an intermediate level bettir of the perfect
radius of 0.1mm and the sharp crack prepared byrgpp

The predictions of the toughness and related dependeititehe notch radius
and loading rate are noticeably influenced by the quefitthe notch machined
and possible presence of an initial defect. Thereforaeatdtomparison with the
dynamic fracture tests is not straightforward as the quallitie notch contour is
difficult to assess. The variations of the toughness with iméch radius and
loading rate provide valuable trends for the calibration & parameters
governing the crack propagation in the dynamic fractufEEXA simulations.
Also, one has to keep in mind that the prescribed strassistéhe local approach
under pure mode | differs from those prescribed dutfiegdynamic tests with a
noticeable mixed mode I/ll arising. This second aspect isn#ation in the
present study that could be overcome by performing a soalé analysis in
which the local description would be embedded in a moreraraopic one.
However, these first results are thought to pave thie towards that direction.
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Fig 5. Variation of the toughness with loading rate at thesebnof crack
propagation under mode | for a sharp crack —tapping-nbhwtches with radius
of 0.25mm and 0.1mm, and blunt notches with an initial defleag the crack
symmetry plane of 25 microns long

Conclusion

This work shows that a good combination of well-comlexperiments and
refined X-FEM simulations enables one to explain the histbtbrittle dynamic
crack propagation and arrest using simple ingredients. nEwe experimental
setup presented allows the assessment and the validétr@w dynamic crack
growth criteria by studying the highly transient propagapbases such as crack
growth, crack arrest and crack restart. To take intouwdcthe dependency of
those criteria with the initial condition of the crack propamatnotch radius) and
the loading rate we have performed a micro-macro sealalysis using
micromechanical analysis of the failure by crazing. Tiegligtions give the good
trends compare to the experiments and further work hias tione to include this
analysis in a macro criterion.
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