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Fracture toughness in fibrous materials
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In the present paper, a fiber bundle model in+(Il) dimensions that simulates the rupture process of a
fibrous material pulled by an uniaxial foréeis analyzed. In this model the load of a broken fiber is shifted in
equal portions onto the nearest unbroken fibers. The force-displacement diagram is obtained for several traction
velocitiesv and temperatures Also, it is shown how the fracture toughness changes with the traction
velocity v and with the temperaturee In this paper it is shown that the rupture process is strongly dependent
on temperatureé and on velocityv.
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[. INTRODUCTION can be time independeristatic FBM [12,13 or not (dy-
namic FBM [8-11,14—-1& In the static model, to each fiber

Research needs in fracture mechanics are quite varied aigdl the bundle is assigned a strength threshold from a prob-
still pose a formidable task for engineers and scientistsability distribution and if the applied load exceeds this
When a load sufficiently large is applied on a material, itthreshold value the fiber breaks. In the dynamic model, each
fractures in a process that depends on several factors, sufiher is assumed to have a lifetime under a given load history,
as, the external conditiorfeemperature, traction velocity, hu- and it breaks because of fatigue. An important factor in the
midity etc). The fracture of a material can be classified indefinition of the FBM is the load-sharing rules, which de-
two categories, brittle and ductilé,2]. These two categories scribe how the load of a broken fiber is transferred to the
are not solely functions of the material properties but dependinbroken ones. In equal load-sharifigl. S) models the load
also on temperature and traction velocity. The brittle fracturecarried by a broken fiber is equally distributed among the
generally occurs at low temperatures and/or high velocitiesinbroken fibers of the bundle. In local load sharii.S)
while the ductile fracture occurs at high temperatures and/ohe load of a broken fiber is transferred only to its nearest
low velocities. neighbors.

When a material is pulled by an uniaxial forEeit expe- In 1994, Bernardes and Moreira introduced an equal load-
riences a displacemert. The force-displacement diagram sharing FBM to simulate fractures in fibrous materials that is
provides important information about the fracture proces$ensitive to external conditions, traction velocity and tem-
and can be easily obtained experimentally. In this diagranfperature[17]. In this work they obtained fracture energy
one can detect a linear region in which the foFcincreases (toughnesgversus temperature diagrams for several traction
proportionally to the displaceme® obeying Hooke’s law. Velocities. Then, they concluded that the higher the traction
In this region, the mechanical response of the material igelocity, the higher is the fracture toughness of the process.
reversible, i.e., if the force is reset to zero the material reThese results indicate that a brittle fracture consumes more
turns to exactly the original shape. It is also observed that, ienergy than a ductile one, in marked disagreement with ex-
the force is increased beyond a certain critical value, thé@erimental results. In this paper, a FBM with local load shar-
material enters the plastic region, where it does not return t#g is studied in order to analyze the rupture process of a
the original shape when the force vanishes. If the rupture ofibrous material pulled by a forde with a constant velocity
the material occurs in the linear region it is called brittle andv- The main goal is to obtain the force-displacemEeii®)
if the fracture occurs in the plastic region it is called ductile.diagram for several traction velocitias and evaluate the
Another important information obtained from tReversuss  fracture toughness involved in the rupture process. It is in-
diagram is the fracture toughness, i.e., the amount of energyestigated also how the fracture toughni&sschanges with
needed to fracture the material. The fracture toughness cdhe traction velocity and with the temperature
be evaluated from the area below thesersusés curve. Ex-
perimental result$1,3,4] show that the brittle fracture con-
sumes less energy than the ductile fracture. Il. MODEL

The frgcture properties of disordered mate.rials isqsubjgct The present model was inspired in the one studied by
of great interest because the presence of disorder is an iNernardes and MoreirEL7]. It consists of a bundle oR
portant feature that determines the rupture pro¢e$sTo  araiel fibers, all with the same elastic constaatdistrib-
analyze the rupture process of disordered materials severgleq on a unidimensional lattice. The fiber bundle is fixed at
models were proposed, among which is the well-known fibeg)o, extremes by two parallel plates, one of them is fixed
bundle modetlFBM) [6—11], created from the pioneer work o the other pulled by an uniaxial foréewith a constant
of Daniels[12]. In the FBM a set of fibers is distributed on a velocity v. The forceF on the fiber bundle is defined as

supporting lattice forming a fiber bundle. The fiber bundle is
fixed at both extremes by two parallel plates, one of them is
fixed and on the other an external load is applied. The FBM F=Nks, 1)
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wheresd is the displacement andis the number of unbroken 2.0 .
fibers. At each time step the bundle experience an increase
Ad=v X 7 in the displacement, where in our units=1. In 15| v i
the model presented here the fiber failure probability de- / \\,_‘ (a)
pends on the applied load. The load ¢=F/N) is the ex- 20l \\ |
ternal forceF on the bundle divided bW, the total number = 5
of unbroken fibers in the bundle, therefoveské. Since the \
model is of LLS type, an unbroken fibesupports a loadr 05 i 1
given by [
0'0 L 1 1 \/\ L
i 0.0 1.0 20 3.0 4.0
O-| = 1+ E) O-, (2) 40 T Tam T T
A
SN (b)
wherej is the number of broken fibers on both sides of the 30 / 3y 1
fiber i. The failure probability of a fibei is given by a . Lo Y
Weibull distribution usually used in materials sciefbel8— Loaot A \ _
20] = |
\
—(oy)Pv 10 r \\ |
Pi(o)=1-exg——r— 3 w

wheret is temperaturep is the Weibull modulus, which ' s
controls the degree of disorder in the system, and the . .
traction velocity. This definition of the failure probability is _ FIG. 1. ForceF as a function of the displacemedtfor three
different from that used by Bernardes and Morditd] that different velocitiesv and two temperatures In (a) we havet
: - : =0.5 and in(b) t=4.0 arbitrary unitsv =0.4 (solid line), v =0.2

Eggputed the failure probability from the elastic energy of a(dotted ling, ando —0.05 arbitrary unitglong dashey

At the beginning of the simulations all fibers are complete, h hat for— h lation b
and submitted to the same load(j=0). At each time step L~ 0-> are shown. Note that far=0.4 the relation between
fibers are randomly chosen from a setNgf=qN, unbroken the forceF and the displacement is purely linear. This

fibers. The numbeq represents a percentage of fibers andP€navior is ((:jharactehnstlc of a brittle ffra;)qure, V\I/(he.re tr?e rup-
allow Us to work with any system size. Then, using E@s, {Uré occurs due to the appearance of big cracks in the mate-

and(3), the fiber failure probability; is evaluated and com- rial. For low and intermediate velocities the relation between
] I

pared with a random number in the interval[0,1). If r the forceF and the displacemerdtis not purely linear and in

<P, the fiber breaks and then the neighboring unbroken sithis case the fracture occurs in the brittle-ductile transition or
: 'nathe ductile region. From Fig.(& one can see that the

bers are tested. This procedure describes the propagation o h locity. th ter th bel the f
crack through the fiber bundle in the direction perpendicula;fi‘;\’lcf’;;cer?]e\;]et %E'R/”e € greater the area below the force-
to the applied force. The process of propagation stops whe g ' .

bp b propag P In Fig. 1(b) the results were obtained for a temperature

the test of the probability does not allow rupture of any other ; loci he f displ di
fiber on the border of the crack or when the crack meets”4-0- Now, for any velocity, the force-displacement dia-

another already formed crack. The same cascade propagatigff"lm Is not p_u_rely linear, i.e., fo.r this tempgrature and these
is attempted by choosing another fiber of the gt After sets of velocities the fracture will not be brittle. In order to
all the N, fibers have been tested, the bundle is pulled to %)et_ter understand the influence O.f th_e temperafred ve-
new displacemenk § and all the rupture process is restarted. ocity v on fra_ctgre process, we will discuss how the fracture
The simulation terminates when all the fibers of the bundl oughnes is influenced by the temperaturand the ve-

are broken, i.e., when the bundle is divided into two parts. 1°C1tY U-
Figure 2 shows a log-log plot of the fracture toughni€ss

as a function of the temperatutdor three different veloci-
lil. RESULTS ties,v=0.002,v=0.02, andv =0.05. Note that the fracture

In order to verify the influence of the temperatdrand toughnessl:_(C i_ncrgases linearly with the increase of the tem-
velocity v in the rupture process of a material, the simula-Peraturet, indicating a power law
tions were performed considerimg,=1x 10* fibers, elastic
constantk=1, and Weibull modulugp=2. The simulations Ke=t7, (4)
were averaged over 1000 statistically independent samples.

Initially, the force-displacement diagrams were obtainedwherea is an exponent that depends on the velocity. So, the
in order to verify the influence of temperaturand velocity  higher the temperaturg the more energy will be absorbed
v on the fracture process. Figure 1 shows the forcebefore a catastrophic rupture occurs. Also, Figr) Zhows
displacement diagrarfr () for three velocitiesy and two  that the higher the velocity, the lower the fracture tough-
different temperatures In Fig. 1(a) the results obtained for nessK., i.e., a smaller quantity of energy will be spent in the
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FIG. 2. Log-log plot of the fracture toughneks as a function
of the temperaturefor three different velocities; = 0.002(circles),
v=0.02 (up triangle$, andv =0.05 (right triangles.

fracture process. In Fig. 3 this fact is shown more clearly. It

shows a log-log diagram of the fracture toughniéss/ersus
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FIG. 3. Log-log plot of the fracture toughne&s. versus the
velocity v for three different temperatures=2.0 (circles, t=1.0
(up triangle$, andt= 0.5 (right triangles.

that in high temperatures and/or low velocities.
In Ref.[17] Bernardes and Moreira, used a fiber bundle
model for which the fracture toughness is sensitive to tem-

the velocityv for three temperatures. Note that the fractureperaturet and to velocityv. However, their results do not

toughness decreases with the increase of the velocity.

agree with experimental observations. In the present paper, it

The results obtained agree with experimental data obwas studied a similar model to the one used by Bernades and

tained in fracture mechani¢$,3,4]. It is well known that the

Moreira[17] and the force-displacement diagrams for three

failure of materials has a strong dependence on temperatudifferent velocities and two temperatures were obtained. In
and velocity, for example, as is the case for the failure bethese diagrams, one can observe two regions dependent on
havior of polymers. At very low temperatures they fracturetemperature and velocityv, an elastic and a plastic region.
due to being brittle and consume little energy during theln the elastic region the forcE is linearly proportional to
rupture proces$l,5,21. When the temperature is increased displacemen®. In the plastic region the forcE is not lin-
above the critical temperatutg, the polymer undergoes a early proportional to the displacemeatand with the in-
transition to rubberlike behavior in which the material can becrease iné it reaches a maximum value, beyond which it
elastically stretched over several times its initial size. In thisdecreases. The area below the force-displacement curve give
region the fracture process is slow and consumes very muals the toughnes&, and depends on the temperature and
energy. Also, the rupture behavior of polymers is stronglyvelocity. The results obtained in this work show that the
dependent on the speed in which the elongation takes placftacture toughnesk . increases with the increase of the tem-

IV. CONCLUSION

peraturet and decreases with the increase of the velogity
These results are in agreement with the experimental obser-
vations.

In conclusion, we studied a model for fracture on fibrous

materials in (& 1) dimensions that simulates a rupture pro-

cess sensitive to temperatur@nd to velocityv. It is well
known that the fracture toughness, i.e., the endrggrk)
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