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1 INTRODUCTION

Medical implants made of bioabsorbable polymeric materials have been comprehensively investi-
gated as efficient substitutes for their metallic counterparts. Costs, mechanical behavior, and their
ability of being absorbed by the body once their mechanical function has ceased are the main
features that motivate the use of these polymers. Among the most used bioabsorbable polymers
developed for surgical procedures, the most common are polyglycolic acid (PGA) and polylactic
acid (PLA) copolymers.

The process of degradation of bioabsorbable implants is represented by the irreversible phe-
nomenon called hydrolysis that comprises the progressive breakage of the chemical bonds of the
polymeric net due to its contact with bodily fluids. During this process, an initial decrease in the
molecular weight is observed, followed by a loss in mechanical performance; finally, a loss of mass
is observed. Due to this sequential degradation, as the mechanical properties of the bioabsorbable
devices worsen, stresses are progressively transferred to the healed new tissue formed around
them. In this way, they are designed to abandon their mechanical functions before being fully
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absorbed. This final absorption is the last step in the degradation process, which is found in bio-
chemical reactions.

The hydrolytic degradation of the polymer depends on the intrinsic properties of the material,
and it is related to the diffusion coefficient of water, degradation rate, body size, degree of crys-
tallinity, and mechanical stress state.

Degradation can occur in the following two ways (Chen et al., 2011). In the polymer medium,
if the diffusion of water is slower than the degradation, rate, then surface degradation is observed,
which progresses from the surface to the core. Conversely, when the water diffusivity allows for a
rapid soaking of the entire device, then bulk degradation is observed, which acts on all the mate-
rial points almost simultaneously. In the context of the present work, we assume that the latter
functions as the primary agent of degradation for the PGA and PLA polymers.

Several studies have been performed to investigate the behavior of bioabsorbable polymers
considering the effects of hydrolysis and mechanical stresses. Not aiming to present a systematic
review, we cite some examples below.

An early study by Miller and Williams (1984) revealed that the virgin material of PLA poly-
mers used in surgical sutures was subjected to strain values between 25% and 50% of their rupture
strain values. The stress relaxation after 14-21 days was evaluated, revealing that the rate of
hydrolysis clearly increased with the magnitude of the applied strain. Chu (1985) reported a rela-
tionship between the applied strain and the degradation rate of PLA fibers immersed in a solu-
tion. When pre-stress was applied to the material in an aqueous medium, microvoids appeared,
which increased the water penetration and accelerated the degradation process. Zhong et al.
(1993) analyzed the influence of a strain value of 4% on the degradation parameters when using
PGA and PLA suture fiberssoaked in a solution of water and hydrogen peroxide. After two weeks
of immersion, they concluded that the degradation rate was considerably higher in the presence of
strain than its absence. Smit et al. (2008) evaluated the effect of axial compressive loading on the
degradation of a spine cage made of 70/30 poly(l,dl-lactic acid)(PLDLLA). The results showed
that the mechanical resistance of the material was dependent on the load, temperature, and hu-
midity. Soares et al.(2008, 2009, 2010) presented constitutive models for bioabsorbable polymers
that underwent degradation under applied strain. They proposed a scalar field that described the
local state of degradation (isotropic damage). This field is related to an evolution law that de-
pends on the state of the strain/stress. Muliana et al. (2009) and Muliana and Rajagopal
(2011,2012) analyzed the different relationships between hydrolytic degradation, viscoelastic be-
havior, and water diffusion. Basic hypotheses suggest that the Young’s modulus of the material
decreases with degradation. In a very recent paper, Khan and El-Sayed (2013) includes a damage-
type internal variable within a variational viscoelastic model to account for degradation phenom-
enon in stents. It is interesting to note that none of the above mentioned works consider the
combined influence of the damages induced by mechanical and chemical sources. For example, it
is possible to find this coupling in vascular stents, because these devices are subjected to severe
mechanical action (plastic diametral expansion) during the implantation procedure.

The present study aims to test a simple extension of the classical Lemaitre’s isotropic elasto-
plastic damage model to include a time-dependent term that accounts for the dynamics of a
chemical degradation processes. On the basis of the experimental observations, it can be shown
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that this term depends on the stress state. The model combines the effects of elastic and plastic
strains, mechanical damage, and chemical (hydrolytic) damage. Although this model is restricted
to infinitesimal kinematics, it can be extended to finite deformations.

Section 2 presents a short but self-contained mathematical formulation of the model. The no-
tation used in this section is obtained from the book by de Souza Neto et al. (2008) where certain
details about the technical operations can be found.

Section 3 illustrates the behavior of the proposed model. To this end, a set of numerical tests
are conducted to evaluate the single constitutive equation as well as its inclusion in finite-element
examples. It is worth mentioning, however, that the results do not represent any particular iden-
tified material, and the intention of these results is to demonstrate the capabilities of the pro-
posed model. A final section is added to summarize the obtained results.

2 HYDROLYTIC-PLASTIC DAMAGE MODEL

Let us consider an isotropic damage variable that is split into two terms: the first is the classical
ductile damage of the Lemaitre’s model and the other is called hydrolytic damage. While the evo-
lution of the former is directly related to the existence of plastic strains, the latter is dependent
on time (chemical action) and stress state. Now, let us define the conventional external and in-

ternal state variables, namely, the total strain &, plastic strain &”, equivalent plastic straine?

plastic damage d”, and hydrolytic damage d". The elastic strain and total damage can be de-
fined as

e =¢e—¢€" d=d"+d", (1)

For simplicity, we assume that both plasticity and damage phenomena are isotropic in nature.
In this case, the free energy can be additively decomposed into two contributions: the elastic po-

tentialy ®, depending on the elastic strain and scalar damage, and the plastic one ¥? , depending

on the accumulated plastic strain €7 only:
o= sleenena )= o) e wl) 8

The elastic potential is related to the linear isotropic material and is dependent on the bulk
modulus K and shear modulus G :

=l e = (1-d)[ e - e+ K<) )

In (3), D is the isotropic elasticity tensor, e, =tr[e‘], the volumetric strain, and

g5 =¢€" — E%l, the deviatoric elastic strain. Considering the linear constitutive relationship it is

also possible to express this energy in terms of the stress:
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where pz%tr[d] is the hydrostatic pressure, s= 06 —pl 1is the deviatoric stress, and

q = +/3J,(s) = ,/%s :s is the equivalent von Mises stress. Their relationships with the correspond-

ing effective values are

na) "~ ay " a) (5)

On the basis of thermodynamical principles, the conjugated forces can be obtained from the
derivative of ¥ with respect to the state variables:

oy oY oY —
c=p—=0_0-d)D : &, y=p—=-0, k=p— =kE? 6
paee ( ) x paep paé” ) (6)

0y ¢ P h oY
p = — i — — e — = — p
Yh=r d? 6G 2K’ Yh=e ad" Y Q

Y? is the energy release rate due to an increment in the plastic damage. The new conjugate force
Y" results in exactly the same conjugate value of Y?; however, this value is now related to the

hydrolytic damage. Despite the fact that Y and Y? share the same value by definition, both
these variables are expressed separately.
The von Mises yield function is given by

®(6.kd)=—1—~0, (k) <0 (8)

where o, (k) is the hardening law.

To define the evolution rules of the internal variables, a common formalism can be used to as-
sume the existence of a dissipative potential ¥ which ensures the automatic satisfaction of the
Clausius—Planck inequality (non-negative dissipation process) on the basis of its convexity proper-
ties. In the present case, the potential W is exactly the same as that of the Lemaitre’s damage

model along with a new term Ul

= &0,k d) + V(Y7 d) + V(Y d) (9)
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In (9), we distinguish the yield function @, plastic potential U” | and the (new) hydrolytic poten-

tial U". Since W = @, the flow model is nonassociative.
In our case, we use the simplified Lemaitre and Chaboche plastic potential (de Souza Neto et
al., 2008):

_yr|
r

m(z" —z5) r

) = 1—d)(1+s)

1 ifa>0
, H(a)= 10
(4) {o if a <0 (10)

where 7 and s denote the material constants. The Heaviside step function H is used to incorpo-
rate a plastic threshold &} for the accumulated plastic strain €7 below which no plastic damage
rate is allowed.

The evolution of the internal variables g?, €7, and d” are intrinsically related to the plastic

flow phenomenon and can be defined based on the dissipation potential ¥ as follows:

gr— N N2O¥_0®_ 1 [3s 11
N T 06 T a0 - a) Vs (1)
oU 0%

=pr — , :_—:——:1 12
=7 ok~ ok (12)

) p  H(EP—-EL)D(_yrY
=gy, v=-9r _ 0¥ _ ( B)(—r (13)

oy ayr  (—-d) | r

The N, H, and V wvalues defined in (11), (12), and(13), respectively, are associated with the
direction of evolution of the internal variables, while the Lagrange multiplier rate 4 accounts for

their amplitudes.
In the present proposition, the hydrolytic damage is not dependent on the plastic flow, unless

it is indirectly related through the stress state. Therefore, d" is independent of 5. Moreover, the

hydrolytic damage is a time-dependent process driven by the kinetics of the chemical reactions. In
chemical kinetics, a classical expression that accounts for the degradation rate is given below (de
Paula & Atkins, 2011, pp.1328):

d=k1—d)" k= Aexp

_Ea
RT] (14)

where & is a rate constant depending on the temperature T, activation energy E , gas constant

R, and a pre-exponential factor A . Moreover, the exponent n is known as the order of the reac-
tion. In the present case, since the temperature and activation energy are assumed to be constant,
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we assume that the value of & depends on the strain energy Y" . Then, following the structure of

(14), we define the evolution of d" as follows:

m

o] @y (15)

l

g0V _ 09 _

)

+9

The hydrolytic dissipative potential consistent with (15) is then expressed as

Yh m+1
T‘*‘Q (1—a)" (16)

l

h hy
L )_(erl)

where [,m,g are material constants. The first simple expression arises when taking n =1, i.e., a
first-order chemical reaction, which provides an evolution that is conceptually similar to that of
Soares et al. (2009). An important value in (15) is g that guarantees the existence of the degrada-
tion rate even in the case of absence of stresses.

Although similar, the expressions in (13) and (15) behave significantly differently; in the case
of the former, the damage rate increases when the damage itself increases, which is the opposite
behavior of the latter. In (13), the damage evolution is a time-independent process since it follows
the plastic multiplier % ; in (15), the hydrolytic damage is essentially dependent on the time scale

of the chemical process.

2.1 Incremental updating

The time integration of the previous equations over the time step [tn,tn +1} defines the correspond-

ing incremental constitutive algorithm. Here, we use the standard full implicit elastic predictor—
plastic corrector technique, and the presentation is similar to the procedures shown in de Souza
Neto et al. (2008) and Simo and Hughes (1998). We consider the set of state variables

{en,sﬁ,gf,df,dg} at time ¢ (which is completely known) as well as the total strain

€,,, =€, +Ag at time ¢ . The increment of the plastic deformation and damage comes from

(11-15) and Ay = At 5:

1 3 S
el =€ +AyN .., N  , = \/: il 17
o o o (1 - dn+1) 2 sn+1” ( )
dn+1 = dg-&-l + dr}zL-H = dn + Ad” + Adh (18)
_YP
AdP = A’Y n+1 (19)
(1-— dn+1) r
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m

_yh
Ad' = A1 —d,,)| —+g

n+1) (20)

In (20), the evolution law of (15) was substituted after consideringn = 1. The computation of the
elastic strain and corresponding effective stresses is given by

Edn1 = Edna1 — (85 +AYN, )’ Eni1 = Evnp (21)
Sup1 = 2G<8dn+1 - (85n + AN, ))’ Sp = (L=, )8, (22)
Py = Kby = Keyps P = (=d, )0, (23)

The consistence condition in (8) at ¢,,, takes the form

s = s — 0, (M) +09)) <0 Ay 20, @ Ay =0 (24)

2.2 Elastic predictor (¢, , <0)

n+l —

In this step, we assume that the strain increment is purely elastic, i.e., Ay = 0. In this case, the
so-called trial quantities can be defined as

otr —ptr _ =
€11 =€, €&, &, =¢ (25)

<t _ ot ~1 _ ot ~1 _
SnT-H - 2G8377;+1’ pnr-ﬁ-l - KE:/;-H’ qn,r-ﬁ—l - (26)

2 2

~ ~1
e ) (7] (27)
i 6G 2K

Since Ay =0, the damage increment, if it exists, can be attributed only to the hydrolysis phe-
nomenon. Therefore,

d:i:1 = df; + dﬁﬁ (28)

. ’ . _Y;ptr
it = - - 2
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Isolating d:ff:l from (29), we get

" + At(1 - cl,,{?)(—_ylﬁ1 + g)

dfy = ; (30)
1+ (%ﬂ‘ + g) At
which allows the computation of s, p.,, and ¢ as follows:
St =0=d )80 Py =0—d )R, 6, =0-d0 )3, (31)
Finally, the yield function can be evaluated for the trial values as follows:
Oy = Uy<k(§::+1 ) (32)

If the condition @Z’Jrl < 0 is satisfied, then the step is purely (damage) elastic (Ay = 0) and the

variables are updated using the corresponding trial values:
tr
(.)n-&-l = ('>n+1

Otherwise, @Z’Jrl > 0; then, a plastic increment A7y >0 exists. In this case, the new updated

variables are determined to satisfy the condition ® ., =0, which corresponds to the plastic cor-

rector step.

2.3 Plastic corrector (A’y > 0)

In this step, the following set of equations is solved:

e etr A’y 3 Sn+1
€5, = €4 — \ﬁ 33
o o 1-d,,)V2 sn+1” (33)
a1 = &, T Ay (34)
d =d 4 n+1 4 A1 —d n+l + 35
n+1 n (1 _ dnH) r ( n+1) l Y ( )
¢ = qn+1 - Jy<k(gr?+1) =0 (36)
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From (33), it is possible to write

Q. =g - 3GA~ 57
n+1 n+1 (1 _ dn+1) ( )

which may be substituted in (35). Similarly, replacing (34) in (36), the system is reduced to the
following pair of equations:

i 3GAYy _
=t _ _ p —
o= qn+1 (1 _ dn+1) Uy (k(€n + Af}/)) =0 (38)
Ay (Y7 —y*h "
d =d + n+1 4 A1 —d n+l + 39
n+1 n (1 _ d77,+1) r ( n+1) l g ( )
where
1] 3GAY P
_yr — —Yh — _— |Ftr _ n+1 40
n+l T | I 1—d_,) 2K (40)

Isolating w, ,, =1—4d, ,, from (38) and introducing it in (39), a single nonlinear equation in Ay

can be obtained:

Ay Yy 1
F(Ay)=w, (Ay)—w, + it (41)
+l w, (Ay)| 7
—Yh' n
+ w, 1 (A7) l”“ +g| |At=0, (42)

Note that this expression differs from the classical Lemaitre’s model in the last term of (41). The
solution of this single nonlinear equation is obtained by using the Newton-Raphson method. In de

Souza Neto et al. (2008), a convenient initial value Afy(o) is proposed as follows:

Once A~ is obtained, all the remaining variables are updated:
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=p — b
5n+1 =& + A’}/,

tr

= 5 _ o
Dy = wn-H(A’Y) Doy Q1 = wn+1<A’y> an-!—l —3GAy

3GAY | 4
sn-&-l = wﬂ,-&-l(A’Y) o (jtr Sny-&-l’ Gn-&-l = sn+1 + p7z+lI
n+1
Ay 3 S
e’ —g? + Q “ntl
+1 , ~
! " (l_dn-H) 2HS7L+1H
Finally, the above algorithm o ., =06 (€ .., ,E7,d ) of the incremental constitutive problem
y g n+1 n+1°%n’~n’"n
yields the derivative.
D do,
o€, .,

providing the consistent tangent elastoplastic tensor. Clearly, a closed expression of this deriva-
tive is obtainable, but not included in this paper.

3 NUMERICAL EXAMPLES

In this section, we present a set of examples aiming to demonstrate the behavior and applicability
of the proposed model. The material parameters used, however, do not correspond to any specific
material and are taken just as examples. It is worth mentioning that the parameters related to
the hydrolytic damage are clearly dependent on the unit of time, since it is a phenomenon that is
significantly influenced by the time scale in which the chemical phenomenon occurs. Here, since
no identification process was considered, the time unit used will be generically called a “day.” The
values shown in Table 1 were used for all the further studied cases and are intended to resemble
those of a polymeric material.

3.1 Uniaxial tensile test
3.1.1 Strain-controlled tensile test: Case 1

In this case, we consider a single material point subjected to an axial tensile test controlled by
axial strain. Three loads are applied that are linearly varied from zero to the maximum strain
values of 0.05, 0.03, and 0.01 during a time interval of [0,120] days. Figure 1 shows the curves of
the von Mises stress versus time and damage versus time for all the load conditions, which can be
used to compare the behavior of the proposed plastic-hydrolytic damage model (DEPH) with a
purely plastic damage (DEP) model. As expected, the hydrolytic damage curves exhibit higher
values in the cases with higher stress values. In the case of the maximum strain of 0.01, no plas-
tic strain occurs and only hydrolytic damage is visible.
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Figure 1 von Mises stress versus time and damage (D: total; DH: hydrolytic; DP: plastic) versus time (Case 1).
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Figure 2 von Mises stress versus time and damage versus time (Case 2).

Latin American Journal of Solids and Structures 11 (2014) 884-906



E. Fancello et al. / A Simple extension of Lemaitre’s elast. plast. damage model to account for hydrolytic degradation 895

3.1.2 Strain-controlled tensile test: Case 2

In this example, a similar tensile test is conducted; however, we consider that the maximum
strain is applied for a short interval of 1/24 day and then maintained constant for up to 120
days. Figure 2 shows the curves of the von Mises stress versus time and damage versus time for
all the load conditions. Again, the higher the load, the higher is the initial damage rate. During
the initial loading (1/24 day), the hydrolytic damage is imperceptible and only plastic damage is
visible.

3.1.3 Strain-controlled tensile test: Case 3

The same maximum strains are linearly applied during the first 60 days and then linearly un-
loaded during the next 60 days. Figure 3 shows the stress component (o, ) versus strain curve

and damage versus time curve.

3.1.4 Stress-controlled tensile test: Case 4

Similarly to the previous cases, in this case, the tensile test is controlled by the applied axial
stresses with maximum values of 20 MPa and 26 MPa that are linearly applied during a short
time step of 1/24 day and then maintained constant. Figure 4 shows the curves of strain versus
time and damage versus time. Note that in both these instances, the applied loads are less than
the plastic yield value of 50 MPa. However, due to hydrolytic damage, plasticity is finally
achieved, thereafter driving the material point to collapse.
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: ) M___?
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Figure 3 Axial stress versus time and damage versus time (Case 3).
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3.1.5 Stress-controlled tensile test: Case 5

In this case, the stress values of 18 MPa and 20 MPa are linearly applied for 60 days and unload-
ed in the next 60 days. Figure 5 shows the curves of the von Mises stress versus time and damage
versus time. Again, in both these instances, the applied loads are less than the plastic yield value
of 50 MPa. For the load of 20 MPa, hydrolytic damage occurs before the unloading and collapse.
For the load of 18 MPa, despite the increasing damage, unloading is faster and the material point
is able to withstand the load.

0,05 1,00
| -=-0=26MPa (DEP) -=-0=26MPa
0,04 0,80 -
| =+~0=26MPa (DEPH) 0=20MPa
] - o
£ o0s 0=20MPa (DEP) I 80,60
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) ©
k=] ] £ 640
8 002 - 5°
< 1 [
] Snnnun
0,01 M 0,20 -
N 0,00 tass e
0 1h 10 20 30 0 . 1h 10 20 30
Time [days] Time[days]
Figure 4 Axial strain versus time and damageversus time (Case 4).
0,05 1
—-0=20MPa (DEP) w 0220MPa
004 | ~~0=20MPa (DEPH) 08
' 6=18MPa (DEP) T 0=18MPa
o
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® 0,03 ( ) © 06
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=
T
"% 0,02 = 04
2 5 /
|—
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0 i ‘)‘“ﬁ: ‘ . . . —‘—Fﬁ_" 0 wuw """"’f?' il T . . T !
0 40 60 80 100 120 o] 20 40 60 80 100 120
Time [days] Time [days]

Figure 5 Axial strain versus time and damage versus time (Case 5).

3.2 Axisymmetric sample
3.2.1 Displacement-controlled test: Case 6

Consider the axisymmetric sample shown in Figure 6. An axial load is applied by controlling the
displacement of the top surface of the sample and imposing symmetry boundary conditions on the
lower surface. Four-node Lagrangian finite elements (with 2D solid revolution) were used to simu-

late this case. The mesh is also shown in Figure 6.
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The prescribed displacement increases linearly from zero to 0.15mm within the time interval
of [0,120] days. Figures 7 and 8 show the von Mises stress distribution and damage distribution
for the two instances: 40 and 94 days, respectively. From Figure7, it is evident that strong re-
laxation occurs in the instance when hydrolysis is taken into account. Further, the stress distribu-
tion changes significantly; the maximum value emanates from the notch and appears in the inte-
rior of the domain.

(@) (b)
i
4
40mm
R=4mm
D=18mm
[ —

!

Figure 6 Axial tensile specimen and simulated mesh.

3.2.2 Force-controlled test: Case 7

The same sample as that used in Case 6 is subjected to a controlled axial force that grows linear-
ly from zero to 1021 N within the time interval of [0,120] days. After that, progressive unloading
is undertaken at the same rate, reaching (theoretically) zero value at 120 days. This maximum
force value was set up so that the virgin material could reach the maximum stress value of 50
MPa. Figures 9 and 10 show the von Mises stress distribution and damage distribution for two
different times: 60 and 79 days, respectively. A behavior similar to that in the previous case is
evident; due to the presence of hydrolysis, the stresses at the notch relax and the maximum von
Mises stress value is found to exist in the interior of the domain.

It is noteworthy that since this is a force-controlled test, the sample cannot withstand the load
if hydrolysis is considered. Figure 11 shows the axial strain at the notch in the sample. The un-
loading at 60 days for both the instances is clearly visible; however, since hydrolysis keeps damag-
ing the sample, plastic collapse is achieved at 79 days (Figure 15, loss of convergence).

3.2.3 Plate Sample: Case 8

In this case, we simulate a plate sample using the 8-node Lagrangian brick elements (Figure 12),
which can be used to represent a 3D sample discretized with solid elements. In this case, a dis-
tributed force is progressively applied on the top surface of the plate; the maximum value of
250.75N is achieved at 60 days. After that, the unloading phase is initiated, reaching the zero
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load value at 120 days. Figures 13 and 14 show the distribution of the axial stress component

o, and the damage at two times: 60 and 120 days. As expected, the behavior is similar to that in

the cylindrical case; the damage due to hydrolysis significantly modifies the stress distribution at
the notch. During the unloading phase, it is possible to visualize the competition between the
remaining resistance of the specimen and the unloading tensile force. At the end of the process,

the local compressive forces remain near the notch region for the hydrolytic model.
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Figure 7 Equivalent von Mises stress evolution for the EPDH (left) and EPD (right) models.
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Figure 8 Damage evolution for the EPDH (left) and EPD (right) models.
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Figure 9 Equivalent von Mises stress evolution for the EPDH (left) and EPD (right) models.
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Figure 10 Damage evolution for the EPDH (left) and EPD (right) models.
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Figure 12 Tensile specimen and simulated mesh.

4 FINAL REMARKS

Being motivated by the technological applications of bioabsorbable polymeric materials, the ob-
jective of this paper is the proposal of a simple extension of the classical Lemaitre’s elastoplastic
damage model that includes the representation of damage induced by chemical phenomena (such
as hydrolytic degradation). In a simple and efficient manner, this model demonstrates the rela-
tionship between the damage evolution due to mechanical and chemical actions. The applicability
of the model is analyzed by undertaking a set of numerical tests. Although the model is presently
restricted to linear kinematics, the idea can be extended to finite strains.
A set of specific technical remarks are highlighted below:

e Hydrolytic damage interferes with all the state variables at all the material points subjected
to chemical activity. Moreover, this damage appears even in the absence of stresses due to the

material parameter g .
e The evolution law for the hydrolytic damage in which the term (1- d)";n > Oappears is es-

sentially different than that of the mechanical damage. Because of the former, the damage
rate decreases with increasing damage, behavior that is opposite to that given by the model of

mechanical damage.
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Mechanical damage is independent of time since it undergoes plastic evolution. Hydrolytic
damage is essentially dependent on the time scale of the chemical process.

The results of the investigated examples are consistent with the expectations for different
situations. At the beginning of the load, the evolution of the damage is driven only by the
hydrolysis process. When the material reaches the plastic flow, the degradation rate increases
significantly due to the coupled action between both the hydrolytic- and plasticity-driven

damages.
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Figure 13 Equivalent von Mises stress evolution for the EPDH (left) and EPD (right) models.
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Figure 14 Damage evolution for the EPDH (left) and EPD (right) models.
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e In the cases when the material point is subjected to a strain-controlled process, the expected
stress relaxation depends on the degradation rate. On the other hand, when the material is
subjected to a stress-controlled process, the degradation forces the material to undergo plastic
flow followed by collapse.

e In all the investigated cases, hydrolytic damage increased faster than elastoplastic damage.
This, however, should be attributed to the arbitrary choice of the material parameters in the
examples.

e The proposition in (2) regarding free energy decoupling, although conventional, cannot be
considered a unique alternative. For example, in the studies of Briinig (2002, 2004) and the
references therein, the damage follows a kinematic description similar to that of plastic strains
and the free energy is additively decoupled in elastic (reversible) and inelastic (damage and
plastic) contributions. This approach would certainly modify the definitions of the conjugate
forces Y" and Y”in (7). In spite of these alternatives, the present work has aimed to main-

tain the same structure of the original Lemaitre’s elastoplastic damage proposition (Lemaitre,
1985).

Summarily, it is worth mentioning that the actual representation of a bioabsorbable material
deserves attention in several aspects that have not been considered here. Among others, one such
aspect is the modification of the material properties due to the chemical actions: in the present
simple damage model, the yield limit and elastic modulus of the virgin material decrease as long
as the damage increases. The process of aging due to chemical actions may produce embrittle-
ment and/or stiffening of the elastic behavior instead of the softening action observed in the pre-

sent case.
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