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Description of micro-damage process by porosity parameter
for nonlinear viscoplasticity

P. PERZYNA and A. DRABIK (WARSZAWA)

THE MAIN PURPOSE of this paper is to investigate the contribution implied by additional terms
arising in the nonlinear viscoplastic response for the growth mechanism of microvoids in ductile
solids. The dissipative mechanisms suggested by dynamics of dislocations are discussed. Experi-
mental data are reviewed and compared. The evolution equation for the porosity parameter
for the general nonlinear overstress viscoplastic theory is derived. Three different particular
overstress functions are investigated, namely — logarithmic, power and linear. The approxi-
mation procedure for the three types of the evolution equation obtained shows| that a descrip-
tion of the dynamic fracture phenomenon for dissipative solids can be the same in the case of
logarithmic and linear functions.

Celem pracy jest zbadanie wplywu nieliniowych wilasciwoéci materialow niespr¢zystych na
mechanizm wzrostu mikropustek w procesie dynamicznego zniszczenia. Przedyskutowano
mechanizmy dysypacyjne wynikajace z dynamiki ruchu dyslokacji. Zestawiono i poréwnano
wyniki badan doswiadczalnych. Wyprowadzono rownanie ewolucji dla parametru porowa-
tosci w nieliniowej lepkoplastycznosci. Obliczenia wykonano dla trzech rodzajow funkcji nad-
wyzki: logarytmicznej, potggowej i liniowej. Z przeprowadzonej aproksymacji otrzymanych
rownan ewolucji wynika, ze w przypadku funkcji logarytmicznej i liniowej mozna zastosowac
ten sam opis procesu zniszczenia materiatu lepkoplastycznego.

Lenpio paboThl ABJIAETCA HCCJIENOBAHHE BIIMSHUS HEJIMHEMHBIX CBOWCTB HEYNPYTHX mMaTepHa-
JIOB Ha MEXaHHU3M POCTa MHKPOIYCTOT B IIpoliecce JUHAMUYECKOro paspylieHus. OOcy>kaeHsI
JINCCHIIATHBHBIC MEXaHM3MBI, BBITEKAIOLINE K3 JHHAMHKH OBIDKCHHA auciaokaumd. Cocras-
JIEHbI M CPaBHEHbl Pe3yJIbTaTbl JKCIEPHMEHTAJIPHBIX HCCieJoBaHuil. BriBeeHO ypaBHeHHe
JBOJIOLMK [JIA NIapaMeTpa IOPHUCTOCTH B HEJIMHEHHOH BS3KOIUIACTHYHOCTH. Berumcnenus
MPOBEEHbI U TPEX POJOB M30OBITOUHLIX (DYHKUMIL: JorapHdMHYecKoH, CTEMEHHOH M JH-
HeHHoH. 13 npoBefeHHON annpoKCHMAaLMH I0JIYYeHHbIX YPAaBHEHWH JBOJIOLMM CIIEAYeT, YTo
B ciIydae jJorapuMuUecKol M JIMHEMHON (QYHKUMHA MOYKHO NPHMEHSATEH TO YK€ CaMoe OIHCaHHe
[Ipollecca pa3pyIIeHHs BA3KOIUIACTHYECKOro MaTepHana.

Introduction

THE MAIN OBJECTIVE of the present paper is to describe ductile fracture in the dynamic
process for a material characterized by linear and nonlinear overstress functions. The
physical model for a ductile, porous material is such that we consider the aggregate com-
posed of a matrix material and voids. The matrix material is assumed to be a work-har-
dening viscoplastic described by the constitutive equation as formulated by PERZYNA
[17]).

The evolution of voids during the dynamic process is described by the parameter &
which gives the ratio of void volume to the material volume. It describes the evolution of
internal imperfections caused by the nucleation, growth and linkage-up of voids.
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The first chapter contains physical considerations for the viscoplastic flow process.
The dissipative mechanisms suggested by dynamics of dislocations are discussed. As an
example some experimental results are shown. Both, physical considerations and the
results of the experimental investigations suggest the linear form of the constitutive equa-
tion for the viscoplastic porous material in the range of strain rate higher than 103 s~
For this range of strain rates, the most important dissipative mechanism in the matrix
material is that of damping by phonon viscosity. For this mechanism the relation between
inelastic strain rate and stress is linear.

The question arises whether this suggestion can be obtained directly from the investi-
gation of the viscoplastic growth mechanism of microvoids in ductile material.

To answer this question, the evolution equation for the porosity parameter for the
general nonlinear overstress viscoplastic theory is derived. Three different particular
overstress functions are investigated, namely logarithmic, power and linear.

The last chapter contains the approximation procedure which shows that for the log-
arithmic function, the evolution equation for the porosity parameter & can be the same as
in the case of a linear function. For the power function the result is different.

1. Physical foundations

The basic result of the microscopic investigations is that the elementary process of
plastic deformation is the motion of dislocations. For a better understanding of the mecha-
nisms of plastic deformation, we have to investigate the mechanisms which control the
motion of dislocations.

It can be explained basing on the experimental observations obtained for mild steel.
Taking into account ROSENFIELD and HAHNS [22] experimental results which show the
strain rate and temperature dependence, it is possible to distinguish four regions character-
ized by the different mechanism of plastic deformation (Fig. 1), see also PERZYNA [18, 19, 20].
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FiG. 1. The distinction of four regions on the temperature-strain rate plane characterized by different dissi-
pative mechanisms (After ROSENFIELD and HAHN [22] and PerzynA [18]).
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Region I is characterized by a plastic flow governed by athermal mechanisms. The
yield stress is relatively insensitive to strain rate and temperature.

A typical fact for Region Il is that the yield stress is more markedly temperature- and
rate-sensitive. The plastic strain rate is controlled by the thermal activation of dislocation
motion. The thermal obstacles or mechanisms in pure metals are the Peierls-Nabarro
stress, forest dislocations, the motion of jogs in screw dislocations and climb of edge
dislocations.

In Region IlI the lower rate and temperature dependence of the yield stress is observed.

Region IV encompasses very high strain rates, 10 to 10% s='. The yield stress seems
to be extremely sensitive to strain rate and for this range of strain rates damping of phonon
is the most important dissipative mechanism.

The rate and temperature dependence of the flow stress of metals can be explained by
different physical mechanisms of dislocation motion.

Let us discuss the most important ones.

1.1. Dislocation creep mechanism

The steady state creep of metals and other materials at a temperature of above one-
third of the melting point is characterized by the power relation between strain rate and
stress. At this range of temperature vacancies have sufficient mobility to allow dislocation
to climb as well as glide (cf. AsuBy and Frost [1]).

The connection between the shear rate p® and the resolved shear stress 7'** on the
« slip system for high temperatures can be described by the semi-empirical equation (cf:
STEIN and Low [27]; AsHBY and FrosT [1]; HUTCHINSON [7]; PAN and RICE [15]; PEIRCE,
ASARO, NEEDLEMAN [16]):

. @)L
(1.1) P = i l;m]"' sgnt'®,

c

where 7'® is a convenient reference creep rate for the slip system o, g denotes the refe-

c

rence stress. The functions 7', g and the exponent m depend on temperature.

1.2. Thermally-activated mechanism

The dislocation moving through the rows of barriers dissipates energy mainly due
to the thermally-activated mechanism. This process depends on time, temperature and
strain rate.

The average velocity v of a dislocation that surmounts obstacles with the assistance
of thermal fluctuation is assumed to be an Arrhenuis-type relationship:

e 4G
(1.2) v = AL vcxp(—k?’),
where v is the frequency of vibration of the dislocation, AL~ is the distance moved after
a successful fluctuation, 4G is the activation energy (Gibbs free energy), & is the Boltzman
constant and 0 is the actual absolute temperature. For the « slip system, Eq. (1.2) can be
written in the form

(1.3) Y = niPexp {—y[(v®—g{V)Lb]/kb},
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where
77(1‘*1) = A L_ l'l’b@m,
AG = p[(v* —gf)Lb] = p(v+@Lb),

(a) _ (%)
gT - T“ )

and 7%, 7, denote the thermal and athermal component of stress, respectively.
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FI1G. 2. The strain ratg dependence of the yield stress for pollycrystaline aluminium. The data of HAUSER,
SiMMons and Dorn [6] plotted on a linear scale.

400

w
S

200

Lower yield stress (MNmi%)

100

b

0

w? w3 0?2 ' 1 0 102 w03 1w w5 1
Strain rate (sec™”)

FIG. 3. Variation of lower yield stress with strain rate for mild steel at constant temperature (After CAMP-
BELL and FERGUSsON [2]).
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The linear form of the activation energy 4G was proposed by SEEGER [24, 25]:

k0 kO

where U§* denotes the constant value of the activation energy, m the « slip system and
o* is the activation volume.

The experimental justifications of the thermally-activated mechanism can be found
in the paper of CAMPBELL and FERGUSSON [2] and HAUSER, SiIMMONS, DorN [6]. Figure 2
shows the strain rate dependence of the yield stress for pollycrystalline aluminium for
different temperatures. In Fig. 3 the variation of lower yield stress of the mild steel is
shown.

(%) *
(1.4) a6 =" —[(zm_gs,:n N ]

1.3. Damping mechanism (phonon viscosity)

For the high strain rates the velocity of moving dislocation is controlled by the phonon
damping mechanism. This theory has been developed by MasoN [11, 12] and NABARRO
[14]. The applied stress is high enough to overcome the dislocation barriers without the
aid of any thermal fluctuations. In this region, the evolution equation for the plastic shearing
has the form

2 () (%)
(1.5) PO = Q%ngD,, [ ;{3) = 1] sgn 7™,
where B is called the dislocation drag coefficient, 7'® is the flow stress, g5, is attributed
to the stress needed to overcome the forest dislocation barriers to the dislocation motion.
This stress is called the back stress.
Experimental justification of the phonon damping mechanism was made by KUMAR,
HAUSER and Dorn [9], see Fig. 4.
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F1G. 4. The strain rate dependence of the flow stress of aluminium single crystals deformed by (111) (110)
slip (After Kumar, HAUSER and DornN [9]).
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1.4. Interaction of the thermally-activated and phonon damping mechanisms

The velocity of the dislocation moving through the rows of barriers can be described
by the expression
(1.6) v = AL /(t,+tp),
where AL™! is the average distance of dislocation movement after each thermal activation,
¢, is the time which the dislocation spends at the obstacle and #p is the time of travelling
between barriers.

The :volution equation for the plastic shearing is as follows:

(1.7) PO = P lexp {w[(z® — g )Lb) kO } + ABL™ v /(7™ — g5)b] ™,
where e = oubAL™ 'y,
b 0,b?
(@) = SMT @
gLy T g T

and the effective stresses 7@ = 7™ —g{® and 7™ = @ —g{¥ are defined for the
thermally-activated and phonon damping mechanism, respectively.

Experimental justification can be found in the papers written by Kumar, KuMBLE [10]
and SHIOIRI, SATOH, NISHIMURA [26].

According to the ratio between f, and tg, the dislocation velocity can be controlled
only by the thermally- activated mechanism or only by the phonon damping mechanism
or by both of them together.
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In this paper we describe a fracture phenomenon for a very high strain rate so our
attention is focussed on Region IV which was characterized at the beginning of this chapter.

The experiments performed by F. E. HAUSER, J. A. StmMons and J. E. DorN [6] have
shown the strain and yield stress dependence for pollycrystaline aluminium for the range
of strain rates considered. The results plotted in semilogarithmic scale are shown in Fig. 5.
Their transformation into the linear scale shows that in Region IV the yield stress and
strain dependence is linear (Fig. 2, cf. Ref. [6]). The yield stress as a function of strain
rate is also presented in Fig. 6 and Fig. 7 (cf. Ref. [13]). We intend to obtain similar results
by directly considering the viscoplastic growth mechanism of microvoids in ductile metals.
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FIG. 6. Yield stress oy and UTS as function of strain rate of 18 Ni-maraging steel.
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2. Model of the porous material

The physical model of the porous material considered by us was firstly described by
CarroL and HoLLT [3] and then developed by JOHNSON [8] and PERZYNA [21]. The base is
a rectangular material volume element which contains a representative distribution of
voids, as it is shown in Fig. 8. A uniform hydrostatic tension p acts over the surface of
this element. For the calculations, the simplified model of the porous material is taken
into account.

Let us consider a spherical void of a radius « in a material sphere of a radius b subject
to internal pressure p, and external stress o, (see Fig. 9 and Ref. [8]). We define the
imperfection parameter £, namely porosity, by the relation

a3

b3

It describes the ratio of voids volume to the solid volume.

2.1) £ =

F1G. 8. Element of the material with FiG. 9. Simplified model of the porous material.
representative distribution of voids.

3. Constitutive relation

The constitutive equation for a viscoplastic material with internal imperfections was
proposed by PERzZYNA [21]. This equation for the rate of the inelastic deformation tensor
E” has the form

@3.1) B = 2 (@[f ) 1]> ntnt

where y denotes the temperature-dependent viscosity coefficient, ¢ is the control function
dependent on (I,/I5)~' where I, is the second invariant of the rate of the deformation
tensor I;l”, I5 is its static value and @ denotes the viscoplastic overstress function, x is
a material function describing work-hardening effects. The symbol {[]> is defined as
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0 if f<=x
(32 av=1, ¥ e

The yield function for the damaged solid is postulated in the form
J3? 72\
(33) /( ) ) = {Jé [l (nl +§n2) 13 -+ (”3+ En‘l) J } )
2
where n; (i = 1, 2, 3, 4) denote material constants; J, is the first invariant of the Cauchy
stress tensor; J3, J3 the second and third invariants of the stress deviator.

4. Evolution equation for the porosity parameter

Jounson [8] derived the relation between the parameter & and external pressure p as
follows:

A.
@.1) (PO=p) 5 =2 j &

where As = o,—adp, p is a uniform hydrostatic pressure, i.e., p <0 in tension, p, is the
internal gas pressure, p, > 0; o, and o, denote the radial and circumferential deviatoric
stresses, respectively.

The relation (4.1) was obtained from the equation of motion for the material surround-
ing the void.

4.1. Linear overstress function

This chapter contains the derivation of the evolution equation for the parameter £ for
the linear overstress viscoplastic function @.
The yield condition of the matrix material is given by the following relation:

4.2) VI = Y{l +¢—‘(-%}i)},

where Y = +Y,+ H(eP) is the plastic strain dependent yield stress due to work-harden-
ing effects and the upper signs correspond to voids growth, whereas the lower signs — to
voids compaction; &P is the equivalent plastic deformation (cf. Ref. [21]), &7 =

! ) 1/2
- f(D”:D") dt.
J\3

The linearized form of Eq (4.2) is as follows:

= - Y,
(4.3) As = o,—0g = F Yo+ H'e?+ne?, 7 =fy°—~.

Putting the expression (4.3) into Eq. (4.1), we obtain the final form of the evolution
equation for the parameter £ in the case of the linear overstress function

(44) - F(E;?Eo) [ 2H

P +p, T3 (1= Hinlel+ T Ry, so)],
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Fl(E,fo):3(’ll__i)m[ ( ) I

13 1/37-1
FIE, &) (11-55(,) = (i) J .

The equilibrium state is reached in the case when £ = 0, so assuming that pg =0,

we obtain
2Y H’
(4.5) Peaw = ® (1-&)In&| + (1 —E)}F, (5, &)

Equation (4.4) describes the growth of voids during a dynamical deformation process
for p < p.qu(€) in tension or p > p.q.(£) in compression. In the other cases ¢ = 0.

4.2. Logarithmic overstress function

We take into consideration the first nonlinear case of the function ®. For @~ ! =
= In(e?/y+1), Eq. (4.2) takes the form

_ P
4.6 /J’:Yll+ln(£ +1)},
SO
P
(4.7) As = 0,—0y = ¥ Y0+H'af’+Yoln(; +1).

b
It is impossible to find the analytical form of the integral f -dr for As described

by Eq. (4.7). To obtain the approximate value, the power series expression procedure of
the In(eP/y + 1) was used:

:E'FJ ‘1(4])"}'1( n
4.8) ln(y .1)~"_>{ g y.)’

For the small values of 2—:”, the power series is converging and In (f-:”/y+]) can be
approximated by its first term
Y,
g

Putting this result into Eq. (4.1), we obtain the same evolution equation for the porosity
parameter as in the linear case:

F(E;?Eo)_[ (t)-l'Pg+ (]—E)]n|5|+ H Fi (&, ‘50)]-

Equation (4.10) applies for p < pequ(£) in tensionorp > p.q,(£) in compression, where
Pequ(£) is defined by Eq. (4.5).

P o ;
4.9) In (; +l) o {y and As = F Yo+ H'eP+ne?, 7=

(4.10) .
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4.3. Power overstress function

The last case of the nonlinear overstress function which is mainly used in the descrip-
tion of the viscoplastic material behaviour is the power function case.

For &='(e?/y) = (&°/y)'", Eq. (4.2.) is as follows.

4.11) VI = Y{I+($)%},

SO
1

(4.12) As = 6,—0p = F Yo+ H'e"+ ¥, (87)"

Here we encounter the same difficulty as in the previous chapter. The integral from
Eq. (4.1) with 4s defined by Eq. (4.12) has no analytical form. To obtain the approximate

. _ _ e\ .
solution, the power series expansion of > is applied:

wo - S

k=0 \ k
For small values of ¢”, the following approximation is possible:
e \L =p
(4.14) (8_) = fgit &
14 n o n vy

Hence, from Egs. (4.12) and (4.14) with n = % it follows that

@419 2] R R O L

where the functlon F, (&, &,) is the same as in the linear case and

B 2 1-¢ - o %]
Fy(§, &) = 3(1=£,) ( l—Eo) [E_(?) '

The final form of the evolution equation for the parameter & is obtained by putting
the expression (4.15) into Eq. (4.1)

@16 &= L”%é)_[ﬂp(mpg 2o - (2- Lmie+ 2 -8 so)].

It is easy to observe that for n = 1 it is possible to obtain directly from Eq. (4.16)
the linear case. For the other values of n, the forms of the evolution equation for linear
and power function cases are different. For greater values of n the difference between them
increases.

From the experimental observations it is obtained that for the material descriptions
the following values of n = 3,5, 7 are mainly used. Taking into account one of these
values, Eq. (4.16) can be written in such a way

@i &= OOz 1 g M a- o R )

forn = 3 and 9, = Y,/y.

8 Arch, Mech. Stos. 6/89
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5. Discussion of the approximation procedure

Let us return to the case of the linear overstress function. The integral evaluated from
Eq. (4.1) has the form

(5.1) 2}~Wﬂ—ﬂﬁlwﬂ@w R ).

It is convenient to introduce the distension parameter «, firstly defined by J. N. JOHNSON
[8]. The dependence between the distension parameter o and the void volume fraction
parameter £ is as follows:

1
1-¢°

The transformation of the functions F, (&, &) and F,(&, &) into the new variable is
the following:

13 RN
Fi(, &o) = Fi(x, @) = 3[((’:) *(“O 1 ) ]’

(5.2) x =

a—1

2e—1 X 1/3 2 1 1/3
e At = 250 (2] ()7

(5.3)

and

5 1/3
m%mzaﬂﬂ,
(24

12

1, wme—1 1

143
Fy(a, aO)N-'—(-~) , for o

Thanks to this approximation, some parts of the functions F,(a, «s) and Fy(«, xg)
could be neglected and this leads to the simpler form of Eq. (4.4):

(5.4) $=:fgfﬁl—mo+m¢9“lmﬂa;a+2HX1—aF@5&]
where
: 314 1/3
Ham*j(hé),
£ 13
n@sa—z( %)-

As an application of this theory, the plate impact experiment on copper was calcula-
ted —a 0.6 mm thick copper plate strikes a 1.6 mm target backed by a relatively thick
plate of PMMA (polymethylmethacrylate). The full description of the experiment is
presented by SEAMAN, BARBEE, CURRAN [23] and from their paper the following values
are taken:

p =3.0x105N/m?, Y, =26x10'N/m?, H' =9.8x10"N/m2, =% = 4.25 Ns/m?,
& =0001, p,=0.
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The solution of Eq. (5.4) was found according to the Runge-Kutta—Gill method with
the initial conditions £(0) = &,. The result is shown in Fig. 10. It presents the dependence
between the time and the porosity parameter. The experiments performed by SEAMAN
et al. [23] specified the critical value of & at which spallation occurs — for ¢ = 0.3 us
&, = 0.32. From our calculations we obtained the value & = 0.3136.
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FiG. 10. Time and porosity dependence in plate-impact experiment on copper.

4. Final comments

The main purpose of this paper was to find a simple description of the dynamic fracture
phenomenon by means of the evolution equation for the porosity parameter £ when the
viscoplastic properties of the material are described by different overstress functions,
namely linear, logarithmic and power. The evolution equation for the parameter & derived
for nonlinear cases contains the term which is similar to that for the linear case. The approxi-
mation proceduce developed shows that additional terms in the evolution equation can
be neglected only in the case of the logarithmic overstress function. For the power function
the analysis is more difficult and it does not give satisfactory results.
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