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Abstract A thermomechanical framework for the modelling of gradient plasticity is developed within the
range of linear strains. Full anisotropy is considered. Special focus is given to the restrictions imposed by the
Clausius—Duhem inequality. A rather general example gives a complete anisotropic model and shows its ther-
modynamic consistency. This is finally particularized for the isotropic case by using isotropic tensor-function
representations.

Keywords Gradient plasticity - Thermoplasticity

1 Introduction

In the literature there are several suggestions to enlarge the classical elasticity and plasticity by higher gradients
in order to include size effects which are apparent in many situations. For both the experimental motivations
and the generalized continuum theories, the reader is referred to the references quoted in the recent books by
[29] and [3]. A natural extension of classical plasticity is to include the gradient of the deformation tensor into
the list of (observable) independent variables. As a dual concept of this third-order tensor field, one would
expect a third-order generalized stress tensor (see [4]).

A large amount of the literature is devoted to the introduction of the gradient of plastic deformation aiming
at setting a thermodynamically consistent framework for accommodating Aifantis initial phenomenological
ansatz [2]. Fleck and Hutchinson [15] and [25] established balance and constitutive equations for materials
incorporating the effect of the gradient of plastic deformation. Related thermodynamical formulations were
also discussed recently by [19].

In contrast, less attention has been focused on the elastoplasticity of Toupin and Mindlin’s original strain
gradient media. Toupin [37] and [30] only envisaged the linear elastic behaviour of the media they had created.
The foundations of strain gradient theory were more recently revisited by [38—40] for solids and fluids. These
works were followed by [11] who probably developed the first elastoplastic strain gradient theory. Motivations
for the development of elastoplastic strain gradient models mainly stem from the mechanics of heterogeneous
materials. For instance, [32] and [45] derived effective strain gradient properties for porous materials, whereas
[27] considered the effective properties of micro-cracked solids. However, their theories are confined to linear
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strain gradient elasticity with a dependence on pore volume fraction or crack density. An explicit yield func-
tion for strain gradient media incorporating both the second- and third-order stress tensors is proposed by [24]
derived from a micromechanical analysis. The proposed model is applicable to the simulation of the ductile
fracture of metals and alloys including pore size effects and regularization of the plastic strain localization
zones, see [12]. Size effects induced by plasticity are also significant in single crystals for which [14] formu-
lated a crystal elastoviscoplasticity theory based on Mindlin’s strain gradient continuum. An elastoplastic strain
gradient model is also relevant for the modelling of strain localization phenomena in granular media for civil
engineering applications as shown by [9, 10] and [44]. Finally, it is worth mentioning applications related to
shear banding and deformation patterning during metal forming, for instance according to the second-gradient
viscoplasticity model by [13]. The formation of strain localization zones in granular media like soils or metal
polycrystals provides a clear example of a mechanical situation where the need for a characteristic size arises
in relation to the measurable finite width of such bands, generally of the order of 5—10 grain diameters.

All the previously mentioned models are special cases of the thermodynamically consistent formulation
of constitutive equations for nonlinear strain gradient media proposed by [17] (see also [33]). This constitu-
tive setting represents an extension of the concepts of continuum thermodynamics involving the definition of
free energy functional and dissipation potential (see [23] and [28]). An alternative framework was proposed
simultaneously by [34]. More recent contributions to the thermomechanics of elastoviscoplastic strain gradient
theories are due to [26] and [35].

In this paper, we adopt a different perspective and generalize the approach of [5] to such gradient materials.
Within the frame of plasticity, we decompose the deformation tensor and the gradient of the deformation ten-
sor into its elastic and its plastic parts. The theory is based on the usual assumption of identical thermoelastic
behaviour in all elastic ranges, which means that all measurable thermoelastic properties are not affected by
plastic deformations. This concept has been introduced by [6,7] in the context of large deformations. In the
present work, however, we limit ourselves to small deformations for the sake of simplicity and clarity. Specific
features related to the formulation of constitutive equations for strain gradient media at finite deformations can
be found in [9,10,17] and [35].

After exploiting this assumption, an example is given, which generalizes the classical J>-theory to gradient
plasticity. Then the restrictions from the second law of thermodynamics are worked out. The example still
contains an arbitrary anisotropy. Only in the last section its reduction to the isotropic case is shown.

The intention of this paper is to give a thermodynamical framework for the modelling of gradient effects
in elastoplasticity. Even our example is still formulated in a rather general manner, thus leaving enough space
for specific models for further research work in the field.

4)
Notations We indicate the order of a material tensor in brackets above like, e.g., C for the fourth-order elas-
ticity tensor. For every contraction between tensors, we use one point. The P-fold contraction of a K-fold
tensor product with an M-fold one for K > P < M is defined as the (K + M — 2 P)-fold tensor product

VM®...0vVg) ... X1 ®...0Xy)
=VI®..QVk_-pOXp11®...0Xy(VKk_p41-X1)(VK_p12 - X2)... (VK - Xp)

with “.....” standing for P product points. A straightforward generalization of this defines the according
products between complete higher-order tensors

2 The mechanical theory of gradient plasticity

Before we go into the thermodynamical theory, we want to briefly repeat the basic concepts of a mechanical
theory of gradient plasticity which consists of the following ingredients:

1. an additive decomposition of the linear strain tensor E into an elastic and a plastic part
E=E +E, M
and an analogous one of the gradient of the strain tensor.

K:=gradE=EQ®V =K, +K, )
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with the following symmetry properties: E = E” and K% = KJ%_ which also apply to their elastic and
plastic parts. It depends on the specific approach whether E,, and K, are considered as independent variables
or, alternatively, we set K, = grad E,, in analogy with (2). Since the first case seems to be more general, we
will in the sequel consider this case and only eventually mention the second one.

2. two elastic laws taken as linear mappings of the elastic strain tensors into the second- and third-order
stress tensors

(4) (5)
T:CT“Ee-i-CTM---Ke 3)
(5) (6)
M=Cyr--E.+Cuy---K 4)
4) (5)

(see [30]) by use of a fourth-order elasticity tensor C7, two fifth-order elasticity coupling tensors C s and
(5) (6)
C u7, and a sixth-order elasticity tensor C j7. These laws can be isotropic or anisotropic. In the central sym-

metric case, however, the fifth-order tensors disappear, as we will see below. The underlying assumption of
these laws is that the stresses depend only on the elastic variables and are unaffected by plastic deformations.
At any instant these variables have to fulfil the mechanical balance laws (see [30] and [22]), namely

e the balance of linear momentum div (T — divM) + pb = pu®®
e the balance of moment of momentum T = T

with p being the mass density, b the specific body force, and u the displacement vector. In the entire text the
upper dot stands for the material time derivative.

3. ayield limit (yield criterion), which indicates the limit of the current elastic range. The general ansatz for
the yield criterion in the strain space is

(p(E€7K€7E[77Kp7H) (5)

where H is the vector of additional scalar or tensorial internal variables such as hardening variables. In the
sequel we will note it as a second-order tensor without intending to constrain our considerations to this special
case. The internal variables introduced in the formulation comprise the classical hardening or damage variables
used in material modelling but also new variables related to the strain gradient or the elastic or plastic parts
of the strain gradient. An internal variable is characterized by the fact that its evolution law is given by an
ODE. An example of such a new internal variables could be the use of the norm of the plastic part of the
strain gradient in the evolution of the yield stress, as done for instance in the mechanism-based strain gradient
plasticity (see [21]) and in the recent models by [42]. The yield limit is the kernel of this function

(p(EeervEvava)zo (6)
(vield condition), while we assume
¢(EE’K€7EP7K[77H) <0 (7)

(only) in the interior of the elastic range. Necessary and sufficient conditions for the material to yield are the
yield condition and the loading condition

a d
¢ E.+‘P

. F LK >0 ®)
oE, K,

which states a violation of the yield criterion if the total deformation increments would be purely elastic. Our
presentation is limited to rate-independent plasticity, but viscoplasticity can be introduced in a straightforward
manner in the model, for instance, but not exclusively, by the introduction of a viscoplastic potential from
which viscoplastic flow rule and evolution laws for hardening variables are derived (see [17]).

4. flow rules which determine the evolution of E,, and K ,. A general rate-independent ansatz for them would
be first-order ODEs depending on practically all variables and the rates of the total deformations



272 A. Bertram, S. Forest

E;) = E(Ep, E..K,, K, H E*, K') ©))
K;, = K(Ep, E.. K, K., H E*, K'). (10)
If we, however, would assume K, = grad E,, then the second flow rule K is not needed since the evolution
of K, would be given by
K;, = grad E(Ep,Ee,Kp,Ke,H, E',K'). an
In the sequel we will not use Eq. (11) but instead (8) and (9) which we consider as describing the more general
case.

5. anevolution equation called hardening rule for the additional variable(s) H, which is assumed to be of the
same form as the flow rules above

H* = H(E,,E.. K, K., H,E* K*). (12)

These constitutive laws establish a complete mechanical rate-independent format for a gradient elastoplasticity.
In the next section we will generalize this format to thermomechanics by introducing the thermodynamical
variables and laws.

3 Thermoplasticity—general theory

For this purpose we have to enlarge the set of purely mechanical variables by the thermodynamical ones. These
are the following local quantities:

the specific internal energy (a time-dependent scalar)
the heat flux per unit time and area (a time-dependent vector)
the absolute temperature (a time-dependent positive scalar)

grad 0  the temperature gradient (a time-dependent vector)

S K S e o™

the specific entropy (a time-dependent scalar).

By specific we always mean with respect to unit mass.
We use the energy balance (first law of thermodynamics) in the local form

pe®* =pQ+T--E°+M-- K" (13)

with the stress power density T - -E® + M - - - K® and the heat supply per unit mass and time Q, which results
from irradiation r and conduction q in the usual form

Q=r—(divg)/p. (14)
By the introduction of the Helmholtz free energy
Vi=¢—0n (15)
we assume for the second law the Clausius—Duhem inequality in the form
T M .
Y e — = E - — . K+ LE_ g (16)
p P Pt
Thus, the specific dissipation, which consists of the mechanical dissipation
T L] M [ ] L] L] °
o =—E*'+—- - K*—y*—no*=0n* -0 17)
P o
by using Egs. (13) and (15), and the thermal dissipation
q-g
8h 1= —— (18)

p0o
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fulfils the dissipation inequality
8 =8m +m > 0. 19)

In order to enlarge the mechanical plasticity theory to a thermomechanical one, we add the temperature and
the temperature gradient to the list of independent variables called thermokinematical variables, and the heat
flux, the entropy, and the internal energy or the free energy to the dependent variables called caloro-dynamical
variables.

Thermoplastic materials can be understood as material models with internal variables. The set of the
internal variables contains in the case of plasticity the first- and second-order plastic strains and, eventu-
ally, hardening variables. For all of these variables we assume as generalizations of Egs. (9), (10), and (12)
rate-independent evolution equations in the general form

E; = E(Ee,Ke, 97 g, Epst7Hv E.,K.,Q., g.) (20)
K% = K (E..K..0.8.E,, K, H,E*, K®,6°, g°) 2D
H® = H(Ee, K..0,8,E,, K, H E* K*, 6°, g'). (22)

Again, K will only be needed if we consider K, as an internal variable independent of E,,. The set of additional
constitutive equations for a thermomechanical material with internal variables is assumed to be

T =T(E.K..0.8E,, K, H)
M= M(E. K. 0, 8E,K, H)
q=q(E.K.0,8E,K,H)
n= n(Ee,Ke,G,g, EP,KP,H)
¢ =¢(E. K. 0,8 E, K, H)
or ¥ =1(E.K.0,8E,K,H). (23)

Instead of elastic ranges, we will now have to deal with thermoelastic ranges. These are specified by a yield
criterion

w(E89K890’ gv Evava) (24)
which induces the yield condition
(p(E€3K€307 gv Evava) :O (25)
and the loading condition
d¢ d¢ d¢ %
- E° KO+ —0°+ —-g* > 0. 26
oF, TIK, Tt Tag 8~ (26)

If both conditions are not simultaneously fulfilled, the event is (thermo)elastic and, hence, the plastic variables
do not evolve

E;EO K;EO H*=0 27)
which are side conditions of the functions E, K, and H. Otherwise, it is a plastic event or an event of yielding,
in which the plastic variables necessarily have to evolve according to (20)—(22).

We will next investigate the restrictions imposed on the constitutive equations by the Clausius—Duhem
inequality. With the free energy (23.6) we obtain for the inequality (16)

A o0y . Y By oy

0> IE, .Ee+aKe...K;+%9 —|—¥.g-+ﬁ..1§;’+8Kp...K;7
+g—fl"H.+n9._%"(E‘:+E;’)_%"'(K;+K;)+%
a T 9 M 5 5
Z(alzli_5)"E‘:+(ali_;)"'KZ+<%+n)e°+a—Z-g'
+<%_%)"E;+(%_%)”'K;’+%”HO+%' (28)
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If we first consider elastic events, then there remains only the inequality

oy T oy M oy
0> ) E (= —-) K+ (2 0°
B (aEe ,0) e+(aKe P) L+<89 +n)

0 .
og 0

N (29)

The exploitation of this inequality for states below the yield limit, where E?, K2, and 6° are not restricted,
leads by standard arguments to the conditions from gradient thermoelasticity, namely the independence of the
free energy of the temperature gradient

w zw(E87K8795E[7’KpaH) (30)
instead of (23.6), and the thermoelastic potentials

i

T= pBEe = T(Ee, K..0,E,,K,, H) 31
oy
MZ'OBKe :M(EE,KE,G,EP,KP,H) (32)
oy
77 = % = rI(E€9K€997Ep7 Kpa H) (33)
as well as the heat conduction inequality

as necessary and sufficient conditions for the second law to hold during elastic events. Note that the consid-
eration of a dependence of the free energy function on the gradient of the temperature therefore requires an
extension of the present theory which has been proposed in the context of linear strain gradient thermoelasticity
by [16], see also the formulations by [18] and [42].

Because of continuity, restrictions (30)—(34) must also hold when reaching the yield limit. If yielding
occurs, however, then the additional terms of the Clausius—Duhem inequality (28) must fulfil

B (aEp p) p+(aKp :0) Tt oH " po )

This inequality must be valid for any value of the temperature gradient g and, hence, for an arbitrarily large
absolute value of q - g. Since the other terms of the inequality do not depend on g, we obtain again the heat
conduction inequality (34) separately, and the residual dissipation inequality in the form

T 0 M 9 a

T_ 3 ..E® + M_ W ---K’——w--H'zO (36)
p OE, b p 0K, L) § |

as a restriction of the yield criterion and the flow and hardening rules. The terms p% and p% can be

interpreted as back stresses, while the terms in brackets contain the effective stresses.

4 Identical thermoelastic behaviour

Up to this point, our analysis has been rather general. In order to further specify this setting for gradient
elastoplastic materials, we introduce another important assumption, which is the generalization of the assump-
tion previously mentioned of identical elastic behaviour within all elastic ranges.

Assumption The thermoelastic behaviour within all thermoelastic ranges of the elastoplastic material is iden-
tical.
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This means more precisely that during elastic events all measurable quantities like the stresses, the heat
flux, and the heat supply depend only upon the elastic strains and the temperature and its gradient, but not
upon the plastic variables E, K, and H. The consequences of this assumption shall be investigated next.

We obtain for elastic events zero mechanical dissipation and hence from Eq. (17)

Sm=0=0=0n° 37

with the local heat supply O, which we consider as a measurable quantity, at least in principle. With Eq. (33)
the right-hand side becomes for elastic events with E = E, and K = K,

ot = (20 g 2 ey O (38)
T =Y\ GE, 9K, 30

which shall be independent of E,, K, and H. This can only be the case if the following decomposition of the
entropy exists

1(Ee, Ke, 0, Ep, Kpp, H) = n(E, Ko, 0) 4+ 17, (Ep, K, H) . (39)

After the above assumption, also the stresses shall not depend on the plastic variables. Hence, we have the
reduced stress laws

T = T(E. K., 6) (40)
M= M(E,, K., 0) 4D
and instead of Egs. (31) and (32)
4
TE:, K., 0)= 42
(Ee, K¢, 0) = p 3E, (42)
M®E,, K., 0) = oy (43)
e € - p 8K(3
Instead of Eqs. (33) we obtain with (39)
oy
Ne(Ee, K, 9)+7)p(Ep, Kp7 H) = _Es (44)
which leads to the split of the free energy
Y = Ye(Be, Ko, 0) — 60 1, (Ep, K, H) + ¢, (E,, K, H) (45)
such that
oY (E,, K, 6
1e(E,, K, 0) = — Velle Be ©),
a6
and with an (up to now) arbitrary function ¢, of the plastic variables E,, K, and H.
The internal energy follows from Eq. (15)
8=8e(Ee,Ke,9)+€p(Ep,Kp,H) (46)
with
ce(Ee, Ke, 0) := Y (E., K¢, 0) + 0 n.(Ee, K, 0) . 47

After the above assumption, the heat conduction can neither depend on the plastic variables E,, K, and H,
which gives rise to the reduced form of Eq. (23.3)

q=qE:.K,.0,2). (48)

In all of these (thermoelastic) constitutive laws, no rates of deformations or temperature appear. They are, thus,
always valid, i.e., for both elastic and plastic events. We state these findings in the following.
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Theorem The assumption of equal thermoelastic behaviour in all elastic ranges is fulfilled if and only if the
following representations hold for the

entropy n= —W +np(Ep, K, H)
internal energy & = Yo (Ee, K, 0) — g Wleled | o (g K, H)
free energy ¥ =Y. (Ee, K, 0) —0n,(Ep, Ky, H) +¢,(E,, K, H)
heat conduction q=¢qE.K.6,8)
2nd order stresses T = pw
3rd order stresses M = p%.
Accordingly, the following constitutive equations completely constitute the thermoplastic material model

the elastic free energy Ve (Ee, K, 0)

the plastic entropy np(Ep, K, H)

the plastic internal energy ¢,(E,, K, H)

the heat conduction law  ¢(E., K. 6, g)

the yield criterion o(E.K.0,E, K, H)

together with the flow and hardening rules to be considered later.
Equation (45) gives for the residual dissipation inequality (36)

T 0 d M 9 0 a 0
0< __ﬁ_f_@ﬂ R+ __ﬁ+9ﬂ K+ _ﬁ_HQﬂ ..H*

p OE, IE, P p 9K, K, P oH oH

T . M R . o
=;--Ep—}—;---Kp—i—an(Ep,Kp,H) —81,(EP,K[,,H) . (49)

In order to determine the change of the temperature of the material point under consideration, we use the first
law of thermodynamics Eq. (13) together with Egs. (1) and (2) and (46)

T M
Q=¢"— = E'——...K'=0.+0, (50)
P P

with a split of the heat supply into an elastic part

° ° ° o T L4 M °
Qc (Ee, 0, E} K2, 0°) = 0 (Ee, Ko, 6)° — 5B K G
with (37) = 0ne(Ee, Ko, 0)°
1,2 (3)
=co*—6—(R-E- S K)
p
with
the specific heat (02)(Ee’ K, 0) = 983%
the 2nd order stress-temperature tensor R (E., K, 6) := —p gg’;
3)
the 3rd order stress-temperature tensor S (E,, K, 0) := —p gﬁi
and a plastic part
° T ° M °
Qp:=¢p(Ey. Ky, H)" = — - E} — — - Kj. >2)

o o
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Equation (51) can be solved for

1,2 (3)
0"=0-0,+0—(R--El+8 - K:), (53)
0

By this equation, we can integrate the temperature along the process and so determine the final temperature
after some elastoplastic process. Accordingly, temperature changes are caused by

1. the heat supply Q from the outside
2. the heat —Q, generated by plastic yielding and hardening, and
3. thermoelastic transformations due to the last term in Eq. (53).

We now specify the ansatz for the rate-independent evolution Eqs. (20)—(22) for the plastic variables, namely
the flow and the hardening rules in the following form

E; :)"E(EE’KE’ 97 gs E[J’Kp’H) (54)
K’ = iK (E..K..0.8.E,. K, H) (55)
H. :)LH(Eeer, 91 g’ Epst,H) (56)

with a joint plastic consistency parameter A and three functions E, K, and H of the listed arguments. A is
zero if and only if no yielding occurs, i.e., during thermoelastic events. Note that the case of multiple yield
functions and corresponding plastic multipliers as proposed by [17] is not envisaged in the present work for
the sake of conciseness. During yielding, however, X is positive. In all cases the Kuhn—Tucker conditions hold
in the form

A =0 with A >0 and ¢ <0. 67

The plastic parameter can be determined during yielding by the consistency condition as a consequence of the
yield condition Eq. (25)

dp dp dp dg
0= ..E* K+ et 2 et
0B, e Tk, et et Tog ®
dg
+E-.)»E(Ee,Ke,G,g,Ep,Kp,H)
p
dg
+m"')\K<Eeer79,gaEp,Kp,H)
dp
+ﬁ")\-H(EeyKevevgaEpaKp7H) (58)
which can be solved for the plastic parameter
—1f 99 dp dp dp
r=a! - E® K4 S04 — . g° 59
* (aEe ek, et e T8 (59
with a scalar denominator
ol dg
a(E.. K., 0,8.Ep, K, H) :=——— - E(E.,K,,0,8,E,, K, H——— - K(E., K., 0,8 E,, K, H)
oE, K,
% @ H(E.K..0,8E, K, H 60
_ﬁ" ( e € 1g7 P P )' ( )

Due to the loading condition Eq. (26), A must be positive during plastic events. After (57), A alone is
positive, and so @ must also be positive. After Eq. (60) this is a restriction to the functions E, K, H, and the
yield criterion.
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Another restriction to these functions is obtained by the second law. We substitute Egs. (54)—(56) into the
residual dissipation inequality (49)

(T — P +P9—) t E(Ee’ Ke’ea g Ep’ Kps H)
oep
(M- p—L 400 =) K(E..Ke. 0,8 Ep, Kp, H)
dep d
(oL +p0=L) - H(E. K., 6,8 E,, K, H) > 0. 61)

This restriction to the functions E, K, H, and the yield criterion will be considered in the following example.

5 Example

In the sequel we will discuss the foregoing framework for gradient plasticity by means of a simple example,
which is a generalization of the one in [5]. It is based on a one-dimensional Prager model with two springs and
a St.Venant element which stands for dry friction. This model performs an elastoplastic behaviour with linear
kinematical hardening induced by the spring D while the stresses can be determined by the strains in the spring
C. We will generalize this model into three dimensions with full anisotropy first and finally particularize it to
the isotropic case.

D C
& &

Within the format of a linear theory, the elastic part of the free energy has a quadratic form familiar from
linear thermoelasticity

1 (4) 1 (6) (5)
pd’e(Eeer79> = 5Ee..CT ..Ee_i_5 Ke"’CM"'Ke+Ee"CTM"’Ke
9 2) (3)
+cp(A9—91n%)+A9 R--E.+S---K, (62)
4) (6) (5 (2) (3)

with higher-order elasticity tensors Cr, C . C 1, two constant stress-temperature tensors R and S, a con-
stant specific heat c, a reference temperature 6y, and the deviation from it A6 := 6 — 6.

Since all material parameters are taken as constant, this model applies only to moderate temperature changes
and small deformations.

We obtain with Egs. (42), (43) the thermoelastic laws for the stresses

(4) (5) (2)
T=Cy --E.+Cry---K.+A0 R (63)

(5) (6) (3)
M:CTM*“Ee-i-CM-“Ke-I—A@s (64)

in analogy with Eqs. (3), (4), where the superimposed asterisk indicates that particular transposition of a
fifth-order tensor which fulfils

5) (5)
M.-..-C*..T=T.-C.--M

for every second-order tensor T and every third-order tensor M.
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With Eq. (44) we get for the elastic entropy
2) (3) 9
pne(EesKe’e)Z_R"Ee_s"'K€+pCln9_ (65)
0
and after Eq. (47) for the elastic internal energy
IO‘C"E(E€1 K€1 0)
1 (4) 1 (6)
:EEe"CT"Ee+§Ke"'CM"'Ke
(5) 2) (3)
+E,--Cry-Ketcp Ao —6o(R--E +8- K). (66)
For the heat flux we choose a Fourier-type law
(2)
q=—-F g (67)

2)
with a second-order positive semi-definite tensor F so that the heat conduction inequality is always fulfilled.
In accordance with the Prager model, we write for the back stresses two elastic laws in the plastic strains

(4) (5)
Tz = Dg --Ep-I-DKE - Kp

(6) (5) .
Mg =Dk K, +Dge"--Ep

(68)

(69)
@ (e ©)

with material tensors D g D x D g g with the usual symmetry properties.

We define the specific plastic work in some time interval [#o #1] as the work of the effective stresses upon
the plastic deformations

1

_ T-Tg ., M-Mz .,
I Y

fo

o owt e LT e (MM e (70)
w ': .. —_— .
P 0 P 0 P
as the only hardening variable in our example.
The plastic part of the entropy is set

np(Ep, Kp, H) =0. (71)

We will later show under which restrictions this ansatz will satisfy the residual dissipation inequality and also
that other non-trivial choices for the plastic entropy will work as well.

We also assume a quadratic form for the plastic part of the internal energy

1 4) 1 (6)
pgp(Ep’Kp,H) = EEp"DE"Ep+§Kp”' kK,
(5)
—i—Ep--DKE'-'Kp-f-,O//pr

(72)
with a scalar coefficient .

In accordance with Eqgs. (36), (45), and (71), we can in fact verify the ansatz (68) and (69) for the back
stresses.

We use a generalization of the anisotropic v. Mises yield criterion [31] in the stress space

(4) (6)
¢=(T—Tp)--G--(T—Tp)+M—Mp)---G--- (M —Mp)
(5)
+(T—Tg)--G---(M—Mp) —oy(wp, 0, g)* (73)
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@) (5 (6)
with three material tensors G, G, and G reflecting the symmetry of the material, and a scalar yield stress oy

depending on the plastic work, the temperature, and the temperature gradient. To the best of our knowledge,
a direct dependence of the yield function on the temperature gradient has not yet been proposed in the lit-
erature. However, strongly coupled gradient thermomechanical models have been recently developed for the
viscoplasticity of laser material processing techniques involving strong strain and temperature gradients (see
[43]).

Uniqueness and regularity of the model are ensured if the yield function is convex with respect to all its
arguments, including the newly introduced higher-order strain (or stress). In the proposed quadratic potential
(73), convexity of the yield surface is ensured if the linear elastic mapping is positive definite.

If the stresses and the back stresses are substituted by Egs. (63)—(64), (68)—(69), the assumed form of the
yield criterion can in fact be transformed into the strain space

¢(Ee, K., 0,2,E,, K, w))

(4) (5) 2y @) (5) 4)
=(CT-'Ee-i-CTM'--Kg-i-A@R—DE~-EI,—DKE~--KI,)-~G
4) (5) 2) (5)
( T ~EE+CTM-~K6+A9R—DE--EP—DKE-“K[,)

(5) (6) (3 (© (5) (6)
+(Ee'-CTM+CM-~'Ke+AQS—DK“'KP—EPHDKE) -G
(5) (6) (3 (6 (5)
(Ec--Cry+Cy-- K. +A68 - DK, —E, -Dyp)

4) 5) 2) @ ()
+( 7 -E+Cry-- K.+AOR-Dg--E —DKE Kp)
(5) (6) 3 (6 (5)
--(Ee~-CTM+CM---Ke+AGS—DK- »— DkE™- Ep)

(5) (6) (3)  (6) (5) .
~-(Ee~-CrM+CM--~Ke+AOS —Dg---K,— Dgg --Ep)
—oy(w,,6,g)? (74)

such that the loading condition (26) becomes
) (5) {4) (5) (2)
<|2(T—-Tg)--G+M—-Mp)---G"|[-{Cr--E*+Cry---K*+6°R

(6) (s) (s) (6) 3)
+[2(M—M3)~~~G+(T—TB)-~G}---(CTM*-~E‘+CM--~K'+9‘S)

20y (38%9 + % - g'). (75)
The associated flow rules are
E;:xg—fﬁ=k{2(é>~~(T—TB)+((53>-~(M—MB)} (76)
Kp_ka—(p: {2<(:‘|6>--(M—MB)+((5:‘|>*---(T—TB)} a7
oM

with a joint plastic consistency parameter A. The consistency condition Eq. (58) requires with Egs. (1), (2),
(63), (64), (68), (69), (74), (76), (77)

(4) (6)
0=¢*=2(T=Tp) -G (T—Tp)* +2(M—Mp) -G (M- Mp)*

(5) (5)
+(T=Tp)?* G-~ M—-Mp)+(T—=Tg)--G---(M—Mp)*
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T-T M-M d d
ooy E( B..E-+_B...K-)+ﬂg-+ﬂ.g-}
dw, 0 p P) p

@) (s)
_ [Z(T—TB)~-G+(M—MB)---G*]
@ (s) QW )
-[CT~-(E—E,,)'+CTM~~-(K—K,,)'+A0'R— Dy Ej— DKE---K;]

(6) (5)
+[2(M—MB)---G+(T—TB)--G]

(s) © 3 © s)
--~[CTM*~~(E—E,,)'+CM---(K—K,,)'+A(9'S ~Dg--Kj) - DKE*.-E;,]

3(7)/ T — TB M — MB 80)/ 8UY i|
-2 - .. E*® — — .. K )+ —0°* 4+ — - g°
“Y[awp( P T ") 00 " og ®

:[Z(T—TB)"@—F(M—MB)'”(&)*]
) (4) (5)
..[CT..(E'_A{zG--(T—TB)—l-G-'-(M—MB)})

(5) (6) (5) (2)
+CTM~~~(K‘—A{2G~~-(M—M3)+G*~- (T—TB)}) + AG°R

“ @) (s)
—DE~-X{ZG-~ (T—TB)+G--~(M—MB)}

(5) (6) (5)
—Dyp-[2G - M=-Mp)+G* - (T—T@}}

(6) (5)
+[2(M—MB)~--G+(T—TB)~G]

---|:<5('.:>TM*--(E'—A{2%)-~ (T—TB)—l—(é)---(M—MB)})

®) () (s) 3

+CM---(K'—A{ZG--~(M—M3)+G*-- (T—TB)})JrAQ’S
®) ) )

—DK---,\{2G---(M—MB)+G*-- (T—TB)}

(5) (4) (5)
—DKE*-~A{2G . (T—TB)+G~~-(M—MB)}

_ (4) (5)
—2GY[E(T TB--k{2G~-(T—TB)+G---(M—MB)}
ow, P

M—M (©) 5) 3 9
+TB--~A{ZG~-(M—MB)+G*~- (T—TB)})+29'+ﬂ-g'] (78)

or

@ 5) 1 @ (s) Q)

[Z(T—TB)~-G+(M—MB)---G*]--[CT--E'—i—CTM---K'—i—AG'R]
(©) 59 ) (©) o)
+[2(M—MB)-~G+(T—TB)~~G]-~[CTM*~-E°+CM~--K'+A9'S]

aO'Y 30'y
-2 e L TTY e
“Y(ae T g g)
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(4) (4) (5 (5) (4) 4 (5 (5)
—|(T=Tp) - 2G--[CT--2G+CTM- G*+Dyg- 2G+DKE...G*]

(5) (5) (4)  (6) (5) (6) (5) (5) (4) 1 doy
+G--.[CTM*..2G+CM--.G*+ Dg---G*+ Dgs*- 2G]+20y—8—2G (T —Ty)
p ow
(5) (4) (5)  (5) 6) (4 (5) (5) (6)
+(M—Mp)--- G*~-[CT--G+CTM-~~2G+DE-~G+ 2G]
(6) (5) (5)  (6) 6)  (6) (6)  (5) (5)
+2G~-[CTM*~-G+CM--~2G+DK--~2G+DKE*--G]
19
+2oy—ﬂ26} (M — Mp)
p owp,

(4) (4) (5)  (5) 6) (4 (5)  (5) (6)
F(T—Tg)-- 2G--[cT-.G+cTM--.2G+DE-.G+DKE--.ze.]

(5) (5) (5) (6 (6) (6 6) (5 (5)
+G--~|:CTM*~-G+CM--2G+DK~~-2G+DKE*~-G]
1 doy )
+2ay—ﬂe].. (M — Mp)
p owp
(5) (4) 4 (5 (5) (4) 4y (5 (5)
+(M—Mgp)--- G*--[CT~~2G+CTM~~-G*+DE~~2G+DKE-~~G*]
(6) (5) 4 (6) (5) (6) (5) (5) 4)
—{-ZG'--[CTM*--ZG-FCM”'G*-FDK--‘G*-FDKE*”ZG]
1 doy )
F2oy— 0¥ G ] (T—TB)} (79)
P owp

This linear equation can be uniquely solved for the consistency parameter A. The left-hand side of this
equation is positive due to the loading condition (75). If the elasticities have the usual positive definiteness
properties, and if hardening occurs with - agy > 0, then the terms in { }-brackets are always positive, so that
A will in fact be positive during yleldlng, as it should be. If we substitute A into the flow rules (76), (77), we
obtain the consistent flow rules, which is straightforward but not done here for brevity.

If we substitute (76), (77) into the definition of the plastic work (70), we obtain

Y 4) (5)
wh = 22{(T=Tp) - [G - (T =Tp) + G- (M~ Mp)]
0
(6)
+(M—MB)"'G"’(M_MB)} (80)

4) (5) (6)
By an appropriate choice of G, G, and G (positive semi-definiteness), we can assure that the plastic work is
non-negative.
The heat generated by yielding -0, is then according to Egs. (72), (68), (69) determined by

1 @ (©) I

_Qp:_;(Ep"DE"Ep+Kp"'DK"'Kp+Ep"DKE"‘Kp
<5> L] L] T L] M L]
+Ep"DKE"'Kp)—vap'i‘;"Ep'F;'“Kp
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T-T d M-M 0
= BLE —g ) g 4 (2B _ 02 ) K —
0 p 0K, p 9K, p p
anp anp
= (1 — *_9 .. E*® — ...K° ). 81
(1= pwyw), ( 5. B tog K (81)

(1 — ) can be interpreted as a Taylor—Quinney factor.The residual dissipation inequality- (49) becomes with
Egs. (52), (71), and (81)

0<—0,+615=(1—pwuws, (82)

This can always be satisfied by choosing 0 < i < 1. We see that a non-trivial ansatz for the plastic part of the
entropy instead of (71)

Np =YWp (83)

with any non-negative real constant y would also satisfy the dissipation inequality. So the plastic part of the
entropy is only weakly restricted by the second law and by no means unique.
With Eq. (45) we finally obtain for the free energy for our model with (62), (72), and (83)

1 Sy 1 (6) (5)
V=-—E - -Cr-E+_—K.--Cpy---K+-E.--Crpy---K,
2p 2p P
0 e (3)
tep (A0 — 10— +A9—(R--Ee+s. Ke)
o o
1 4) 1 (6)
+$Ep"DE"Ep+ZKp"'DK ..Kp
1 (5)

+;Ep--DKE-.-Kp+(1—u)w,, (84)

which completes the model equations for the general anisotropic example.

6 Isotropic material

For isotropic materials we use the isotropic representations by Cauchy (1823) and Mindlin/Eshel [30] for the
constitutive equations. For the free energy we obtain after Eq. (84)
oy :al(Ee"I)2+a2Ee"Ee+031"Ke'Ke"I+a4(Ke"I)'(Ke"I)
0
AO — an—)
0

+a5<1--Ke>-(I--Ke>+a6Ke---Ke+a7Ke--~K;+cp(
0

+Abagl- - E, + p(u — 0y)w)
b1 (Ep-- 1)’ +0Ey - Ep+ b3l K, K, - T+by(K,-- 1) - (K, - T)

+b5(I-~Kp)-(I~~Kp)+b6Kp~~~Kp+b7Kp--~K; (85)
where the following particular transposition for a third-order tensor [K'];jx := Kjj; is used. a; and b; are
scalar material constants.

This gives the following stresses after (63) and (64)
T =2a; (E,--I)I+2ap E, + AfBag 1 (86)
M=2a3 10K, - I+2a(K, - D ®I+2a5I®1-- K, +2a6 K, +2a7 K.. (87)
The back stresses of Egs. (68) and (69) reduce in the isotropic case to
Tp =2d) (E, - 1)I1+2d E, (88)
Mp =2 1®@K, - - 14+2d4(K,, - - D) @I14+2d5 11 - K, +2d¢ K, + 2d7 K;, (89)

with scalar material constants d;.
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The Fourier law for the heat flux (67) obtains the usual form
q=—Kg (90)
with a non-negative coefficient «.
For the entropy after (65) we obtain with (83)

1 0
n=-——agl--E.+cln—+ywp. ©n
P o

The von-Mises-type yield criterion (73) becomes in the isotropic case

¢ =gil(T—Tp) - 1>+ (T—Tg)--(T—Tp)
+g3l- (M —=Mp) - M —Mp)-- I+ g[(M—Mp)--1I]- [(M—Mg) I
+gs[I-- (M —Mp)]-[I--(M—Mg)]+ g6 (M —Mp)--- (M — Mpg)
+87 (M —Mp)---(M—Mp) — o} (wp, 0, |gl) (92)

with scalar material constants g; one of which can be generally normalized to one. The associated flow rules
(76), (77) are accordingly

E, =2{&il(T—Tp) -1+ g (T — Tp)} (93)
K, =2{gsI®@M—-Mp) - I+gM-Mp)- - I]®l+gIQI--(M—Mp)
+g6 Ko + g7 (M' — M%)} (94)

where the factor 2 has been drawn into the plastic parameter.
If the flow criterion is density-insensitive, then g = g2/3 and (T — Tp) is deviatoric, the same as E,.

Resume

A thermodynamic framework for material models within gradient plasticity as a generalization of [5] is pre-
sented. Here it is worked out for a second-gradient material. However, the same for a higher-gradient material
would be straightforward, but still much longer.

An example is given for an anisotropic model which is oriented along the lines of a classical J,-theory of
plasticity, including strain gradients and the first temperature gradient. The thermodynamical restrictions are
worked out. The particularization for the isotropic case is then straightforward.

The proposed example already introduces a long list of material parameters related to the strain gradient
effects, which must be identified by experimental or computational data. Strain gradient effects often originate
from the interaction of different phases in heterogeneous materials. It is thought that homogenization theories
can be used to derive higher-order material parameters. Multiscale asymptotic expansion methods have been
proposed by [8] to determine higher-order elasticity moduli in composites. Extensions to the case of plasticity
have been recently proposed by [20].

Strain gradient plasticity models involving the gradient of plastic strains or of plastic slip as done in [25] and
[1] for instance are special cases of the proposed theory when the effect of the gradient of the elastic strain is
neglected. This approach is surely well suited to handle generalized crystal plasticity models. However, recent
works on continuum theories of crystals suggest that full strain gradient effects might be of interest to model
some features of dislocation behaviour like core or grain boundary effects (see for instance the discussion in
[41]).

First finite element simulations based on elastoplastic strain gradient constitutive equations, although going
back to the work by [36], still represent challenges in computational mechanics. In particular, the use of closely
related micromorphic models with internal constraints can ease the numerical implementation of strain gradi-
ent formulations, especially regarding boundary conditions, as shown by [12]. It is thought that introducing
a rationale in the formulation of such constitutive equations, as done in the present work, can help setting
clear and efficient computational frameworks for future large-scale simulations of complex thermomechanical
processes based on generalized continua.
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