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Abstract The purpose of this work is the formulation of energetic constitutive relations
for thermoelasticity of non-simple materials based on atomistic considerations and equilib-
rium statistical thermodynamics (EST). In particular, both (unrestricted) canonical, and (re-
stricted) quasi-harmonic, formulations are considered. In the canonical case, (spatial) non-
locality results from relaxation of the assumption that atoms subject to continuum defor-
mation change position uniformly and affinely. In the quasi-harmonic case, the analogous
assumption on mean atomic position (i.e., Cauchy-Born) is relaxed. Two types of spatial
non-locality, i.e., strong and weak, are considered. In the former case, atomic position (or
mean position) is a functional of the deformation gradient F, while in the latter, this func-
tional is approximated by a function of F and its higher-order gradients V'F, ..., V'F.
On this basis, canonical and quasi-harmonic non-local model relations are obtained for the
thermoelastic free energy, entropy, internal energy, and stress. In addition, such relations are
formulated for thermoelastic material properties (e.g., stiffness).

In the second part of the work, basic relations from the continuum thermodynamics
of (non-polar) simple materials are generalized to higher-order deformation gradient (i.e.,
weakly non-local) continua and applied to energetic thermoelasticity. The corresponding
formulation is based in particular on (i) Euclidean frame-indifference of the energy balance
and (ii) the dissipation principle. As in the standard case, necessary for (i) is linear momen-
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tum balance and the symmetry of the (generalized) Kirchhoff stress (i.e., angular momentum
balance). In the context of (ii), the free energy density determines in particular the first Piola-
Kirchhoff stress P, the higher-order stress measures Py, ..., P, conjugate to VIF,...,V"F,
as well as the generalized Kirchhoff stress. Modeling the phenomenological free energy on
the corresponding (weakly non-local) canonical free energy yields EST-based constitutive
forms for the entropy, all stress measures, and thermoelastic material properties. Alterna-
tively, one can model the former energy as an approximation to the latter. An example of
this for the second-order (n = 2) case is discussed both theoretically and computationally in
the last part of the work.

Mathematics Subject Classification 74A15 - 74A20 - 74A25 - 74A30

Keywords Statistical thermodynamics - Canonical ensemble - Quasi-harmonic
approximation - Spatial non-locality - Atomistic thermoelasticity - Higher-order
deformation gradient thermoelasticity

1 Introduction

The formulation of continuum constitutive relations based on discrete ab initio and/or atom-
istic considerations and methods rather than on continuum phenomenology alone has been
pursued for many classes of materials in the literature. In the case of solids crystals, for
example, Wallace [30, Chaps. 2-3] formulated zero-temperature hyperelasticity for simple
materials based on an interatomic potential (see also, e.g., [23, §8.1.2]). This treatment was
extended to finite temperature and energetic thermoelasticity (i.e., without heat conduction
and viscosity) for simple materials by Wallace [30, Chaps. 4-5] and more recently [31] in
the context of (quantum) phonon thermodynamics (see also, e.g., [23, §8.1.3]). Among other
things, the establishment of (quantum) density functional theory for the quantitative deter-
mination of material properties (for a detailed review, see, e.g., [23, Chaps. 4-5]), as well
as continuum modeling of nanoscopic systems and processes, has maintained interest in the
formulation of continuum constitutive models based on ab initio and/or atomistic consid-
erations. For example, a quantitative elastic stored energy model for simple materials was
recently formulated in [24] based on atomistic considerations and quantum density func-
tional theory (DFT) in terms of material-symmetry-adapted strain tensor components and
determined the corresponding elastic stiffnesses.

One purpose of the current work is the generalization of such formulations for energetic
thermoelasticity to non-simple materials in the context of equilibrium statistical thermo-
dynamics (EST). As detailed in what follows, this results in general in strongly non-local
(SNL) constitutive relations, i.e., relations which are functionals of the deformation gradi-
ent F. Also treated in this work is the weakly non-local (WNL) approximation of these,
i.e., functions of the deformation gradient F' and its higher-order gradients VIF,...,V"F.
Both non-local formulations represent broad non-local generalizations of existing treatments
(e.g., [23, §§8.1.2-8.1.3]).

To employ such constitutive relations in the continuum modeling of non-simple materi-
als, a formulation of corresponding basic field and balance relations is required. To this end,
a second purpose of the current work is the phenomenological formulation of such relations
for higher-order deformation gradient (i.e., WNL) continua in the context of continuum ther-
modynamics (e.g., [29]). Since the pioneering works of Mindlin (e.g., [14, 15]) or Toupin
(e.g., [26]), a number of extensions and generalizations have been pursued. For example,
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direct generalization of the formulation of [14] to geometrically non-linear isothermal gra-
dient hyperelasticity has been carried out in [10]. In contrast to the variational formulation
common in these works, a direct formulation is pursued in the current work in the context
of the Euclidean frame-indifference of the energy balance (e.g., [9]). As such, the current
work represents a generalization of the second-order case in [20] to arbitrary order. Since the
focus in this work is on energetic thermoelasticity and EST, additional kinetic / dissipative
constitutive relations (e.g., in the second-order case: [20]) are not considered here.

The current work begins in Sect. 2 with the constitutive formulation of energetic thermoe-
lasticity in SNL form based on the (unrestricted) canonical ensemble and corresponding en-
semble averaging. The corresponding WNL canonical formulation is given in Sect. 3. SNL
and WNL constitutive formulation based on the quasi-harmonic (QH) approximation to the
canonical ensemble is carried out in Sect. 4. This is followed in Sect. 5 by the phenomeno-
logical formulation of balance and field relations for higher-order deformation gradient con-
tinua based on continuum thermodynamics. This is then applied to the case of energetic
thermoelasticity in the context of the dissipation principle, resulting i corresponding ener-
getic thermoelastic constitutive relations, e.g., for stress. More detailed relations for these
and related material properties (e.g., elastic stiffness) are obtained in Sect. 6 with the help
of the free energy models from EST. Lastly, as a computational example, the EST-based
WNL free energy is compared in Sect. 7 to second-order (i.e., n = 2) with its approxi-
mation via higher-order deformation gradient thermoelasticity in strain-gradient form. The
work ends with a summary and discussion in Sect. 8. For completeness, reduced forms of
the interatomic potential in the EST-based formulations are summarized in Appendix A in
the context of material frame-indifference (e.g., [27, 29]). Corresponding material frame-
indifference, reduced forms for the free energy density in higher-order deformation gradi-
ent thermoelasticity are discussed in Appendix B. Finally, the boundary-value problem for
higher-order deformation gradient thermoelasticity is briefly summarized in Appendix C in
variational form.

In this work, Euclidean vectors are represented by lower-case bold italic characters
a,...,z,second-order Euclidean tensors by upper-case bold italic characters A, ..., Z, and
calligraphic characters A, ..., Z for Euclidean tensors of arbitrary order. The notation A - B
is used for the scalar product of arbitrary tensors. Given this product on vectors, (@ ® b)c :=
(b - ¢)a defines the tensor product @ ® b of a@ and b, and ATa-b:=a- Abthe transpose AT
of A.Let sym A := 1(A + A") represent the symmetric part, and skw A := (A — A”) the
skew-symmetric part, of A in what follows. Unless otherwise stated, upper-case subscripted
slanted sans-serif characters A;, B;, ... represent tensorial and non-tensorial quantities of
order i + 2 for i > 0 in this work. In particular, Ay is then second-order. For i > 1, any A;
satisfying (A;b)a = (A;a)b is referred to as symmetric in what follows. Further concepts
and notation will be introduced as needed along the way.

2 Strongly Non-local Canonical Formulation

As stated above, the current formulation is restricted to the simplest case of unary solids,
primitive unit cells, and purely bulk relations (i.e., periodic system). In the corresponding
canonical ensemble for a system of N of mass points at temperature 6, let r, represent

the position of mass point a (a =1,..., N) and p, = m,F, its momentum. As usual, the
system Hamiltonian H(r, p) = K (p) + U (r) consists of kinetic K and potential U parts,
with r:=(ry,...,ry) and p:= (p,, ..., py). Given these, the partition function and free
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Fig. 1 x maps the position xy + s, of any point in a neighborhood of the reference position x, of a material
element to x¢ + s¢ = x (xr + ) in a neighborhood of its current position x¢c = x (xr). In the context of (3),
this is the case in particular for rr; =Xy + $rg and rg =x¢ + 54 = X (Xr + Sra)

energy
Z:/dv(r)dv(p)e*H(””)/kBg, U= —kpfInZ, 6
r

respectively, are determined, as well as ensemble averaging

1 o—H/kso

(p) :=/dv(r)dv(p)w¢, w: 2)
r

T NN Tz
with respect to the canonical distribution function w. The short-hand notation dv(r) :=
dv(ry)---dv(ry) and dv(p) :=dv(p,) ---dv(py) is employed here and in what follows,
with dv(x) the volume element induced by dx.

Central to the current canonical formulation is the finite, non-affine g,generalizationl

Fra ::X_l(ra) (3)

of the "standard" infinitesimal, affine transformation r,, := F~' r, (in the current notation)
of phase-space position "coordinates" (e.g., [30, §7], or [23, Eq. (8.45)]). Here, x is the con-
tinuum deformation field, F = V the deformation gradient, and x, the reference location
of an arbitrary continuum material element with current location x. = y (x,) (Fig. 1). In the
context of (3) and Fig. 1, the formulation to follow is with respect to a fixed, but otherwise
arbitrary, continuum material element located at x; in the reference, and at x. in the current,
configuration of the material in question. Analogous to its infinitesimal, affine counterpart

n this work, the subscript r stands for reference, and ¢ for current.
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(e.g., [23, §8.1.3]), (3) couples atomic and continuum kinematics. In particular, (3) induces
the transformation 7, = F (r,,) 7., of velocities, and so the "canonical" transformation

| o .
KZE;””"HZQ;Pra~rra, Pr=F'(rw) p,, )

of K, with 3_, := > This results in the "discrete" functional

Kr[F; Xy, Sty Pr] = Z FﬁT(xr + sm)pm : FﬁT(xr +sra)pm/2ma (5)

of F.In addition, integration of
dra :F(rra)drra:F(xr+sra)dsra (6)

of (3) yields the functional

FolF; %o, 51l = X (60) + / Flx, +50)dse, ™
0

of F, and so the corresponding one
Ul F; xp, 8] :=U(r1[F; X, sul....ry[F: x0, 500]), ®)

for the potential energy. Further, (6); and dp, = F Tra)d P, (at constant ry,) from (4),
imply
dv(r,) =det F(ry) dv(ry), dv(p,) =det F~"(ry,) dv(p,,), )

for the corresponding volume elements. Then dv(r,) dv(p,) = dv(ry,) dv(p,,) is invariant,
Z from (1); is equal to?

Z.[6, F; x,] :/ dv(s;) dv(p,)e” HlFxr.sepl/ksb 10)
I
and
W6, F; x,]:=—kgb InZ,[0, F; x/] (1)

holds for the system free energy (1),.
System properties derived from (11) include as usual the entropy and internal energy

Sr:_aﬁlpr:_eil'pr‘l'gilEra Er:<Hr>v (12)

respectively. In addition, the (functional) derivatives

DpKe=—=) p,®F '(r)p./ma,  DrUr=Y (Dpry)'o,U,  (13)

from (5) and (8) determine

Dr¥, = <DFHr> = <DFUr+DFKr> (14)

2Since xr and so x¢c = x (x) are fixed, note that dr, = ds, and dryy = dsyq.
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via ensemble averaging. Note that (Dgr,)Ta - Z :=a - (Dpr,) Z. In addition, (Dgr,) Z =
os“’ Z(x; + s;) ds; from (7) for any Z(r,). In particular, the choice Z(r,) = AF (r,) yields
(Dpry,) AF = Ar,, and so

(DrK)F' == "p,®p,/ma.  (DpU)F'=> "8, U®r,. (15)

via "push-forward" of Dg K, and DrU;, respectively, from (13). In turn,

(Dr¥)F' = (3, U ®ra—p,® p,/ma) (16)

a

then holds from (14).
In the context of material frame-indifference, the reduced form

Uil F; x:, 8] = Ua(riol F %, 801, 802) .o rv—i wLF X, Sev—t, Siv])s (17)

of (8) follows from (A.3), with r, :=r, — r, and
Fap F5 Xe, S1ay S 7= |Fap[F X1, Sas S| (18)

from (7). In particular, (17) results in the reduction

DpUr=)_ Uap(Drra) das (19)

a<b

of (13); in terms of the bond force Uy, := 9,,Uq and bond direction dj, := rap/Tap, With

Sy = o SN - Likewise, (15); reduces to

(DrUNF" = UaFap @ Fap/ Tav (20)

a<b

and so (16) to the symmetric form

(D) F" = <Z UabTab ® Fap/Tah = ) Py ® pa/ma>. @1)

a<b a

Clearly, the symmetry of (DpU,) F T and so that of (DpW,)FT, here is a direct consequence
of the material frame-indifference of U,[F; x,, s;] in (17). This is also true in the WNL
formulation of energetic thermoelasticity, to which we now turn.

3 Weakly Non-local Canonical Formulation

This is based on the Taylor series expansions?

X(r) = XG0+ Y UTip150) V7 X G 4
= (22)
F(rra) = F(xr) + Z(nisra) VLAF(xr) + - s

i=l

3More formally, (22); for example defines the (n 4 1)-jet (J;}rJrl Xx)(sr) of x with "base point" x;. By varying
this point, one obtains a vector-valued polynomial of at most order n + 1 at every point of the base manifold.
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where (IT;a)A := [l, (---(Aa)a---)a (i times) is a projection. From (22) follow

ra(Fos oy Fi %o, $1) = X (60) + Y (i 18v) Fi(x0),

i=0
n

Fr(Fo.... Frixesi) = F(x) + Y (ITisy) Fi(x)),
i=1
analogous to r,[F; x;, sy,] and F(r,,), respectively, with
F:=VF=vitly, Fo:=F=V'y=vy.
In turn, (23) result in
K. (Fy, ..., Fy;x:, S, p,)
= % Y F(Foroo i FiXe 80 Pry - FLN(Fos o Foi X1, 800) Pro/mas
a

Ur(FOv”-aFn;xrssr)
=U(ri(Fo,....Fyixe,800), ... rn(Fo, .., Fos Xp,s0v))

analogous to (5) and (8), respectively, as well as

Z:(0, Fo, ..., Fiyxp) = / dv(s) dv(p,) e FoFuixesep)/lnd
I
U0, Fo, ..., Fysx:) = —kg0 InZ,(0, Fy, ..., Fy; xy),

analogous to (10), and (11), respectively.
As for the SNL case (12),

Sr:_aeq/r:_‘gilq/rdl‘@ilEr, Er:<Hr>s

(23)

(24)

(25)

(26)

27)

determine the entropy and internal energy, respectively, now with respect to (25) and (26).

On the other hand, in the context of these,
0¥, = (0rU, + 0gK;), 1=0,...,n,

"replace" Dr¥; in the WNL case. Here,

OrKe ==Y OrF) [P ® Pu/m) F'],  95U:=) (9rra)" 0y, U,

a

from (25) with

(Orra)"a-A:=a-gr) A =a-(ITi15)A;,
(0rF)"A-A == A (0rF ) A = A - (IT;51,) A,

via (23). The "push-forward" forms

O K)F == (@ p/m) (G, F.)'.  GrUDF =) 9,U®¢g.,.

a

(28)

29

(30)

3D
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of (29) determine that

ORI = (0,,U ® 81y — (P, ® pu/ma) (G, Fi,')') (32)

a
of (28) with
g i =ULsw)F, G, :=Tsw)F, (33)

via (30). Whereas g’ has units of length, note that G', is dimensionless (e.g., like F and
F, in (23)). In contrast to dg¥;, which is of order (2 + i), note that (85Wr)FlT is of order 2
for all i. Related to this is the fact that the former has (SI) units of Jm’, while those J of the
latter are independent i.

Like in the SNL case above, we have the reduced form

Ur(FOv”-’Fn;xrssr)

(34)
=Ud(rio(Fo, ..., Fu; X0, 811, 802), - i v (Fo, ooy B X, Sev—t, Sev))
of (25), in the context of the MFI of U and (A.3), with
Tab(Fo, -« s Fuy X1y Stas Swp) 1= Z(Hi+lsr)ab Fi(x,) (35)
i=0
from (23); and (11;8;)qp := (I1;$,) — (I1;85). In turn, (34) results in the reductions
U= Un@rrap) day.  OrUIF =Y Uspdap ® ghy- (36)
a<b a<b
of (29); and (31),, respectively, with giab = gia - gib. Likewise,
i i p-1\T
(O, W) F] = <Z Uarar ® &ray — Y (Pa ® Po/ma) (G, F L)) > (37)

a<b a

holds for the reduced form of (32). As shown in the continuum thermodynamic formulation
of WNL energetic thermoelasticity in Sect. 5 below, (3, w)FL, ..., (9F, llfr)FI determine for
example the WNL form of the Kirchhoff stress. More on this later.

4 Quasi-harmonic Formulation

The quasi-harmonic (QH) approximation (e.g., [23, §11.4]) to the canonical formulation
employed in the last two sections is based on the assumption that each mass point remains
"close" to its mean position 7, on the timescale of interest, i.e.,

Fra=Ta+w,, |w <1 (38)

In addition, mean atomic positions are assumed to "deform" with the continuum (Cauchy-
Born). Consequently, the current QH formulation is based on the (finite, non-affine) gener-
alization

Fra = X" (Fa) (39)
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of the (infinitesimal, affine) Cauchy-Born relation 7, := F ) 7y (e, for primitive lat-
tices; for the case of multilattices, see, e.g., [23, §11.2.2]). Analogous to the formulation of
(7) and (23); based on (3), then, we have

S'ra
’_'a[F;xraEra] :X(xr)+/ F(xr+§r)d§r7
0
; (40)
Fa(Fo, ..o Foi Xe,81) = X (60 + Y (Mi15) Fi (1),
i=0

in the SNL QH, and WNL QH, cases, respectively.

In the context of restricted ensemble averaging (e.g., [23, §11.1]), the assumption (38)
facilitates analytic evaluation of the system partition function (1);, resulting in the corre-
sponding analytic form

P, (r)
2k

1
v H=wI0)+U®F + ke Indet 1)

(e.g., [23, §11.4]) of the QH approximation to ¥ in (1),. Here, llflgh represents the kinetic
part of w9, and

m
P,:=) Me e, (42)
r=1
is the spectral form of the symmetric "force-constant" matrix

P@ =) > Y@ RI, OB =it 0,0, UMD (43)
a b

(summation convention over k, [ = 1, 2, 3) relative to the 3-dimensional (i, i,,73) and 3N-
dimensional (i{, i;, i;, e i’lv s iQ’ s ig\' ) Cartesian bases. In the current bulk (periodic) case,
m = 3N — 3 non-zero eigenvalues A, ..., A, and corresponding eigenvectors ey, ..., €,

determine @, in (42). With U given by (A.3), note that

arb ara U(?) = Z Z aacd Ucdef (‘_lcd ® ‘_ief) 8bef

c<d e<f
N el 5 3 -
— Uac I— dac &® dac ac =b
T U@ =i @di fruc w
_Uab (I _dab®dab)/rab a¢b
holds, with Ugpeq := 0y, 0;,,Ua the bond stiffness, and 8,4c := 84p — 4. In what follows, the
derivatives
1 m
h
dp Wt = 9w 4+ 5 ke 2_1: [In(x, /27ks) — 1],
1 = 45)
_ h _ J _ - d
3, wh = g |:Ua,, + 5 kst ; a,ahlnk,]dah,

of (41) via (42) will be useful. Note that (45), is based on the assumption that A, depends
on 7., only through its magnitude r,;, (e.g., [23, Egs. (11.110) and (11.111)]), such that
07, In A, = (07, In A,.) P /T holds.
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Combination of (40) and (41) then results in the QH approximations

wo, F; x,, 8]
=W (0, F1[F; X1, 5n], ..., FN[F: %0, 5en]),
T, Fy, ..., Fyx, &)
=W (0, F1(Fo, ..., FuiXe.§0), ... . Fn(Fo, .. s X0, 5ev))

(46)

to ¥, [0, F; x,, s;] from (11), and to ¥, (0, Fy, ..., F,; x., s;) from (26),, respectively. From
(45), and the first of these, we have

(Dpws) FT = Z [Ua,, + % kg0 Z d7,In x,} Fab ® Fap/Fab (47)
r=1

a<b

as the QH approximation to the SNL relation (Dp¥;,)F T from (21). Similarly, (45), and
(46), result in the QH approximation

_ 1 “ - ,
(8[:1. lI/rqh)F;r = Z |:Uab + E kg6 Z 8fabln)"ri|d(1b ® g:'ab (48)

a<b r=1

to the WNL relation (8,.-,.l1/r)FiT from (37). Analogous to the WNL canonical case discussed

above, (0p, ™) FT, ..., (0, W) FT determine in particular the WNL QH form of the Kirch-
hoff stress in the continuum thermodynamic formulation of WNL energetic thermoelasticity.

5 Continuum Thermodynamic Formulation

Since the current treatment neglects heat conduction, the following is restricted to spatially

uniform temperature 6. In this context, a direct generalization of the (referential or "La-

grangian") formulation of the first-order case in [20] to the current nth-order one is pursued

here. For further simplicity, quasi-static conditions are assumed, and supplies are neglecting.
Given these conditions and assumptions, the total energy balance reduces to

& = divh, (49)

in terms of the internal energy density &, and the (mechanical) referential energy flux density
h.. In the zeroth-order case of simple materials (e.g., [29, §3.6]), b, = PTx is determined
by the material velocity* x and the first Piola-Kirchhoff stress P. Direct generalization of
this to the current case yields’

WA 34T 0

i=l i=0

in terms of the higher-order hyperstresses Py, ..., P,. As done here, we work with the no-
tation Py := P analogous to Fy := F in what follows for simplicity. By analogy with the
zeroth- and first-order cases (e.g., [20]), the form of the energy balance resulting from (49)

4For simplicity, the notation x is used for both the deformation and motion fields in this work.
3P] in (50) is defined by P{Ay_ -a := A¢_; - Pra fork > 1.

@ Springer



Statistical Thermodynamics Non-local Thermoelasticity 47

and (50) is Euclidean frame-indifferent (e.g., [29, Chap. 6]) iff linear and angular momentum
balance

divP =0, skw K =0, on
respectively, hold, where®

K=> (P +divP)F  +P.F, (52)

i=1

is the (generalized) Kirchhoff stress. As in the first-order case (e.g., [20]), the standard (i.e.,
zeroth-order) forms (51) of momentum balance apply in the nth-order case as well. Note
that K from (52) reduces to its standard form POFg = PFT for n = 0. Together with energy
balance (49) and linear momentum balance (51);, the entropy balance 1, = m;, for the current
case of uniform temperature implies

0= (P +divP)-Fiy+ Py F,—nd — Vs (53)

i=1

for the dissipation rate density in terms of the free energy density v, := &, — 0.

Except perhaps for the energy flux form (50) relevant to higher-order deformation gradi-
ent continua without heat conduction, the above formulation is independent of any (further)
constitutive assumptions. Restricting attention now to energetic thermoelasticity in this con-
text, we have

1/fr(97F0~~~,Fn§xr), nr:_aewr' (54)
Substituting these into (53), we have

n

O =Y [P +divP) — 05 _ i - Eioy + (P — 9, 00) - F. (55)

i=1

In the current energetic thermoelastic context, exploitation of the dissipation principle (e.g.,
[29, §9.5 for supply-free case]) then yields the thermoelastic relations

Pn = 8Fn]/,r7
P, = 3F,,,lwr —div P, = 5}.-”71%,
: (56)
P =0y —divP, = 5'};' Yr,
Py = dpppy —divPy = G¢ Y,
and so 7, = 0. Here,
8y = 0y —Z(—l)j+1divj8w¢, div/ =divo---odiv (57)

Jj=1 Jjx

6F} in (52) is defined by A¢F] - A := Ay - AFy. for k > 0.

@ Springer



48 G. Poet al.

represents the ith-order variational derivative operator. On the basis of (54) and (56), we
also have the reduced form

K=Y OrynF (58)

i=0
for the Kirchhoff stress from (52).

6 Results Based on Free Energy Models from EST

Specific forms of (54) are determined by either the WNL canonical relations (26), and
(27)1, or by the corresponding WNL QH relations (46), and (45), respectively. In the WNL
canonical formulation based on the reduced MFI form (34) of U, (g ¥;) FiT is determined
by (37). Substituting this into (58), we obtain

K = Vr_1 Z<Z Udbdab ® giab - Z(pa ® pa/mﬂ)(G;a Fr_ul)T> (59)

i=0 ‘a<b a

relative to the reference volume V;. Since 3/, g',, =7 and 3 _1_ G', = F,, in the con-
text of (23), the right-hand side of (59) simplifies to

n

Z<Z Uabdub ® gf"ub - Z(pa ® pa/ma)(Gf'aF;ll)T>

i=0 ‘a<b a (60)
:<2Uabrab ®rab/rab - Zpa ®pa/ma>
a<b a
Substituting this back into (58) yields the WNL canonical form
K=V1~71<2Uabrab®rab/rab_Zpa®pa/ma>a (61)
a<b a

of the Kirchhoff stress. This is the same form as that of (Dp;) FT resulting from (16) in
SNL canonical case. Both of these can be compared with the WNL QH relation

- 1 "
K= Vr—IZ[Uah-i- EkBeza,:ah hl)\r:|fah®fgh/fa}; (62)
r=1

a<b

for K resulting from (48), and with the SNL-QH relation for (D quh)F T resulting from
(47). Since all of these relations are constitutively symmetric via material frame-indifference
and (A.3), they satisfy angular momentum balance (51); identically.

Finally, consider the second derivatives of ¥, based on the WNL canonical formulation,
(26), and (54), which determine equilibrium thermoelastic material properties (e.g., [29,
Chap. 10]). These include the referential heat capacity

—0069 Y, = V,”' cov(H,, H,)/ ks6?, (63)
the higher-order referential thermal expansion

890F, Yo = V,”'cov(Hy. 9, Hy)/ ke, (64)
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as well as higher-order referential elastic stiffness
OF, 0r, Vi =V, (O, 0, Hy) — V,”'cov (O, Hy, dr, Hy) / k), (65)

with cov(a, b) := ((a — (a)) ® (b — (b))) = (a ® b) — (a) ® (b) the covariance. In particular,
note that

O, 0, He = ) D Uabed O 7)o ® dea) (9,7 )

a<b c<d

+ ) Uargy @k ran)" (X = dap ® day) O, Fap)

a<b

— > OrF) (P, ® p./ma) (3, F,") (66)

is obtained from (29); and (36);. The relations (64) and (65) represent direct generalizations
of standard (i.e., n = 0) referential thermoelastic properties (e.g., [29, §§10.5-10.6]) to the
current context. As done in the standard case, referential material properties such as dy g, Y,
and 9f; 0f, ¥, can also be expressed in spatial form. For example, the latter is transformed
into the spatial form S7, via the definition

A- S B = (det F)™ AF; - (9,95, V) BF; 1. 67)
‘We then have
S = V7 (H3) = Vi cov((3r, Ho) FY . (8, Ho) FL) / ke, 68)
with V, = (det F)V,, (3, H;) FT from (36), and H}, defined by
A - H}B := AF; - (3,3, H)[BF;] (69)

analogous to S’L/2 On this basis, one obtains

H) = Z Z Uabed (dap ® 8hp) ® (dea ® 81ry)

a<b c<d
+ ) Ut [T (810 ® 8hap) — (das © &1p) © (dus ® 81,1)]
a<b
+3 (P, ® pu/ma)(GLF) A(GLF) (70)

via (30) and (66) in terms of (ALIB)C := ACB and (AAB)C := = AC"B. In contrast
to that (4 + i + j) of df;dr, note that the order of s/ > 18 4, independent of i and j.

Analogously, the (ST) units J/m*~*~/ of 9, dy/; depend on i and j, while those J/m’ of s/

do not. Consequently, S’CJ2 has the same units as the fourth-order elastic stiffness tensor in
standard equilibrium thermoelasticity for all i and j.

7 Example: Second-Order Gradient Elasticity

As an illustration and example of selected theoretical results in this work, consider lastly ap-
proximation of the EST-based WNL free energy (26), by specific forms of the phenomeno-
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logical free energy density (54). For simplicity, attention is restricted to zero temperature
and n < 2 in this section.

7.1 Free Energy

In the context of material frame-indifference (see Appendix B), the phenomenological free
energy density (54) takes the reduced form’

¥ (0, Fo, Fi, F2) = ¥1(0, Gy, €1, C2) (71)
via (B.2) for n = 2 at zero temperature with respect to the right Cauchy-Green deformation
C)= FTFO = F'F = C as well as the first-order C; = F'F, and second-order C, = F'F,
strain-gradient-like deformation measures from (B.3). Likewise, the EST-based WNL free
energy (26), simplifies to

(0, o, Fy, F2) = Ui(Cy, €y, C) — Ui(1,0,0) (72)
at zero-temperature for n = 2. Here,

Ui(Cy, €1, €) :=Uq(r12(Cy, €1, €), ..., rn—1n(Co, €1, ©2)) (73)

is determined by the interatomic potential (A.3), and

rap(Co, €1, &) := \/cab(COa Ci, G) - Cy'can(Co, €1, C) (74)
follows from (35) with

cab(c()a Cla CZ) = c()sm - c()srb + (Clsra)sra - (Clsrh)srb
+ ((CZSra)sra)sra - ((CZSrb)srb)srb- (75)

Assuming centrosymmetry (e.g., [1]), let (71) be given by the specific form

1 1
Vii(0, Gy, Ci, &) = ECO - (3¢, 9¢, U)o Co + Ecl - (8¢, 8¢, U 1o Cy

1
+ (0c,Uilo - G + ECZ - (0¢,0¢, U 10 Cs (76)

based on second-order Taylor-series expansion of (73) about (Cy, C;, G;) = (1,0, 0) with
respect to a reference volume V;. Here, (d¢,Ui)|o := (9¢,Ui)(0,1,0,0) and so on. In the
standard n = O case, this is formally analogous for example to the approach of [24] based on
material-symmetry-adapted strain tensor components. In particular, note that d¢,Ui|o = 0 for
zero stress (e.g., Kirchhoff stress (85) below), while d¢,Ui|o and d¢, d¢,Uilo vanish identically
via centrosymmetry since C; is determined by an odd gradient of F. On the other hand, since
C> is even in this sense,

(Ac,UD o = Z Uaplo (Ocyran) o a7

a<b

7Except where needed, x and s; are suppressed in the notation from now on for brevity.
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is generally non-zero. Besides this last relation, (73) also yields

(0¢,0¢,Ulo =Y > Uabealo(3c,7an)lo ® (3¢ 7ea) o

a<b c<d
+ Y Uaplo(d, de; ran)o (78)
a<b
with Uy, := 0,,,Uq the atomic bond force, and Ugpeq := 0y, 9,,,Uq the atomic bond stiffness.
Here,

rap(I1,0,0) =514 — S,
Ocy7ap),0,0) = d 1oy @ (S1a — S1p)s
Octap)T,0,0) =dryp @ (510 @ S1a — S1p Q 51), (79)
(0, 7ap)T,0,0) =d i, @ (514 @ 1y @ Srq — S1p @ Sy @ S1p),
(3¢ d¢;Tap) (1, 0,0) = (ITi4180) 3y Dra (ITj4150) ab
from (74) with

drah = (sra - srb)/|sra - srb|7 Drab = (I - drab ® dmb)/lsm - srh|~ (80)

In particular, then, the isothermal elastic stiffness Vr‘1 (3¢, 9¢,Ui) o as well as the correspond-
ing first-order Vr‘1 (9¢, 9¢,U;) |o and second-order Vr‘1 (0¢,0¢,Ui) |0 "gradient” stiffnesses, are
determined by (78).

7.2 Computational Comparisons
The following comparisons are based on the "plane-wave" deformation
X (x) =x.+acos(kk - x, + 17 /6) (81)

of a fcc primitive unit cell with volume V; = a®/4 and central atom located at x,. Here, a is
the lattice parameter, a is the displacement amplitude, ¥ = 27w [001]/a is a wave vector in
the first Brillouin zone, and k € [0, 1]. In turn, (81) implies

Co(x,) = I + k*|a|?sin*(kk - x, + 7w/6)k @ K,
Ci(x,) = 3K3|al?sin(kk - x, + 7/3)k @k ® k, (82)
C(x;) = —k*a?sin®(kk - x, + 7/6)k @k QKk D k.

As k increases, then, gradients of higher-order become increasingly important.

In the undeformed reference configuration (lattice), s, = (s, ..., S;x) are known and
prescribed. In this case, (82) determine r,;(Cy, C;, C;) from (74). Given in addition Uy,
Ui(Cy, Ci, Cy), (3c,Uilo, (9¢,dcyUilos (9¢,9¢,Ui) o, and (9¢,d¢,Ui)lo, are then all deter-
mined, and so ¥;(0, Cy, C;, C;) from (76).

As an example comparison of Vr‘1 ¥, (0, Ry, Fy, F>) from (72) and (0, Cy, C, C,) from
(76), consider the results in Fig. 2 based on the EAM potential for Al of [32, 33] for Uy. The
displacement amplitude a is assumed parallel to ¥ with magnitude ||a| = 0.05 AN (much
smaller than the cutoff radius of the potential). As evident, the zero- and first-order strain-
gradient energies (brown and green curves) begin to deviate both qualitatively and quanti-
tatively from the second-order strain-gradient and EST-based cases (blue and red curves)
for k above about 0.09. For k above about 0.34, even v;(0, Cy, C;, C,) begins to deviate
quantitatively from V.~-'¥.(0, Fy, F, F).
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Fig. 2 Comparison of Vr_lllfr(O, Fy, F1, F>) from (72) (red curve) and ¥;(0, Cy, C1, C>) from (76) as a
function of k for a parallel to « (i.e., [001]). Brown curve (classical): ;(0, Cp, 0, 0). Green curve (first strain
gradient): ¥;(0, Cp, Cq1, 0). Blue curve (second strain gradient): ¥;(0, Cy, C1, C>). See text for discussion
(Color figure online)

8 Summary and Discussion

In this work, model relations for the energetic thermoelasticity of non-simple materials have
been obtained with the help of equilibrium statistical thermodynamics (EST) as well as
phenomenologically via continuum thermodynamics.

In the EST context, both the (unrestricted) canonical formulation, as well as the (re-
stricted) quasi-harmonic (QH) approximation, have been considered. With respect to these,
both strongly non-local (SNL) and weakly non-local (WNL) formulations of energetic ther-
moelasticity have been pursued. Principle results of the formulation include the SNL con-
tinuum form (11) for the EST canonical free energy ¥, and its WNL approximation (26).
In addition, the approximations (46) to these have been formulated in the context of the QH
approximation to the unrestricted canonical formulation. As discussed in the text, the WNL
form of either of these can be used to determine the phenomenological free energy density
(54) for higher-order deformation gradient thermoelasticity.

A basic aspect of the continuum thermodynamic formulation of higher-order deformation
gradient thermoelasticity in Sect. 5 is the generalization (50) of the (mechanical) energy flux
h; in terms of the higher-order (hyper)stress measures Py, ..., P, conjugate to Fi, ..., F,.
Exploiting the Euclidean frame-indifference of the energy balance (e.g., [29, Chap. 6]), a
direct consequence of (50) is the generalized Kirchhoff stress (52). In the context of the
dissipation principle, (50) and (54) result in the generalized hyperelastic relations (56) for
P, ..., P, and so the corresponding form (58) for the Kirchoff stress. As shown by the
variational formulation of the corresponding boundary-value problem in Appendix C, the
direct formulation of Sect. 5 is completely consistent with a variational one in the spirit of
[14, 15].

Central to the current treatment of atomistic-continuum coupling is the finite, non-affine
relation r, = x (ry,) from (3) for the effect of continuum deformation on atomic position.
For uniform (affine) local deformation x (x,) = F x,, note that (3) reduces to the "standard"
infinitesimal, affine relation r, = x (x;) + F(x;) s;s = F ry, (e.g., [23, §8.1.3]). From the
point of view of Hamilton’s equations, (3) represents a so-called "canonical” transformation
ofry,...,ry (e.g.,[8, 11,18, 23, §8.1]). Indeed, the corresponding generator takes the form
Gp.r)=—>,p, x(ry) [cf. 23, Eq. (8.46)]. Then r, = —03,,G = x(ry) corresponds
to (3), and p,, = —9,,G = FT(r..) p, to (4),. This is in contrast to the quasi-harmonic

T'ra
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(QH) case, in which the mean atomic positions are assumed to deform with the continuum
according to the generalized Cauchy-Born relation (39). As from (3) via in particular (7)
and (23) in the canonical case, both SNL- and WNL-based QH formulations of energetic
thermoelasticity ensue from (39) via (40).

The WNL formulation of atomistic-continuum kinematics in Sect. 3 and in particular
(22); can be compared for example with the recent treatment of [1]. They work with the
polynomial-map-based approximation

~ ~ 1 m
x=X(xr)=Xo+F0xr+"'+m("'(ﬁﬁ )xr)xr"')xr (83)

to x(x;). Here, x, is a constant vector, F, a constant second-order tensor, and Fg)
(i =1,...,m) constant symmetric tensors of order i 4+ 2. The distance Fob = |i'°‘ﬂ | be-
tween atoms (or primitive unit cells) « and B with #*# := ¥* — % is then determined by
Fob (x¥, xrﬁ ;1 Co, C (()1), .., C (()m)) in terms of the higher-order continuum deformation mea-
sures C(()i) = FgF(()i) formally analogous to C; in (B.3). As discussed in [1], this can also be
expressed with respect to E( and E", with Co=1+2Ey, and C((Jl) =cyc E(()]) analogous
to (B.9).

Although not treated explicitly in the text, the energetic constitutive relations formu-
lated in the context of EST satisfy material frame-indifference (MFI). For example, in
the (unrestricted) SNL case, K.[F] = K,[Q F] holds for (5), U,[F] = U,[QF] for (17),
and so ¥, [0, F] =¥,[0, QF] for (11), for all orthogonal Q. Likewise, ¥;(0, Fy, ..., F,) =
.6, QF, ..., QF,) for (26), holds in the (unrestricted) WNL case when U,(Fy, ..., F,)
is given by (34). On the other hand, neither (11) nor (26), are in MFI-based reduced form
(e.g., [5, 21]). As discussed in detail in Appendix B, ¥;(8, C, Cy, ..., C,) from (B.2), and
¥, E,V'E, ..., V'E) from (B.10), are but two among many possible such reduced forms
for ¥, (0, F, V'F, ..., V"F) from (54). Indeed, for example, V; itself determines a third re-
duced form

we(eaCaEh""En):: wi(97C7CEla'~'7CEn) (84)

of the free energy density in terms of the Eringen measures Ei, ..., E, with E; := F~'V'F.
Any of these reduced forms, and in particular (B.2), result in turn in corresponding reduced
forms of energetic constitutive quantities. For example, the continuum thermodynamic rela-
tion (58) for the Kirchhoff stress reduces to

K =2sym ) F(dcVi)F (85)
i=0

in the context of (B.2). Since K as given by (85) is symmetric, it satisfies angular momentum
balance (51), identically. Long ago, Noll (see, e.g., [17] or [27, §84]) established the fact
that the MFI of v, implies the symmetry of the Cauchy, and so Kirchhoff, stress for simple
materials. As shown by (85), this holds in the more general WNL case as well.

As investigated in previous work (e.g., [6, 7, 16, 19, 22]), other issues from material the-
ory for gradient continua besides MFI include higher-order material symmetry restrictions.
As discussed in detail for example in [22], since V'F, ..., V"F do not transform tensorially
under change of compatible reference configuration, such material symmetry restrictions
invariably involve the consideration of higher-order jets. On the atomistic side, the material
symmetry of Uy from (A.3) is inherited by v;(Cy, ..., C,). Yet another issue concerns a de-
pendence of free energy on higher-order (e.g., anharmonic) strain terms such as E - (M4 E)E
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in comparison to strain gradient terms like C; - G4C;. Although the corresponding moduli
M, and G are of the same order, they are different in character. Indeed, in contrast to G4, M,
is lengthscale-independent. In any case, these and other issues represent work in progress to
be reported on in the future.
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Appendix A: Reduced Forms of the Interatomic Potential

Consider the action
a(t,Q)U(rl,...,rN)=U(t+er,...,t—i—QrN) (Al)

of the Euclidean group on U, including in particular pure translation (Q = I) and pure
orthogonal transformation (¢ = 0). As usual, the material frame-indifference (MFI) of U
takes the form

a(tsQ)U =U V(, Q). Zra X aralj =0. (A2)

For example, U(ry,...,ry) = U(ri2, ..., ry_1y) satisfies translational MFI (recall r,j, :=
r, —ry). Using the Cauchy’s representation theorem for simultaneous vector invariants (e.g.,
[27]), U; can be shown (e.g., [2, 3]) to satisfy orthogonal MFI iff it can be expressed as a
function of dy5 - dos,...,dNy_oy_1-dy_1n (recall d,, := ru,/rap). As usual, the simpler
distance-based form

Ury,....ry)=Us(riz, ..., rn21n) (A.3)

is (at least) sufficient to satisfy orthogonal MFI, and satisfies differential orthogonal MFI
Daraxd U=, ra_h1 (0y,,Ud) Fap X 1, = 0 identically. On the other hand, as discussed
by [2, 4, 25], Uy is not unique for potentials beyond 4-body interactions. For such cases, the
"cluster" form

N M}l
UaCriz, ...ornaaw) = Y Y U (g, o) (A4)
n=21[1"=1

of Uy is appropriate. In this form, each U;» is a n-body potential, and M,, < (N/n) is the
number of n-body interactions among N mass points. By requiring that each Uj» vanish in
the limit as the distance of any one of the interacting mass points to the others approaches
infinity, this expansion can be formulated in a unique fashion.
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Appendix B: Reduced Forms for the Continuum Free Energy Density

In the context of the continuum thermodynamic formulation from Sect. 5, the requirement
of material frame-indifference

ve(0, F,V'F,...,V"F;x;)=v:(0, QF, QV'F,..., QV"F;x,) VQ (B.1)
on (54), and the choice Q = R" = U~'F" result for example in the reduced form

ve(0, F,V'F,...,V"F;x;)=v;0,C,C,...,Cp x;) (B.2)

of ¥r, with ¥i(6,C,Cy,...,Cu;xp) i= Y(0,C2,C2Cy,...,C 2Cp: x,) (subscript i
stands for indifferent), U = C > ,C =F"F, and

C :=F'F =F'V'F. (B.3)

Clearly, (B.2) is a direct generalization of the zeroth-order reduction v, (6, F) = v;(0, C) to
the current nth-order case. Since r;, (Fy, ..., F,; . ..) from (35) reduces to r,,(Cy, ..., C,; ...)
directly, the reduced form ; of ¥, in (B.2) also follows directly from the statistical thermo-
dynamic treatment in the text.

Note that the deformation measures Cy, ..., C, defined in (B.3) are strain-gradient-like.
This can be seen by considering the change in squared relative distance

s> = Is|> =8 - 2E s, + 8, - (IT28,)Cy + (IT25,)Cy - C ™' ([T,8,)Cy + - - - (B.4)

via (22); in a neighborhood of x. = x (x;) (see Fig. 1). Here, s. := x (x; +s;) — x (x;), and
E = %(C — I) is the Green strain. Note that the zeroth-order special case [s.|* — |s;|> =
sy - 2Es, of (B.4) is consistent with |dx.|> — |dx.|*> = dx, - 2E dx,. Since C~! and s, are
non-zero, (B.4) implies that |s.| = |s;| iff E, Cy, ..., C,, ... vanish; hence, Cy,...,C,, ...
are strain-gradient-like. Moreover, Ci, ..., C, can be expressed as functions of VIE, ..,
V"E. To show this, consider the identities

(Ca))a,
= (Va, C1)ay — (Vo F)'V,, F,
((Czay)az)a;
= (Va,Va,€)as — (Vg F) 'V, Vo, F — (V4 Ve, F)TV,, F, (B.5)

(- (cchapaz) -+ )au—1)ay,
= (Val co Va,,_lcl)an - (ValF)T Vaz T Va,,F )
and
(Vo,F)'V,,F = (I'a)"Cias,
T
(VayVa, F)'Vo F = [(Valcl)aZ - (Flal)Tclaz] I'ias;,

B.6
(Vay F)'V4, Vs F = (F1@)"[(Vay Cas — (') Cras). (.6

@ Springer



56 G. Poet al.

for constant ay, ..., a, with
r.=F'ViF=cC"'c,. (B.7)

In particular, note that I') represents the affine (linear, Kozsul) connection "symbols" in-
duced by F. Analogously, in the context of the interpretation of C as a Riemann metric
(e.g., [12, 13, 28]), €, for example represents the corresponding metric connection sym-
bols. Note that the results (B.5)—(B.7) determine C, ..., C, as functions of C, C;, V!Cy,
..., V"~1¢€,. To proceed further, consider next the identity

2a-((VE)e)b=a-(Cic)b+b-(Cic)a (B.8)

between VE and C,. Exploiting the symmetry C; = C; of C; induced by that (VF)S =VF
of VF = VVy, (B.8) can be inverted via cyclic permutation of a, b, ¢ to yield

C,(VE)=cycVE (B.9)

with a - ((cycAj)e)b:=a- (Aic)b+c-(Ab)a — b - (Aja)c. Note that (B.9) implies that C;
is a linear function of V E. Consequently, (B.9) also implies that VI~! €y is a linear function
of VIE fori =2, ...,n. In summary, then, Cy, ..., C, are determined by C(E), V'E, ...,
V"E. Consequently, ¥,;(@, C, Cy, ..., C,; x;) always induces

v (0,E,V'E,....V"E;x;) =¥;(8,C, Cy, ..., Cy; x;) (B.10)

in the context of higher-order strain-gradient thermoelasticity.

Appendix C: Variational Formulation of the Boundary-Value Problem

In order to connect with previous work for non-simple materials based on variational meth-
ods, and for completeness, the boundary-value problem implied by the direct formulation of
higher-order deformation gradient energetic thermoelasticity in Sect. 5 is formulated here in
variational form. Since the formulation is purely referential, we dispense with the subscript
r on referential quantities in the rest of this section.

To this end, note that (51); and the result for P = Py from (56) together imply the varia-
tional form

Sy = —divéy =0 (C.1)

for linear momentum balance in the current context. For boundary conditions, attention is re-
stricted to generalized displacement-traction-type (conservative) loading (e.g., [29, §13.3])
here. Let B represent a reference configuration, and d B its (smooth) boundary with (out-
ward) unit normal n. Generalizing the considerations of [15] to the current nth-order case,
only the "normal" part V/ x of V' x is kinematically independent on 9 B. In this case,

W[x]::—/ (to-x+t-Vox+---+t,-Vix)da (C.2)
B

represents the potential energy of loading in terms of the corresponding tractions o, ¢1, ..., ¢,
on the flux part d¢B of d B. Then

Plx1=FIx1+ Wixl. F[x]:zfw(le,vzx,...,V”“x)dv (C.3)
B
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represents the total (canonical) free energy (e.g., [29, §13.4]). Given (C.3), one obtains in
turn

(SP:/(BV]XW‘SVIX+~-+8Vn+1xlﬂ~8V”+l)()dv
B
—/ (to-8x+1t1-8Vyx+-++1,-8Vix)da (C.4)
JdB

for the first variation § P of P. Repeated integration by parts and application of the diver-
gence theorem then yields

6P:/8;+'w-8xdv+/ !(po—t0)~8x —I—Z(p,»—ti)-v,",éx}da (C.5)
B 3B e
for § P with

Po:=Pn+py +--+ po,.
py=Pmn+p,+---+py,

(C.6)

P = ( .(Pn_ln)n...)n +pn71 s
p, = ((Pnn)n)n’

via (56). Here, p;; represents the sum of all terms depending on P;n which contribute to the
ith-order boundary condition. As usual, §x, V)8x, ..., V2§ vanish on the kinematic part
dB \ 9¢B of 9B by definition. Given (C.5), then,

0=57""y = —divsy, ¥ (C.7)
in B, and

Polacs = to, DPilas =11, DPlocg =tn, (C.8)
on 0¢B, are necessary for § P = 0. In particular, (C.7) is clearly consistent with (51); in the
form (C.1).

Determination of py,,..., p,_;, in (C.6) follows via direct generalization of the ap-
proach of [15] to the current context. In particular, this is based on the split
V=n®n)V+V* (C.9)
of the gradient operator into normal and tangential parts. In addition, the operator identity
Sit1 VT =DS;1 - Ti, DSiy1 = (diven)Sjpin — div S, (C.10)
induced by the (smooth) surface divergence theorem, and the constraint

n-n=1 = (Vn)"'n=0 (C.11)
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are employed in what follows. On this basis, consider the hierarchical system
S Viw=Sn-Viw+D!S w,
S -Vw=8n -VIVlw+D!s, . Viw,
S, - Viw=8n- -VIVw+D!S, . Vw, (C.12)

S, 1-V'w=S8, n-V.V"lw+D!S, V"',

of relations via (C.9) and (C.10). In particular, w =8y, S = Pin, S, = P:n, ..., S,_; = P,n.
As it turns out, this hierarchy is partially recursive with respect to dependence on w, V,lw,
..., VIw, in the following sense. Given (C.12),, one obtains for example

D!S,-V'w= (D!S))n-Viw+ DS - w (C.13)
for the second term in (C.12),. Together with
Sn-V,V'w=8n-V'Vw—8n-(V'w)(V'n)
= (Simn - Vw + D! (Sin) - Viw +div,((Sim)(V'n)") - w (C.14)
via (C.9)—(C.11), (C.13) determines (C.12), in terms of w, Vlw, and V2w, i.e.,
S| -Vw = (Sim)n - Vyw + {D!(Sin) + (D!S)n} - Vyw
+ {divi((Sim) (V'n)") + D28/} - w. (C.15)

In recursive fashion, (C.15) also determines the second term on the right-hand side of
(C.12)3 in terms of w, V,'lw, and V,fw. Likewise, (C.12); and (C.15) determine the last
two terms on the right-hand side of

Sn-VViw=8n -VViw
+ [2divy((Sam) (V'n)") = (Sm)(V2n)'}-V'w  (C.16)
in terms of these. Together with
Son - V*Vyw = (S;m)n - Vw4 {D!((S:n)n) + (DL (S:n))n} - Vow
+ {div,(((Sm)m) (V'n) ') + D2(Sm)) - Viw, (C.17)

these determine (C.12); in terms of w, V,iw, V,%w, and Vﬁw. In this fashion, one can suc-
cessively determine all identities in (C.12) in terms of w, V,iw, ..., Viw. In turn, these can
be used to determine p;; in (C.6).
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