®

Continuum Mech. Thermodyn. Check for
https://doi.org/10.1007/s00161-021-01022-2 updates

ORIGINAL ARTICLE

Arnold Krawietz

Surface phenomena of gradient materials

Received: 15 March 2021 / Accepted: 29 April 2021
© The Author(s) 2021

Abstract The behavior of third gradient materials is analyzed. They possess stress tensor fields of second, third
and fourth order. Starting from the principle of virtual power, we derive the admissible boundary conditions.
Those on free surfaces can only be obtained by the application of the divergence theorem of surfaces. On the
other hand, such an application to fictitious internal cuts makes no sense although it is usually practiced. We
prove that some of the boundary conditions on a free surface may be interpreted as the equilibrium conditions
of a shell. So a crust shell exists on such a surface and a beam exists where patches of the surface meet. On the
other hand, no such shells or beams can be found with fictitious surfaces in the interior of a continuum. Our
finding does not depend on any specific constitutive assumption.
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1 Introduction

During the last two centuries, the theory of materials of continuum mechanics was to a large extent a synonym
of the theory of simple materials [1,2]. It implies the existence of the Cauchy stress tensor field T within a
body. The action on internal surfaces as well as on boundary surfaces is described by the stress vector T - n,
where n denotes the local unit normal vector. It acts as a reaction where kinematical boundary conditions are
given and can be prescribed at a free surface. No distinction has to be made between a real boundary surface
and the fictitious surface around any subbody.

In the last decades, however, theories of materials with higher gradients received an increasing attention
([5-9] among many others). Their properties are extensively elaborated in a compendium by Bertram [10]. A
comprehensive presentation is also given in [11]. Extensive lists of references can be found there and in [12].

Gradient materials imply the existence of stress tensor fields of several orders. We will demonstrate that
this property requires a distinction between fictitious cuts in the interior of a continuum and the real boundaries
of a body. We prove that there exist a crust shell at free surfaces and edge beams where patches of the surface
meet. They contain the typical cutting loads of shells and beams. This seems to have been overlooked so far.
Shells and beams with such cutting loads can, of course, not be found on fictitious surfaces within a continuum.

We start from the principle of virtual power and derive the admissible boundary conditions. In the ensuing
sections, we recall the basic facts of the theories of shells and beams and show that some of these boundary
conditions are nothing but the equilibrium conditions of a shell or a beam.

Notation A dot denotes a contraction. Multiple contractions are written a @ b : e @ f = a - eb - f,
a®b®c:-exf®g=a-eb-fc-g,ab®c®d:exf®g®h=a-eb-fc-gd-h. Wedefine the
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vector of a tensor by a®b|, = a xb = —2axi (a ®b) and extend this definitiontoa@b®c|x =axb®ec.
The transpose of a tensor shall be definedbya ® b’ =b®aanda®@b®c’ =b®a®ec.

We will sometimes note the dimension of a quantity. The dimension of force is written [F] and that of
length [L].

Definitions We will use a lot of abbreviations in order to reveal the physical content of our formulae. Here
we note the numbers of the equations where the definitions of various vectors and tensors can be found.

T,T.,7 : ();: T.T:®3): C:@D; Y. Y.Y: ®; t,t,t,Z,Z : (12) — (14)
t* erc. - (17); S,S : (25), (26); Vi,Vp 0 4,33); f,.m,F.M : 39); p,q : (60),(61)

2 Boundary conditions derived from the principle of virtual power

We discuss materials with up to third gradients. Such materials have been studied, e.g., in [13-15].
The (internal) virtual power per unit volume within a body is a linear expression of the first, second, and
third gradient of the virtual velocity field.

Mt =T : vV +T - 6vVRIV+T évRVRIVRV (D

We identify a second-order stress tensor T (dimension [E/L?%]), a third-order stress tensor T ([FL/L2]), and a
fourth-order stress tensor 7 ( [FL2/L2]). T is symmetric due to the principle of invariance under superimposed
rigid body motions, while T and 7 enjoy the same symmetries in the last entries as their conjugate virtual
velocity gradients.

The (internal) virtual power of a whole body or of a subbody can be reformulated by multiple application
of the divergence theorem with n the outer unit normal of the surface

Snint:/fsninthZ/(T'n)Z'5V®V®VdA

—i—/(T-n):6v®VdA+/8v-T-ndA—/SV-T-VdV )

We introduced the effective stress tensors
T=T-7.v, T=T-T.V (3)

Let us first consider a subbody cut from some real body under consideration. We observe that the normal
components 7 -n, T - n, and T - n of the effective stress tensors are transmitted over the cut surfaces. The last
contribution is the only one present with simple materials and reduces to the Cauchy stress vector T - n. It is
important to notice the following facts:

e Each of the three contributions only depends on the local orientation of the surface and not on its curvature.
e No additional contributions appear at edges or vertices of the boundary of the subbody if its surface is not
smooth.

This finding is contrary to the usual opinion (accentuated e.g. in [16]), that is based on an inappropriate
application of the divergence theorem on the boundary of subbodies. The physical content of such a proceeding
is generally not realized. This will be detailed later.

Next we want to treat the real surfaces of the body. Therefore we split the spatial derivative into a tangential
and a normal part

9
V=V, +n— 4)
on
and obtain
I 0
8v®V=8V®Vt+8—®n, SV®V®V=8V®V®V,+8—(SV®V)®n 3)
n n
B]
—(@veV)=m0-V)(veV)=n VvV - (@ve V) - m® V)
n
asv asv 3%8v
=—Q®V+@BvVRV) - C=—QV,+—@n+@Eve V) -C (6)
on on on?
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with the local (symmetric) tensor of curvature
C=-n®V, (7
We define the following surface tensors
Y= -n-01-n®n), Y=(7T:n®n)-(1—-n®n), Y=T-n)-1-n®n) ®)

The first integrand of Eq. (2) becomes—if the symmetry of 7 is taken into account—

a4 L)
(T~n):-8v®V®V=Y:~5v®V,®V,—a—v-Y:C—i—ZY:a—V®Vt
n n
_ 328v
+Y~C:8V®V;+(T:~n®n®n)-w 9)
The second integrand becomes
- - a8v
(T~n):8v®V=Y:8V®V,+(T:n®n)-8— (10)
n

After all, we arrive at

_ a8V . 0%y
oM = [ (t-ov+T- 0 4127 ) da
- 08V _
+ (Z:3v®v,+Z:8—®v,+Y:-3v®vt®v,>dA— sv-T-vdv (11
n

with the following dynamic quantities on the surface.

t=Tn [F/L’] (12)
i=T:n®@n-Y:C, Z=Y+Y.-C [FL/LY] (13)
t=7:n®n®n., Z=2Y, Y [FL?/L?] (14)

Now imagine an extremely thin layer at the surface. It is loaded from the interior of the body by these dynamic
quantities, endowed with a negative sign. Of course, dynamic quantities of exactly the same kind may also
be applied from the environment to the layer. Many of them are, however, overlooked until now. The virtual
power of these external forces may be written as follows.

sV . 9%V

eyt = / (text -0V + {ext . % + text - W

_ 00V
+/(Zm:3v®vt+zext: - ®Vt+Yext:~8v®V,®V,>dA

n

)da

+/5V~Q(b—a)dV+8Hadd (15)

It has been supplemented by the contributions of the body force and inertial force within the body and by an
additional contribution §T1,9q of line tractions and point forces that will be specified later.

The principle of virtual power, dating back to Lagrange, postulates the equality of the internal and external
virtual power. So we arrive at the following statement

_. 8V ., 3%
0=8Hext—81'[im=/(t*-8v+t*-—v+t*- M

on on? ) dA

Y
+ (Z*:Sv@V,-l—Z*:a—V®V,+Y*:-8v®V,®Vt)dA
n

+f3v- (T-V+o(b—a))dV + 8 (16)
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with the differences

t*ztext_ta {*Zfext_iy i*:/fext_i, Z*ZZext_Zy Z*:Zext_Z, Y*ZYext_Y
a7
This postulate selects those stress fields of order 2, 3, and 4, that are compatible with the prescribed external
actions within the body and on the boundaries. Its evaluation with any virtual velocity field satisfying the
kinematical boundary conditions provides the field equation and the dynamic boundary conditions. A unique
solution can, of course, only be found, if the constitutive behavior is specified.
Since v is arbitrary within the body, we obtain the field equation

T-V+ob—-—a)=0 (18)

Moreover, we are now able to discuss the behavior on boundaries.

Firstly we consider the case that kinematic quantities are prescribed and dynamic quantities appear as
reactions. Where the velocity v (in case of a fluid or the displacement in case of a solid body) and hence v® V,
and v ® V, ® V, is given, the reactions are

text = t, Ze =7, Yext =Y (19)
Where d§v/dn and hence d6v/dn ® V; is given, the reactions are
Eext = Ea Zext = Z (20

Where 828V/ an?is given, the reaction is fext =1
Secondly we consider the case that kinematical quantities are free. If the field 328v/dn? is arbitrary on a
surface then the following boundary condition must hold.

t"=0 2n

The situation is more complicated where the surface field v or the surface field d§v/dn is arbitrary. The
apparent conclusions (3 boundary conditions: t* = 0, Z* = 0, Y* = 0) or (2 boundary conditions: t* = 0,
Z* = 0), respectively, are not applicable since the two fields determine also the fields of their tangential
derivatives so that only one boundary condition remains in both cases.
This difficulty and the physical meaning of its solution is the main topic of the paper at hand. An analogous
problem is well known with the free edges of plates and has been treated by Thomson and Tait 150 years ago.
The remedy is the divergence theorem of the surface. If a field a satisfies a - n = 0 on the whole surface

then
/a-V,dA:y{weds (22)

We integrate over a smooth patch and introduce the outward unit normal vector e of the patch in the tangential
plane. So we obtain

/(t*-8V+Z*:8v®V,+Y*:-8V®V,®Vt>dA

=/8v~(t*+S~V,>dA— f(av-s.e—Y* :-5v®v,®e)ds (23)
and 35 35 35 35
f(—V-E*JrZ* : —V®V,>dA=/—V-<_*+S-Vt>dA—y€S:—V®eds (24)
on on an on
with the abbreviations
S=—Z*+(Y*-v,)-(1—n®n) (25)
and _ B
S=_7* (26)

If &v is arbitrary on the surface, then we infer the boundary condition

t"+S-V, =0 Q7
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This is an equilibrium condition of forces.
If 96v/an is arbitrary on the surface, then we infer the boundary condition

t"+S-V, =0 (28)

The component in the normal direction is a double force and works on the stretching n - 3§v/dn. This leads to
ir4n-(S-v) =0 (29)

The part within the tangential plane works on the angular velocity ¥ = n x d§v/dn.
x(@+8-V)=nx¥+(1-n@n) ((nx8) V- (§-C),)=0 (30)

This is an equilibrium condition of moments.

Equations (27) and (28) yield the following information: While the dimensions of t and t are [F/L?] and
[FL/L?], respectively, we infer [F/L] and [FL/L] as the dimensions of S and S. Now look at Eq. (26): Although
it states the equality of the tensors S and —Z*, we have to notice the following distinction: Z* denotes the
difference of actions of dimension [FLZ] per unit area [LZ] from the outer and inner side of the surface layer
whereas the tensor S describes an action of dimension [FL] per unit length [L] within the surface layer. A
similar distinction has to be made with Eq. (25). The dimension of the right-hand side is [FL/L?] while that of
the left-hand side is [F/L].

Now let us consider an edge line where two patches are in contact. The contributions of the line integrals
of Egs. (23) and (24) have to be augmented by the power of an external line force vector gex of dimension
[F/L] and a tensor Gey; of dimension [FL/L]. (This is part of the formerly announced additional power §T1,44).
If v and §v ® V are arbitrary on the edge line then we obtain the following contribution to the virtual power
difference.

Y
/ (( DCE e—l—gext) 5v+Z( —V® FYE 8v®V,®e>+Gext:8v®V>ds 31)
s=s0

The sums are to be extended over the two adjacent patches. ( Indices are omitted.) The expression can be
reformulated.

/SSISO ((— Zs.e+gext).5v+<z<— S.e®n+(Y*.e).(1—n®n))+Gm) ;5v®v) ds (32)

We introduce the unit tangent vector s of the edge line and split the spatial derivative as follows.

0
V=V — 33
p+S8s (33)

Here V, is the derivative in the plane normal to s. Integration by parts over the arc length s yields

/Sl <— ZS.e—}—gext—%[ZY*:s®e+Gext.s]).8vds+<ZY*:s®e—|—Gext.s>.5V
S=50

s1

S0

S1 B
+/ (Z(‘S'e®n+(Y*¢e®e)®e>+Gext'(1—S®s)):8v®Vpds (34)
S=50
If §v is arbitrary on the edge line then we obtain an equilibrium condition of forces.
-y s.e+i[Y*~s®e] +g —i[G -s] =0 (35)
os . ext ds ext

If §v is arbitrary at a vertex where several edge lines meet then we add an additional external power §V - @yertex
of a force gyertex Of dimension [F] and obtain an equilibrium condition of forces.

Z (ZY*:S®e+Gext‘S>+gvertex=0 (36)

edge lines
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We decompose the factor with §v ® V, into its symmetric and skew part. The symmetric part works on a
stretching. If this is arbitrary then we obtain the boundary condition

sym|:2<_ S""X”H‘(Y*Ie®e)<§§>e>—i—Gext-(l—s®s)]=0 (37)

The skew part works on a spin with the angular velocity ¥ = —dv x V,/2. If this is arbitrary then we obtain
another boundary condition. It is equivalent to the postulate that the negative vector of the skew part vanishes
and can be interpreted as an equilibrium condition of moments.

Z(—nxS~e+exY*:e®e>—<Gext‘(1_s®S)>

=0 (38)

X

3 The crust shell

We recall the elementary facts of the theory of shells. A shell is a curved or plane surface endowed with
mechanical properties. Given a cut normal to a unit vector e we encounter a force per unit length f [F/L] and
a moment per unit length m [FL/L]. We can modify the famous tetrahedron argument of Cauchy and find that
the equilibrium of a small triangle requires the existence of a force tensor F [F/L] and a moment tensor M

[FL/L] leading to
f=F-e, m=M:-e 39)

The equilibrium conditions of forces and moments of a smooth shell segment read
ffds—i—/fsdA:O, %(m—i—rxf)ds—k/(ms—i—rxfs)dA=0 (40)

where r is a position vector and fg [F/L?] and mg [FL/L?] are forces and moments per unit area, respectively.

Now
%fds:%F%—)ds:/F-thA, %mds:%Meds:/M-V,dA 41

frxfds:%erwds=/(rXF)-V,dA:/er-V,dA+ffo-thA (42)

The accent indicates on which field V; is to be applied. Because of
ExF-V = ((rov,) F)| =F], 3)

X

the equilibrium conditions become

/(fs—i-F-Vt)dA:O, /(mS+M-Vt+FT|X)dA+/r><(fS+F-Vt>dA=0 (44)

This must be valid for arbitrary shell segments and implies the differential equations

fs+F-V, =0 (45)
ms+M-V,+F'| =0 (46)

We are now able to prove that some of the boundary conditions of a free surface of a gradient material are
nothing else but the equilibrium conditions of the boundary layer which will therefore be called the crust shell.
A comparison of (45) with (27) reveals the force tensor of the crust shell

F:S:—Z*+(Y*-v,)-(1—n®n) (47)
while the force per unit area is simply the difference of the forces of the outer and inner side of the shell.

fg = t* (48)
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Therefore
F+2)" = ((1-n@n) Y;T) v,
:((1—n®n) Y*T)~V,+n®n YT v,
T

=((1—n®n)-Y*T)-V,—n®Y*:C—(n-Y*T~C> (49)

and
FT|X=Z*|X+<(1—n®n) Y*T> .v,—an*;c+(n-Y*T-c) (50)
x X

Inserting this into (46) gives

m5+<M+<(1—n®n)~Y*T> >()-V,—an"‘:C—i—(Z*—i—n-Y*T~C> § =0 (51)
The tangential part of this vector equation can be compared with (30)—note (26)—
nx¥-(1-n@n) (nx2) V,)+(1-nen) (Z"C), =0 (52)
We identify the moment tensor
M=-nxZ - ((1-n@n)-Y7) (53)
and the tangential part of the moment per unit area
(1-n@n) mg=nx@+Y":0)—(1-nen) (Z°+@ Y7 -77).C)| 4

The moment tensor will generally produce moment vectors not only in the tangential plane but also in the
direction of n as can easily be seen.

n-M=-n- (YN +n-@m@n-YT)| =-n-Y)| +@xn) (- Y)=n-(Y)| (55

X

The underlined term vanishes. Such moment vectors in the direction of n do not occur with the classical shells
of the engineers.
Finally we check the equilibrium of moments around the axis n. We need

n. <M+((1—n®n)-Y*T)|X> V,=—n. ((an*)-vt) =—(mxn)-(Z*V)—n-(Z*-C)| (56)
where the underlined term vanishes again. The normal component of (51) becomes

n~m5=n~<Z*+(n~Y*T—Z*)-C>

(57

X

and we have altogether

ms =nx (F+Y*:C) = (2 + (n- YT - 2%) . C) (58)

X

We see that the moment per unit area depends on four difference quantities in a manner that is not immediately
evident.
After all, we have to discuss the condition (29) on the surface that can be written

n—2":C—(n-Z*)-V, =0 (59)

The first two terms describe a double force (dimension [FL]) per unit area [L?] while the vector field n - Z*
describes a double force ([FL]) per unit length [L] and n - Z* - e constitutes an additional cutting quantity of
the shell that does not enter the conditions of equilibrium. These fields are absent with classical shells.
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4 The edge beam

We recall the elementary facts of the theory of beams. A beam is a curved or straight line endowed with
mechanical properties. It is oriented and its unit tangent vector is called s. Given a cut with normal s we
encounter a force vector p [F] and a moment vector q [FL]. On the other side of the cut, the normal vector
is —s and we encounter —p and —q. The equilibrium conditions of forces and moments of a segment of the
beam read .
/ prds +p(s1) —p(so) =0 (60)
S0
and .
/ (qz +r x pr)ds +q(s1) — q(so) +r(s1) X p(s;) —r(so) X p(so) =0 (61)
50
where py. [F/L] and qz [FL/L] denote a force and a moment per unit length. Since

S1

r(s;) x p(sy) —r(so) x p(so) = /

S0

d s d 51 d
5(rxp)ds=/ r><d—IS,ds+/Y d—prds (62)

S0 S0

and dr/ds = s, we arrive at

S1 dp
/ (PL + —) ds=0 (63)
50 ds
S1 d S d
/ (qL+—q+sxp>ds+/ rx(pL—i——p)ds:O (64)
50 ds 50 ds

This must be valid for arbitrary beam segments and implies the differential equations

d
pL+ b =0 (65)
ds
and d
qL+—q+SXp=0 (66)

ds
We are now able to prove that some of the edge line conditions of a gradient material are nothing else but the
equilibrium conditions of a beam which will therefore be called the edge beam. A comparison of (65) with
(35) together with (47) gives the cutting force and the force per unit length

p=—ZY*:s®e—Gext~s (67)

and
PL=8x— ) F-e (68)

The following identity will be needed.
Z((l—n@n)~Y*T)|X e = Z((e@)e—l—s@s)-Y*T-e)|X = Z(exY* reQe+sx Y :sQe) (69)

We introduce this and (26) into (38) and obtain
Z(an* e+ (@-n®n)-Y7T)| -e) —sx ZY* s@e— (G- (1—s®9))[ =0 (70

This can be written
—Y M-e+sxp—(Gext- (1—-5®85))| =0 (71)

because of (53) and (67). We compare this with (66). No derivative with respect to s appears so that no moment
is present in the beam.
q=0 (72)

The moment per unit length is seen to be

qLZ_ZM-G—(Gext'(l_S®S))|x 73
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The expressions of the line force pz in (68) and the line moment qz, in (73) are plausible. They result from
the cutting forces and moments of the adjacent surface patches augmented by external line forces and line
moments applied to the edge beam.

Finally, we have to discuss the condition (37). The dot product of the tangent vector s with this tensor
equation yields—note (26)—

1 _
32 (sZ e n+Y i s@e®e ¢) +5-sym[Goy - (1-585)] =0 (74)
while the vector product of s with the condition (38) yields

=0 (75)

X

Z<S~Z*-e n+Y" : - sQe®e e)—sx (Gext~(1—s®s))

The statements of the two equations are equivalent since 2 s-sym[Gex - (1 —s®S5)] = —S X (Gexe - (1 —S®S)) | x-
Therefore, if the equilibrium of moments (38) is satisfied, then also (74) is fulfilled and only the part of (37)
in the plane normal to s remains as an independent boundary condition.

sym[z((1—s®s)-Z*-e®n+((1—s®s)-Y*:e®e)®e)+(1—s®s)-Gext~(1—s®s)i| =0 (76)
Noting1 —s® s = e ® e + n ® n, we arrive at
Z(Y*:~e®e®e e®e+n-Z* e n®n+(Z*+n-Y"):eQe (e®n+n®e)/2>

+sym[(1=5©9)  Gexi - (1-5®5)| =0 (77)

This tensor equation is equivalent to three scalar equations that are not equilibrium conditions of the beam
but describe the action of double forces.

5 Conclusions

We have seen that the free surface of a third gradient continuum has the properties of a crust shell with a force
tensor F and a moment tensor M, given in Egs. (47) and (53). These tensors produce forces and moments
per unit length in the surface. The detection of the crust shell was based on the application of the divergence
theorem on the free surface, and this was necessary in order to obtain the boundary conditions on such a surface.
We saw that part of these boundary conditions are equivalent to the equilibrium conditions of shells. Moreover,
an edge beam is present where two patches of the surface meet and a cutting force p, given by Eq. (67), is
identified in this beam but no cutting moment. The beam can be loaded by external forces and moments per
unit length. If several beams meet at a vertex, then an external single force may be applied there but no couple.
These external actions are not possible with simple materials, but their admissibility with gradient materials
is well known ([7,12]). The mechanical behavior of the crust shell and the edge beam, however, seem to have
been concealed until now. But it is this finding that clarifies the cause why line loads and edge forces can be
applied to a three-dimensional continuum and why they can only be applied on edges and vertices. They are
accepted by a beam that is supported by shell segments on both sides. Finally the shell distributes the load into
the body. _

If we restrict our attention to second gradient materials then 7 = 0, Y = 0, Z = 0. The crust shell
possesses a force tensor which may be called a surface tension but no moment tensor, and the edge beam has
no cutting force. A line force but no line moment may be applied on the beam, and no single force is possible
at a vertex. The properties of a fluid of this kind have been discussed in [17].

The following fact is extremely important: The application of the divergence theorem on the free surface was
indispensable in order to derive the boundary conditions. On the other hand, the application of the divergence
theorem on any surface in the interior makes no sense. It would mean that a shell with its specific cutting forces
and moments per unit length is created wherever we imagine a cut through the body. But there are, of course,
no such shells inside a body. Only quantities per unit area can be found in the interior of a smooth continuum.
This has often been overlooked, e.g. [16].
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The situation at a fixed surface needs further attention. We detected the reaction quantities in Egs. (19)
and (20). The corresponding difference quantities with an asterisk vanish so that no crust shell is necessary. If
the possibility of the reactions Zex;, Yext> Zext 18 not taken note of, however, then the existence of a crust shell
is tacitly assumed. This may actually be the case if the environment is unable to provide such reactions, e.g.
because it consists of a simple material.

The occurrence of a crust shell and an edge beam is the consequence of nothing else but the following two
conditions.

— The fact that the constitutive behavior of the continuum requires stress tensor fields of second, third, and
fourth order.
— The absence of kinematical constraints on the free surface.

No constitutive assumption concerning the properties of the surface entered the analysis.
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