C3AZING AND SHEAR BANDS IN GLASSY POLYMERS AS LAYERS OF A NEW PHASE
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1. Attainment of the creep limit and the type of failure of a broad class of glassy
polymers are determined by the appearance of crazing (silver cracks) (CR) or the development
of shear flow in the form of discrete shear bands (SB) or a diffuse shear zone consisting
of microbands [1). The difference between ordinary cracks and CR (crazing) was pointed out
in {2, 3]. The first detailed studies of the structure of CR {4-6] permitted concluding that
the folds of cracks which give a mirror sheen are fastened over the entire surface ''by some-
thing like a system of individual filaments" separated by microcavities, and the disappear-
ance of visually observed cracks after heating is due to "contraction of oriented filaments”
i4, p. 1446]; the existence of a correlation between the structure of CR and the microstruc-
ture of the polymer was hvpothesized, and a view of CR as a region of cold drawing was for-
-ulated. Subsequent studies revealed the quantitative characteristics of the structure of
2 correlated with the structure of the starting material [i, 7, 8].

The localization of strains in the form of 5B was first indicated in [9}. Subsequent
studies in particular showed that both CR and SB are regions of fibrillated oriented material
{1, 10-13]. .

Despite the many studies, there is stiil nc singlis opinion concerning the phenomena of
C2 and SB. Two groups of empirical criteria of plasticity are recommended in the traditional
approach as a function of the corditions of loading and the mechanism of deformation, and
celoction of the criterion for each concrete case is an independent problem [1, 14]. These
criteria do not explain, but only state the appearance of CR or SB zs unrelated mechanisms

cf deformation,

Nevertheless, the analysis cf the experimental data indicates that CR and SB belong to
one class of localized orientation transformations. This is indicated by the orientation
and fibrillar structure of CR and SB {11, 12], the similarity of the molecular rearrangements
with which their formation is correlated [15]}, the discovery of SB in CR on stretching in
3 direction perpendicular te the SB [16]; the similar structure of the failure surfaces along
58 and CR [16-18]; the controlling role of the same features of the microstructure of the
polymer (linkage network parameters) {8, 12, 19}. .

The distinct localization of spontaneously occurring regions of a material with differ-
ent properties and structure permits‘considering the appearance of CR and .SB from unified
sesitions: based on laws characteristic of phase transitions (orientational, accompanied
br an expansion effect) [14, 20]. The temperature—time dependences of initiation of CR and
S3 indicate the role of the methods of preparation and the necessity of examining the phase
transitions in the relaxing material.

The possibility of separating the processes into fast (described as a phase transition)
and slow could be correlated with the preparation of large-scale rearrangements by processes
vhich take place on other structural levels. The conditions of the phase transition can be
satisfied in the trajectory of the relaxation process [21]; according to [22]), induced elas-
tic deformation begins after completion of more elementary processes; from the point of view
of the analysis in [23], this means that nonlinearity of one type results in another, strong-
ar nonlinearity: discontinuous. Considerations of CR and SB as regions of a new phase or
regions of intense relaxation processes in this approach do not alternate with but instead
supplement each other. Modeling of CR and SB by equilibrium layers of a new phase in an elas-
tic material is one approximation.

The orientation transitioa is accompanied by "phase" deformztion: elongation in the
direction of orientation and narrowing in the transverse directions. An environment with
slightly deformed material generates tensile stresses inside the orientation nucleus., If
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they result in separation of oriented mclecular chains, then a cavity-fibrillar structure

of the nucleus of the CR with elongation phase deformation without any change in the cross
section is formed. It has been shown that an equilibrium layer of a phase which satisfies
the additional condition of the lowest potential energy of deformation of the starting phase
("boundary" layer) is perpendicular to the direction of the greatest tensile stress. If the
stresses inside the orientation nucleus do not cause separation of molecular chains, then

the phase transition is not accompanied by a significant change in volume; the boundary layer
is positioned at an angle to the direction of extension. The conditions of the existence

of the corresponding layers determine the criteria of the appearance of CR and SB.

2. The problem of the equilibrium two-phase configuration (TC) which consists of deter-
mination of the shape of area V occupied by the material of the new phase and the stressed
state which satisfies the equiiibrium conditiciis {24] in the case of smal]l deformations can
be reduced to the relations from the theory of elasticity for an inhomogeneous medium with
the additional condition of thermodynamic equilibrium at the phase boundary [25]:

V-0=0; n-[e]=0; [u]=0; [8]=0; (1)
o(x)=[C~+Cx(x)]--[e(x) —e/x(x)]; (2)
po[f} —o--[e] =0; (3)
po'*=pofor+1/2 (0= . B=..g%), . (4)
Here ¢ is the Cauchy stress tensor; n , unit vector of the normal to the phase boundary;
u, displacement vector; f, free energy density; p,, density of phase material "='" in the
absence of stresses at temperature 8; C+ and B+, tensors of the moduli of elasticity and
compliance of the phases; C;=C+-C- ; x., point of a solid; %(X) , characteristic function
of area V; ef, '"phase" deformation tensor: the deformat1on in a hypothetical transition from
one unstressed state to another; f,¥. free energy densities of unstresses phases; the materi-
als of the starting and new phases are indicated by indexes "~" and "+"; the square brackets

indicate the change in the value in going from phase "~" to phase "+'"; the signs and "
are the scalar and binary scalar products. It follows from the second and third conditions
of (1) that

[o]:-[e]=0. (5)

The conditions of mechanical equilibrium in (1) are satisfied by determination of stresses
of with any shape of area V, and the conditions of phase equilibrium (3) are satisfied by
the special and unambiguous selection of the shape of V.

3. Let us examinz the equilibrium TC with plane layers of the new phase. At the boun-
dary of an arbitrary inclusion

[o]=S(n)--m (m=B,--a++ef), (6)
where B;=B+—B- ; the tetravalent tensor is
S(n)=C-..K(n)..-C-—C-; K(n)={n{n.C~-n)~tn} (7)

(s designates symmetrization with respect to permutation of the indexes within pairs) [27];
mhas the sense of a tensor of the density of dislocation moments induced by the region of
the new phase.

With an arbitrary position of the layer in an unlimited medium in a homogeneous stress
field 60 , the conditions are observed

o==00; o+r=0o+S(n)--m; m=[I—B;--S(n)]~"'--m,, (8)

4

where me=B;-.go+ef; | is a tetravalent unit vector.

It is possible to show that
S(n}.-[1=By--S(n)]~'=S+(n).

Here S*(n) is determined by the moduli of elasticity of the "+" phase and vector n , like
S(n), with relations (7). Then due to (6) and (8)
[6] =S*(n) - -mo. ) (9)
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Fig. 1. Layer of a new bhase.

Fig. 2. Appearance of CR (——-) and SB ( ) in the plane
stressed state: 1) v < 0; 2) v=0; 3) v > 0.

The condition of equilibrium (3) in consideration of (4)-(9) becomes

y=1/200- - By - 00— 0o+ -/ — 1/2mg- - S+(n) - -mq =0, (10)

vhere v = py[f,] (a different examination of the problem of the equilibrium layer of a new
phase is proposed in {26]). Equation (10) with the given principal values of tensor & anc
values of the moduli of elasticity can be satisfied with different stresses oo and differe
n and major directions of &f .

~ For an illustration, let us examine an equilibrium layer with elongation phase deform:
tion ¢ in direction e on extension with stresses ¢ in direction r with B, = 0. It follc
from (10) that

ord=T+pe(l—n2)?/(1—=v} (T=vy/s). (1)

[

where u and v are the shear modulus and Poisson ratio of phase "-'; re and ng are the pro-
jections of r and n in direction e . Equation (11) can be satisfied when ¢ 2 T'. A layer
for which n=e=r :orresponds to the minimum stress o = [ when [ > 0. When o > I, different °
directions of n and e are possible. :

A different degree of metastability of the starting phase ¥ = p,(g~ (@) — g¥(09)], the
difference in the Gibbs energy densities pygg = p,f — o:-¢ of one-phase configurations, cor-
responds to different stresses o, , which allow the existence of equilibrium layers and dif-
ferent TC due to (10). It follows from (2) and (4) in consideration of (9) and (10) that

=1/260+ By g+ 00 &/ —y=—1/2mq. . S+(n) - .my=—1/2[0] - -my

Since for the layer mo=[e]—B+.-[0], by virtue of (5) and the positive determinacy of the
compliance tensor ’

2¢=—[o]--[e]+[o]--B* - [0] =0
the appearance of a layer of a new phase is only possible in the metastable phase (in a "re
stressed" material) or when ¥ = 0. An analogous condition is obtained for the equilibrium
ellipsoidal nucleus of the solid phase [25].

4, The requirement of the least potential deformation energy (the work completed at
the time of appearance of the equilibrium layer) results in determination of the limit TC
and limit stresses.

We will designate the main directions and main values of tensors e and ¢, by ex,
e, and m, o (k =1, 2, 3) (ve will assume that e, coincide with the directions of t
elasticity of phase "+" (Fig. 1):

rn=0-e; O0-07=E . (12)

(O is the tensor of rotation coupling trihedrons r» and ex ;3 E is a unit tensor, "t" is
a transposition symbol). Tensor of rotation O and normal vector n which provide for mini
‘mum A(0y) = 1/2 (09--B---6p) with additional conditions (10) and (12) and
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Fig. 3. Deviatoric sections of the boundary surface of ap-
pearance of CR and SB: a) v > 0; b) v = 0. The direction of
the decrease in o, is indicated by the arrow.

non=1 (13)
are determined by solution of the problem of an arbitrary extreme.
We will subsequently assume that the material of phase "—" is isotropic. Then the prob-
lem of determining vectors n and e, in basis r, is equivalent to the problem of finding
n and r, in basis e, ., Variation of the principal directions of tensor ¢y by virtue of

(12) generates the variations
500=00'Q—Q'00; blllu=B|'-000, (110)

where Q=0.00" is an arbitrary skew-symmetric tensor. Extreme A(o,) in conditions (10)
and (13) and in consideration of (14) is determined by the relations

: Z (e’ +ama)bor=0 (e°=B~.-0o; muu=ra-m-1y);
&

mg- -85+ (n) - -mg+4 (B/a)n-6n=0; (15)
m-og=0ag-m. (16)

Relations (10), (13), (15), and (16) in consideration of (8) form a system of eight equations
with seven unknowns: vector n, orthogonal tensor O, and ratio of Lagrangian multipliers
B/a. The "excess" Eq. (10) determines the boundary area of the appearance of equilibrium
layers in the space of principal stresses ox. The characteristic property of a boundary
equilibrium layer of a new phase, the alignment of tensor m to the external stress tensor:
mgg = my, follows from (16). Equations £4° + amy = O determine parameter a and the point

on the boundary surface where the elastic energy density of phase "-" is least among the
boundary configurations. Tensors m and €° are similar at this point.

5. We will now examine the boundary equilibrium layers in deformation phase transi-
tions, neglecting the change in the moduli of elasticity (B, = 0). Then the phase deforma-
tion tensor is coaxial to the external stress tensor, and the normal vector, determined with
Eqs. (13) and (15), minimizes the degree of metastability:

p=—1/2¢--S(n)- ¢!, (17)

and the boundary surface equation becomes

2 oxex=y+yP*; P'=miny (&> e3> g3, 6,> 0> 03). (18)

k n

Since for an isotropic medium
Atp

————————nnnn,
wir+2y)

1
C-=AEE+2pl; K(n)=—;(n£n)’—
where A and p are Lamé coefficients [27], we find that the direction of the normal to the
boundary layer is determined by a parameter of the phase deformation “"type" a,, = (e, + ve,)/

(e —e3) (e, > €, 2 €5). If ny, > 0, then ny? = 1 and the layer is perpendicular to the
direction of the largest principal stress. If @33 ¢ 1, then n;? = a,;,;, and n, = 0.




Tensors [0], o* , and 0y are coaxial. If oy, > 0, then
[o2] = —2u(es+ver) /(1 —v); [oa] = = 2p(ea+ves) /{1 =v).

1f @,, < 1, then {o,] = —Ee,, and the largest and smallest principal values of the
«tress tensor are continuous (E: Young's modulus).

The tensors formed by Kronecker deltas and the unit vector are represented as a linear
combination of tensors Ti (i = 1-6) (28]. Using basis T', it is easy to show that

S(n)=—2u(T24xTY  [x=(1+v)/(1-9];
(19) -

1
- —2;;“ S(n) N 'Q=%(llu+l]n)’+ (qu"qn)2 +4Qn2.‘

vhere symmetric tensor q 1is represented in basis set n, t, t.

1t was shown above that % > 0. It follows from (17) and (19) that in a deformation
nhase transition, the appearance of a layer with zero metastability is only possible when
one or two principal values of tensors e/ are equal to zero, and the nonzero principal val-

wes have different signs (plane deformation). These layers are subsequently compared with
CR and SB. Then

nl=ap=(2—0v)~"; ny;=0 [v={(ei+es)/e1]; (20) [0]=0, (21)
and the boundary surface of (18) is determined by the.equation
o1—oa(l—v) =T (I'=vy/er). (22)
“e note that the boundary layer with plane phase deformation corresponds to the shear plane
(accompanied by expansion) with a vector of discontinuity of motions in the plane e, €3-.

Since the change in the Gibbs energy of the boundary region on passage of the equilib-
rium layer of the new phase through it is determined by the following equality due to the

imparturbability of stresses outside of the layer and (3)
AG=poV[g+(0*) —g~(g0}] = —poVes: - [o],

vhere V is the part of the layer which intersects the region, then by virtue of (21), the
appearance of a boundary layer with plane phasce deformation does not causa any change in the
Gibbs energy of the substance.

6. The appearance of SB in the spproximation of a deformation phase transition is de-
termined according to (22) by the largest and smallest values of the stress tensor and the
axpansion effect of the structural transformations. For CR (g, > 0, €, = €5 = 0), the cri-
terion of the greatest tensile stress follows from (22)

or=1" [I"=(y/e)Cr]. 3

The layer is perpendicular to the direction of the effect of this stress. The controlling
role of the greatest stresses in the case of CR is confirmed by the experimental data in [29
3o}.

In extension with stresses o in conditions of the effect of hydrostatic pressure p, the
limiting state is attained when

U={I"+p; p<p.=(F=T1")/(1—v) for GR:\
I'+vup;, p>p. for SB*.

(p, determines the brittleness—plasticity transition as a function of the parameters of the
transformations). These dependences, like those illustrated in Fig. 2, are in agreement wit
the experimental data in [20, 31} (see also [14]).

Criteria (22) and (23) can be represented as

1 —
w[1-<@rpe] =5$2=(r—vcuw3+uu= for 5 (24)

=Y2(I" — 00} Y3+ 11o?/ (3—1ts)  for CR, .



Tensors (0], o* , and 0y are coaxial. If o;; > 0, then
[o2] = —2u(es+ved) /(1 —v);  [o3] = —2p(ea+ves)/(1--v).

If a,, < 1, then [0,] = —Ee,, and the largest and smallest principal values of the
ctress tensor are continuous (E: Young's modulus).

The tensors formed by Kronecker deltas and the unit vector are represented as a linear
cembination of tensors Ti (i = 1-6) (28]. Using basis T', it is easy to show that
S(n) = —=20(T2+xTY  [x=(1+v)/(1-v}];
1 . (19)
- -EI;"!' -§{n) - - q=x(qee+ Gee) 1+ (Gre— Gee)? + 4412,
vhere symmetric tensor q 1is represented in basis set n, t, t.

It was shown above that % > 0. It follows from (17) and (19) that in a deformation
~hase transition, the appearance of a layer with zero metastability is only possible when
one or two principal values of tensors e/ are equal to zero, and the nonzero principal val-
ges have different signs (plane deformation). These layers are subsequently compared with
CR and SB. Then

nl=ap=(2—0v)~"; ;=0 [v=(ei+es)/er]; (20) [o]=0, (21)
and the boundary surface of (18) is determined by the‘equation
n~o(l—v)=T (F=y/e1). (22)
We note that the boundary layer with plane phase deformation corresponds to the shear plane
(accompanied by expansion) with a vector of discontinuity of motions in the plane e , €3-.

Since the change in the Gibbs energy of the boundary region on passage of the equilib-
rium layer of the new phase through it is determined by the following equality due to the

imparturbability of stresses outside of the layer and (3)
8G=poV[g*(o*) —g=(g0)] = —poVeo- - [],

vhere V 1s the part of the laysr which intersects the region, then by virtue of (21), the
appearance of a boundary layer with plane phase deformation does not causae any change in the
Gibbs energy of the substance.

6. The appearance of SB in the spproximation of a deformation phase transition is de-
termined according to (22) by the largest and smallest values of the stress tensor and the
axpansion effect of the structural transformations. For CR (g, > 0, €, = €3 = 0), the cri-
terion of the greatest tensile stress follows from (22)

o=T" [I'=(y/e))cr]. (23)

The layer is perpendicular to the direction of the effect of this stress. The controlling
role of the greatest stresses in the case of CR is confirmed by the experimental data in {29
30},

In extension with stresses o in conditions of the effect of hydrostatic pressure p, the
limiting state is attained when

o= { [P p<pe=(T=T0/(1-0) for G
I'+uvp, p>p. for SB*.

(p, determines the brittleness—plasticity transition as a function of the parameters of the
transformations). These dependences, like those illustrated in Fig. 2, are in agreement wit
the experimental data in [20, 31} (see also [14]).

Criteria (22) and (23) can be represented as

1 1 —_
w[1-<@rpe] =gy (Mmoo aT R for s (24)

» Tn=75(r"—00)1’34-]10’/(3—11") for CR, .



where ¢, is the hydrostatic component of the stress tensor; t, is the octahedral tangential
stress; the Lode-Nadi parameter pg = (20, — 0, — 6,)/ (0, — 0,) determines the type of
stressed state. The mutual effect of the hydrostatic component of the stress tensor and the
type of stressed state in the approximation of a deformation phase transition according to
(24) is determined by the expansion effect of the mechanism of deformation.

The deviatoric sections of the boundary surface of appearance of CR and SB (with o4 =
const) are shown in Fig. 3 in polar coordinates r = T, and @ = arctan (pcl/s) (ug = ¥1 cor-
respond to uniaxial extension and compression in condition of the effect of hydrostatic pres-
sure). Line aa of the change in the mechanisms of deformation (brittleness—plasticity
transitions) and the critical average stress are determined by the relations

*o= (P = o) Y3+ pa?/[3¥2(1-0) };
{
\

T
L S ’
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When o¥gp < o, < o*cp (rectangle abac), CR or SB arise as a function of the stressed
state. Outisde of this interval of the hydrostatic components of the stress tensor, only
CR or only SB appear. Here

asp =[(B—0)I"=2r]/[3(1-v)]; otr=[(3—20)I"-T]/[3(1-v)].

We note that when certain relations between the parameters of the structural transforma-
tions are satisfied (here when I > (3— v)I'/2), CR can appear with negative values of the
first invariant of the stress tensor, which is in agreement with the experimental data in
{30} and indicates the limitedness of the approaches to the description of CR whieh use the
condition g, > 0 as a necessary condition (see, e.g., [32]).

Consideration of the change in the moduli of elasticity in orientation transformation
results in substitution of the piecewise-linear dependences (18) by more complex quadratic
dependences with respect to the stresses according to (10). The direction of propagation
of SB will be a function of the change in the moduli of elasticity.

The proposed examination reflects the correlation of the effect of the type of stressed
state and the hydrostatic component of the stress tensor, describes the brittleness—plasticity.
transition as a function of the type of stressed state, and permits plotting the boundary
surface of appearance of CR and SB from unified positions in consideration of the change in
the mechanisms of deformation and the expansion effect.
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