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Figure 8-1. Definition of {DTMA} rheological parameters.
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of the E” and tan & peak position (abscissa) and the ordinate of the peak apex, as well as the
width and the area of under the peak.

Definition of the DTMA parameters, which describe the main characteristics of the DTMA
spectrum, are given in Table 8-1 and in Figure 8-1. Their values were determined analytically
from the E"(T) and tan 8§(T) profiles and are included in Tables A8a and A8b, in Appendix V,

section 8.

Table 8-1. Definition of the {DTMA} parameters.

(a) T [E" ax (BR-a) - temperature corresponding to maximum of the E*(T) peak
(BR a-transition)

(b) T #an,,, 8 (BR-a) - temperature corresponding to maximum of the tan 5 peak
(BR a-transition)

(© tan,,, 5 (BR-a) - maximum value of the tan §, corresponding to BR a-transition

(d) T /E" yax (ClIR-ax) - temperature corresponding to maximum of the E*(T) peak

(ClIR a-transition)

(e) T tanp,,, 8 (ClIR-a) - approximate temperature corresponding to the maximum
tan & (CIIR a-transition)

® tan,,,, 8 (CliR-a) - maximum value of the tan 5 peak corresponding to the CIIR
a-transition
(2 T an,,,, 5 (CIIR-H) - temperature corresponding to the maximum of the tan & peak
(CIIR ll-transition)
(h) tan,,,, 5 (CliR-ll) - maximum value of the tan § at the peak corresponding to
CIIR ll-transition

) INT(tan 5 (BR-x)) dT - temperature integral of the tan 8, corresponding to BR a-transition,
integrated over the temperature range of -100°C to - 80°C

()] AT (E'-E" cross-over) - difference between temperatures corresponding to the E'-E”
cross-over points; a measure of the width of the tan § (ClIR-a+ll)
damping peaks
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Small but systematic differences exist between the position and height of the E”(T) and tan
8(T) peaks among various LCB architectures of the grafts. A standard screening procedure
was applied to discover meaningful correlations between structural (LCB) and DTMA

parameters. A correlation matrix with the Pearson r,, coefficients' is included in Table 8-2.

Table 8-2. Pearson product moment correlation coefficients for correlations between
structural/compositional and {DTMA} parameters.

Graft chem. |

Branch ! Number of Branchingi
length | branches | content !GraftMW composition Interferences
MP | NP | wd o mMS w | w | PDI | vinyl
T . 2 | 3 | a s 8 |7 | s
- . 0 | - 4 - o797 0o I o | o
{ ! ! : i J
THanmu5BRw) || O | + 0 | 0 { 0 + 0 | 0 [ O
tan,,. 5 (BRx) el + | 0o |+ | + | 08581 08631 0 | 0
T /E", . (ClIR2) ¢ 0 081260 - . 0 1 o | o . 0 : 0
THan,,5(CIIRw) |e] 0 ' o ' o ' 0 ' 0 0O 0o | o0
tan,, 5(CIRw) [f| - 108148 o0 : 0 ' 0 - ' 0 @ +
Thann, 5CIRM |g| - . 0 | - - 07987 0 | 0 | 0
tan,, S(CIRI)  |n|-07462] 0 | - | - 07950 | - | 0O 0
INT(tan 5(BR-o))dT |i[07946; O | 0 . + | 07784 108509 0 0
DT(E-E"crossoven) [i| - . + . 0 ( 0 | O : 0O 0 | 0
Zero indicates that |r,,} < 0.5000
“-" indicates: -0.7500 < |r,,| < -0.5000
"+" indicates: 0.5000 < |r,| < 0.7500
Iy value given for || > 0.7500

! Pearson product moment coefficient, r,y, is a dimensionless index that ranges from -1.0 to 1.0 inclusive, and

reflects the extent of a linear relationship between the two data sets [JMP Manual, V3.1, 1995, p. 317].
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8.2 DTMA of the branch precursor polymer, BR

For the BR, both E” and tan & peaks corresponding to the a-transition, have a typical
(unimodal) shape, as shown in Figure A8B10 in Appendix V, section 8.

The abscissa of the E” peak maximum, the T /E" ., (BR-a) parameter, was reported as one
of the temperatures in a DTMA spectrum best approximating glass-transition temperature, T,
[374]. In addition to the influence made by microstructure of the BR, particularly its vinyl
content, the position and the shape of the E” and tan 6 peaks will depend on the method and
exact test conditions of the measurements. For example, in the case of the dynamic

mechanical test, the oscillation frequency will, and the heating/cooling rate might, affect the
T /E” ox (BR-at) values [375].

The temperature T/E"” ., (BR-a) obtained in this study for pure polybutadiene (sample B10),
-92.9°C, is as close to the values reported in the literature, for polybutadienes of similar

microstructure, as those values are among themselves [224, 376-378].

8.3 DTMA of the backbone precursor polymer, CIIR

The tan & peak for CIIR in the transition zone has a unique bi-modal shape, similar to those
reported for IIR (butyl rubber) and other PIB-derived elastomers. In fact, this “double-peak™
is a superposition of the two tan & peaks stretching between -70°C and about 20°C [152, 352,
373, 379-383]. Its breadth is caused by a molecular mobility being impaired by the large
intermolecular friction due to steric hindrance coming from methyl groups, which is effective
over a broad temperature range, extending well into positive temperatures on the Celsius
scale [379, 381].
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A low-temperature peak corresponds to the o-transition (Figure A8C in Appendix V, section
8) [352, 382, 384], while a more pronounced peak on the tan §(T) profile has been termed by
Sanders and Ferry [380] as a ‘slow relaxation process’ or a ‘liquid-liquid’ transition by Boyer
[383]. The molecular origin of ll-transition peak is still not clear [379], although several
explanations were offered [380, 383].

Temperatures corresponding to the tan,,,, 8 (CIIR-a) and tan,,,, 6 (CIIR-1I), approximately
-42°C and -28.3°C, respectively, agree well with the published data of Boyer [381].

8.4 DTMA spectra of the graft copolymers

Regular graft copolymers are chemically heterogeneous and have a long-chain branched,
comb-like structure. Each of these two characteristics has its own implication for the DTMA
spectrum.

Grafts copolymers as chemically heterogeneous polymeric systems

Typically, graft copolymers will have two a-transitions, one corresponding to a branch
precursor polymer, and another one to a backbone precursor polymer [385-386]. It was found
in a many cases, that both these transitions are shifted toward lower temperatures in grafts, as
compared with a position of corresponding peaks in the homopolymers [68, 71, 387]. Other
combinations of peak shift directions were reported also, for example [67, 388], as well as no
shift at all of the loss tangent peak [91]. The graft copolymers with a single DTMA tan &
peak were described also [389], as well as a few copolymeric systems in which, depending on
the exact molecular structure and composition, either one or two a-transitions could be seen

[390].
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To study specifically the effects of the chemical composition on DTMA transitions, without
possible interference from the LCB, a blend or linear block-copolymer would usually be

used.

Grafts as long-chain branched polymers

Likewise, the effect of the long-chain branching on the glass-transition (and corresponding o-
transition) is best studied with long-chain branched homopolymers, thus without a possibility

of interference from a chemical heterogeneity.

Bulk properties of polymers which depend on a local conformation of the macromolecules,
for example the glass-transition temperature, are not usually strongly affected by the presence
of the LCB.

The T, value for the comb-type branched polymer is frequently similar to that of the linear
homologue. However, when the ratio of chain ends to M,,b becomes high, the T, of the

branched polymer with comparable Mnb, shifts toward lower temperatures [391-393].

The effect is not as strong as in stars of comparable number of arms, due to the fact that in
comb-type polymer, the number of branches matches the number of branch-points, which are

known to have the opposite effect on T [109].

The difference between T, for linear polymers and that of chemically equivalent comb-like
molecules will always result from the balance between the effects of end groups (lowering
Tp), branch points (increasing T,) and the sensitivity of the glass-transition temperature to the
effect of either.

It is highly probable that, for graft copolymers, effects of the chemical composition and LCB
on the DTMA spectrum will superimpose.
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8.5 DTMA spectra of CITR-g-BR graft copolymers

A. Loss modulus E"(T) peaks corresponding to the a-transition for the BR and CIIR

1. E"(BR-q) peak position - Table A8a, col.(a), Table 8-2, row (a)

Shift of the E”"(BR-o0) peak (upon grafting) toward higher temperatures is small but
consistent. The T /E",, (BR-at) is -92.3°C for sample B10 and within the -87.9 to 91.0°C
for grafts. Temperature shift of the E"(BR-at) peak is most significant upon the overall BR
content (w”). No statistically significant correlation between specific branching parameters
and the magnitude of the shift could be identified. This observation can be summarized as
follows:

w’T=>T/E",,, BR-o)T

2. E"(CIIR-) peak position - Table A8a, col.(d), Table 8-2, row (d)

As compared with the value of T /E" ., (CIIR-a) for sample C (-58.4°C) grafting of the BR-
branches can shift the E”(CIIR-a) peak position toward lower temperatures, up to 8°C in the
case of grafts with the highest number of branches. The magnitude of shift is strongly
dependent upon branching number, N, and the shift direction suggests a dominating role of
the sidechain-ends.

N, T=>T/E",,, (CIIR-0) ¥

B Loss tangent peaks, tan XT) - corresponding to a-transition for BR, and « and Il
transitions for CIIR

1. Tan 6 (BR-a) peak position - Table A8a, col.(b), Table 8-2, row(b)

Tan §(BR-a) peak is consistently positioned at lower temperatures for grafts than it is for
sample B10 (-85.6°C) (T /tany,, S(BR-a) is between -87.4°C and -90.7°C for grafts).
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This peak is drifting in the opposite direction than the corresponding E"(BR-a) peak, which
can be partially explained as being influenced by a step-change in the E'(T) modulus,

occurring within a comparable temperature range.

2. Tan 6 (CIIR-a+ll) peak position

a) CIIR-a transition - Table A8a, col. (e), Table 8-2, row (e)
No correlation between structure/composition of the graft and the position of the tan & (CIIR-

o) peak is observed. Significant spread of the T /tan,,, 8 (CIIR-a) for various grafts,
-47.2 to -41.0°C, with -42.6°C for sample C can be explained by a relatively high degree of
uncertainty in a determination of the apex abscissa of the poorly defined tan 6 (CIIR-a) peak.

b) CIIR-1l transition - Table A8b, col. (g), Table 8-2, row (g)
The position of the tan & (CIIR-l) peak can be confidently related to the chemical

composition of the graft. Increasing the overall content of the BR tend to decrease the
T /tang,, S(CIIR-1I) of the grafts,

w’ T => T /tan,,,, S(CIIR-II) ¥

3. Tan 6 (BR-a) peak height and size - Table A8a, col.(c), Table 8-2, row(c) - peak
height, and Table A8b, col.(i) and Table 8-2, row (1) - peak area

The height of the tan § (BR-a) peak appears to be strongly controlled by the content of the
ungrafted BR, w™". Judging by a positive correlation between w™" and tan,,, 6 (BR-a), the

slightly weaker correlation which exists between w® and tan,,, 5 (BR-o) can assumed to be

due to interrelation between the w® and w™" structural parameters. In fact, the effect of

increasing w" associated with the increased branching content, w"€, would have an opposite
effect on the tang,, 6 (BR-a) parameter than that caused by an increased dilution of the graft

by linear and short BR branches, therefore,
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w™" 1 => tan,, §(BR-a) T and
w’ T => tan,,, 3BR-a) T

The size of the tan 8 (BR-a) peak - represented by the value of the INT(tan 8(BR-a))dT
parameter, is also in proportion to the WA strong correlation between the M,,b and peak
area, suggested by a screening analysis (Table 8-2, row (1), col. (1)), is believed to be merely

a result of a strong interrelation between Mpb and w™" parameters (see Appendix VI),

wot T => INT(E'-E” cross-over) S(BR-o) T and
w® T = INT (E'-E" cross-over) 3(BR-o) T
4. Tan &CIIR-ll) peak height - Table A8b, col. (h), Table 8-2, row (h)

The height of the tan 8(CIIR-1l) peak appears to be inversely proportional to the BR content
and this fact remains difficult to interpret,

w® T => tan,,, S(CIIR-) {

3. Tan &CIIR-a) peak height - Table A8b, col. (f), Table 8-2, row (f)

The height of the tan & (CIIR-a) peak is strongly dependent upon specific branching

parameters, particularly N,. Tany,, & (CIIR-a) value can be modified either way, as
compared with that of a pure CIIR, by designing a specific set of branching parameters.

Observed relations can be summarized as follows,

N, T => tan,,, 5(CIIR-c) T, and to lesser extent, M T => tan,,, S(CIIR-a) ¥

Therefore, the highest value of tang,, 6 (CIIR-a) would be expected for grafts with many

short branches.
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6. Width of the tan &CIIR-a+ll) double-peak - Table A8b, col. (j), Table 8-2, row (j)

The number of branches tends to broaden the tan 8 (CIIR-a+1l) peak, while the length of the
branch appears to have an opposite effect. While neither correlation was found to be

statistically significant, this observation is consistent with a the one the preceding section.

Additional observations can be summarized as follows:

(a) The effect of the chemical composition, (w®, w™") on the DTMA spectra, prevails
over those which could be directly traced to the branching structure (Mb, Np),

(b) Polydispersity and the vinyl content of the branch precursor polymer has no
measurable effect on the viscoelastic properties of the grafts in the transition zone,

(©) Similarly, neither the overall branching content (w"®) nor the molecular weight of the
graft (MZG) were shown to have a statistically significant effect on the DTMA
spectrum, in the temperature range between -100°C and +20°C,

) The number of branches primarily influences the parameters of the a—transition
corresponding to CIIR,

(e) The ll-transition in the CIIR tan § spectrum appears to be controlled mostly by the

chemical composition of the graft, w".
Figure 8-2 summarizes the main conclusions regarding the relationship between branching

parameters and chemical composition of the graft and selected features of the DTMA
spectrum of the CIIR-g-BR graft copolymers.
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Figure 8-2. Summary of changes in the DTMA spectrum induced by grafting.
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Chapter 9

Summary and conclusions

9.1 Summary

A systematic study of the relationship between long-chain branching structure and
rheological properties of well characterized CIIR-g-BR graft copolymers has been performed.

A series of graft copolymer samples having regular, comb-like structure was prepared. Their
structure and composition were comprehensively characterized, with particular attention paid
to the principal branching parameters, length of the branch and the average number of
branches per backbone molecule. A backbone prepolymer (CIIR) and typical branch
prepolymer (BR), as well as their blend were added to the sample portfolio, as reference

materials.

Results of the comprehensive rheological characterization program were reduced to material
parameters (numbers), in order to permit quantitative correlation analysis with the long-chain

branching parameters.

The most significant findings are summarized in Tables 9-1a, b, c, d, e, f and g, listed in the
sequence of rheological topics categorized in Table 5-2, chapter 5. For each topic discussed

in Tables 9-1, a reference is given to the relevant section(s) of the thesis.

The more general observations derived from these results are presented in section 9.2 in the
form of conclusions. The significance of this work is outlined in the subsequent section, (9.3)
while some suggestions for a possible future work in this area are included in subsection 9.4,

concluding this chapter.
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Table 9-1a. Summary of results - 1.

Issue Experimental Main result / significant relationship / observation Text ref. Tat:l:f 5-2
T=100°C, y=5%, ¢ no statistically significant correlation between branching parameters
©=0.2 rad/s (M°, Ng, w"®) and G* at low ©
complex T=100°C, y=5%, o barely statistically significant correlations 6.3
modulus, G* o=1 rad/s (as shown immediately below)
(LVE) T=100°C,y=5%, |*¢ M’ T=>G'1 6.3
©=200 rad/s e NyT=>G*!{ 7.3
o G*#f (W, W% M,°); G*is not related to neither w® nor w™® nor M,®
storage modulus, |  T=100°C,y=5%, | grafting=>G' 1 at any (M", N;) combination, up to 2.5x with reference
G =1 rad/s to sample C, 7.3 1.1.1
e blending => G' | (2.5x for sample M, as compared to sample C)
loss modulus, =100°C, y=5%,
. ' m=TO ;0:) 8(.: 2&) n/: d/s | ¢ 2@l above conclusions for G* are applicable here as well Table A73a
plateau modulus, T=30°C, y=5%, b _o
G"(plateau) | (0=0.001-100raqss) | © M T=>G"(plateau)? 6.1.2
T=30°C, y=5% . w:'° t=>tan5 ! grafting reduces tan 5, most significantly at lower o, 6.1.2
©=0.001 rad/s e M tTat Ng=const. => tan 5 J Fig.6-0
loss tangent, » N,TatM’=const. =>tan ¢
tan & 4Ano o
T-1£31?é§: %, e w97 =>tan5{; grafting reduces tan 5; 7.3
frequency -
dependence of T=100°C, y=5% * monotonically increase with  for all grafts, 6.3
the complex (0=0.001-100rad/s) - weakest w-dependence for graft with multiple short branches Fig. 6-29 1.1.2

modulus, G*(w)

- strongest w-dependence for graft with few long branches
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Table 9-1b. Summary of results - II.

# Issue Experimental Main result / significant relationship / observation Text ref. Tal:Lef 5-2
frequency - show no cross-over point and lack of clear transition point between plateau
dependence of and terminal zones; G’ over G” consistently,
the dynamic have much smaller o-dependence, slope G(w) for both G' and G" at the 6.1.1
7 moduli, lowest o, 724
G'(w) and G*(0) slope of G'(w) and particularly G"(w) in the w-range corresponding to
(LVE) plateau zone, is higher for grafts than for linear molecules,
existence of the second plateau due to branching; position (w-scale)
appears to be related to M” and its depth to a N,
frequency -
dependence of
dynamic moduli, T=100°C, y=5% b A _ yan? h
8 ' = ! 0
slope GUG™ | (0=0.001-100radis) | * Mp T 10pe GUEL forw?<10%
(0.001) 6.1.2 1.1.2
frequency -
. dependenae of M;® 1 => slope G"(0.001)  ; (for M,° <M., M= 10,000-11,000)
the dynamic M,> T => slope G"(0.001) T (for M, >M,,)
moduli, N7 T => slope G"(0.001) { ; plateau at N’ > 8-10
slope G”(0.001)
defree%l:iee':\cge-of each type of graft copolymer LCB structure can be identified by specific
10 tl:)e dynamic shape of the mC-C plot contour; systematic variations in either of specific 614
modull, mC-C plot branching parameter will induce regular changes in mC-C contour shape
frequency - T=30°C, y=5% w-dependence for grafts is generally lower than for linear polymers; 6.1.2
dependence of (@=0 001-0.1 rad}s) dependence of the tan & upon branching structure and composition of the 723
11 | the loss tangent, ' ' graft depends upon frequency, Flé 6.9
tan 3 (o) it relates best to w"® at ©=0.001 rad/s Fig7-17

M® and N, at 0=0.1 rads, with possible contributions from w™"
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Table 9-1c. Summary of results - III.

# Issue Experimental Main resulit / significant relationship / observation Text ref. Tat::; 5-2
frequency- . ¢ 7(o0) fits very well Power Law Model for well-developed branching structure,
12 | dgpendenceo T=30°C,y=5%, |+ M°T=>n(0.001-100) T, atw®® <10%
viscosi‘t)y (©=0.001-100rad/s) |« N, T =>n(0.001-100){, atw"® < 10% 6.1.3 112
n(0.001-1 o'o) . Wg 9=>n(0.001-100) §, at w’9> 10%
y=5% s  fT shift quality: - deteriorates with w*® *, M* T or N 1,
13 | time-temperature | (w=0.001-1 Obrad/s) » correspondence between master curves and corresponding isotherms as
superposition (T=50(25)130°C) ' ref. - is surprisingly good but decreasing in accuracy withw™? * or N, 1, 6.2.1 113
o fit to Arrhenius/WLF equations: - generally successful with exception for a
few grafts with either very long branches, M® or with highest frequency, N,
14 rhtzgwm:i:al T=30-130°C ¢ CIlIR-g-BR copolymers are considered thermo-rheologically complex 6.2.2 1.1.4
complexity materials based on the chemical heterogeneity and immiscibility of the - o
parent polymers,
s success of tf-T shift is a necessary but not sufficient condition for
thermo-rheological simplicity
dtee:;‘r):!r:rt\zree-of » obtained results are not conclusive; superposition of effects from chemical
15 | dynamic moduli T=30-130°C composition and LCB has on the coefficlents representing the temperature- 6.2.3 115
G, "M or' dependence of viscoelastic functions is apparent, with the former prevailing. - o
c ! W E No systematic relations between c,, ¢, or E, coefficients and LCB
v 2 e parameters could be derived with acceptable statistical confidence
=30° =109
t-TO ?0 Ci 7_1:)%"0 branching significantly slows down stress relaxation process: gg
time-dependence | (=0-1-upto ) 1. N, T => nG(t) T at any {’ within the tested range ‘
16 | of the stress T=100°C,y=5%, |e w1 =>nG(t) ! at shorter relaxation times, t<100s 6.6
relaxation (t=0.1-400s) * presence of unattached, low MW branch precursor molecules “speeds-up” 113
b h
modulus, nG(t) T=30°C, y=10% relaxation at shorter times, detalls depending upon M®and w® g:;

(t=0.1-10,000s)
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Table 9-1d. Summary of results - IV.

# Issue Experimental Main resulit / significant relationship / observation Text ref. Tal:Lef 5-2
T=30°C, y=10% 6.4.2
o N Y; N average slope of the nG(t), depends on the number of structural and
17 | |slope nG(t)| (t=0.1-10,000s) compositional variables; [slope nG(t)] = f(M°, Ny, w®%, w", w"), with relative
T=100°C, y=6%, contribution from individual factors depending on the relaxation time 6.6
(t=0.1-400s)
6.5
T=30°C, y=10%, N, T => INT G(t)dt 1 (plateau at N,> 6-7) :
18 INT ' J ] . 6-42
Gl dt (t=0.1-1000s) average rate of decay = f(w) Fig.6
T=30°C, y=10%,
=0.1-10,000 6.4 1.1.3
19 G(t) and nG(t) (t=0.1-10,000s) overall rate of relaxation appears to be controlled primarily by the number of
curves R branches N,, while delay in onset of significant decay of the relaxation
T=100°C, y=5%, 9
(t=0.1-400s) curve depends on length of the branches (Mb)
20 T=100°C, M° T => nG(t=1000) T; (plateau at M,," < ~10,000) 6.6
nG(t=1000) Y=5%, N T => nG(t=1000) T; (plateau at N> ~4.5) '
t=0.1-400s
MP 1 =>y,YEL at Nj=const,
strain- cf. text and Ny T => Yo VE | at M® =const.
22 | dependenceof |, 0" ‘Table A b b e 5.2.4.2
the storage pr- . ta" eA, (M° L &Ny T)at (M®- Ny) =const. =>y, "} 2.4,
modulus, y, or detal's TT=>y, "1 at =const.
o1 =>y,"Y% | at T =const. 1.2.1
strain-
dependence of T=100°C, (y=50 - = =
23 the dynamic 200%), a=1radls yT=>G'{ at o, T=const. (weak dependence) 724

modulus, G'(y)
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Table 9-1e. Summary of results - V.

# issue Experimental Main result / significant relationship / observation Text ref. Tal::; 5-2
24 strain- PP grafting => tan, 8(y, o) ¢
tl?eerl,:::tean:eez: ;6;30 C,_(;FS:I . yt=>tan3 T at o, T=const. (weak dependence) 7.23
t gent, ). o=1rad/s flat w-dependence for grafts
an d(y)
strain- 124
25 dependence of
the storage T=100°C, w=10rad/s Ng” T => (G'(2%) - G;'(50%)) { (to a plateau) 7.1
modulus,
G'(2%) - G'(50%)
de esrt\rdae':;:e of T=30°C values of the v, © obtained during variable-strain amplitude stress
26 stre'; s relaxation (y= 3-50%) relaxation experiments are comparable to those obtained by dynamic strain 5243 122
modulus, G(t, y) (t=0.1-1000) sweep
complex b _ . b.g
o7 | modulis, G | T=100°C.y=50% M ; ) I (W™ > 10%) 7.4 1.3.1
(NLVE) o=10rad/s o !
complex T=100°C, y =200 DA s 9 o
28 modulus, G* and y =800%, m 1T~ =: g'. I w7 > 10%) 73
(NLVE) o=1rad/s g !
stress relaxation b
= ! 9 % . t'= -
29 modulus, T=100°C, y=75% i) =>G(t) 1 for w'; > 16%, t=40ms - 1s 74
G(40ms), G(1) Ny T =>G(t) ¢ for M,” > 7,600, t=40ms - 1s
T=100°C, y=50%, 71
dynamic moduli, w=10rad/s Gy: Mt=>G, 1 and N,T=>G !
30 G/, G, T=100°C, y=200 and Gyt M°1=>G," T w'>15%) and N, T =>G,"{
(NLVE) 800%. ©=0.5 and w’™ might modify G,", especially at high o 721
) 7.3

10 rad/s
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Table 9-1f. Summary of results - VI.

# Issue Experimental Main result / significant relationship / observation Text ref. Tal::ef 5-2
DA _
T=100°C, y=50%, |°* M ]=>tan,8T
m=10r;<—:lls * e N t=>tan, sl 7.
) . wg'h has been identified as a possible interference at higher o
st | e | T=t00°C, y=200% 724
(NLVE) =0.5rad/s o w¥T=>tan, 5! (toa plateau) 1.3.1
T=100°C, FBOO%, 73
o=1rad/s '
defree?:jeennc!e-of T=100°C, G,'(y, ©) > G," (y, w) for any y &  combination within the range
33 dy:amic modul y=50-200%, ©=0.5- G," (v, ») Is more sensitive to detalls of LCB structure than G,'(y, o) is 724 1.3.2
G,'(v, ), G,(y, o) 200rad/s, depending G," (y, ) at low strain amplitudes (LVE) better correlates with branching
! ’(NIZVE1) ’ upon y value parameters, while applications of higher strains improves test sensitivity
frequency - s grafting will lower tan, 5(y, ) as compared with backbone prepolymer (C)
dependence of ¢ both strain and w-dependence for tan, 5(y, o) is much lower for grafts
34 | the loss tangent, T=100°C o M1 =>tan, 5y, w) ¢ and tan, 5(y, o) is less w-dependent 723
tan, &(y, w) 00 e N_T=>tan, 5(y, 0) ¢ o
! ¥=50, 100, 200%, 9 1007, _ .
(NLVE) ©=05-200rad/s, |°® firsttwo statements would be are just opposite for a blend (sample M) 132
depending
fre -
depe%l:iee%cge of upon y value . Inbgeneral. mC-C p.c.l. = f(M°, Nj, w"")
35 dynamic moduli ¢ MT=>mCcCpcl? 722
mC-C p.c.l. o N;T=>mCCp.cl at w??<10% (plateau at w>® > 10%)
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Table 9-1g. Summary of results - VII.

# Issue Experimental Main result / significant relationship / observation Text ref. Ta?,'; 5-2
(Ieaf:::t_:,:‘:ﬁgge LAOS: no LAOS effect on G'(5%/V1) observed Fig7 ; 28
oscillatory shear) ¥ = 200%, only small effect on G"(5%/Vl) and tan & (5%/V1) Fig. 7-29
36| G'(5%M), w=1rad/s; 1.33
probing oscillations:
" 80, =59, =
ta(i (85(/;.{/:" I\);I) 1=5%, w=1rad/s significant increase of dynamic moduli (particularly G”) obsewed 73
marginal effect observed for grafts with high N, and low m° Fig. 7-30
highest effect for branching structure with intermedlate M®, N, but high we
grafting slows down G(t) resulting in flatter G(t) response, effect
large-strain increasingly more significant with increasing relaxation times (within 400s
—=100° range)
37 stress;gr(e!a;(ation, T _1?0 oC, most effective in retalning implled stress is branching structure having
v. Y Yor=~75%. certain combination of M° & 741
(NLVE) t>~1s, t<400s b 0
' Mt =>G(y, )T atw” >15% 134
N, T=>G@'. )¢ atM,°>7,600 -
large-strain b
e MT->nG(o1)¢
38 stre:sé ;:_l-%x"a;ion. :’—_1 ??5% nT =>nG(0.1) T @ M,">5,000 74.2
(NLVé) o™ wh" is a factor for nG(t) fort<10s
w’1=>TIE",,, (BRa) T
temperature- =-80 to +40°C i.e. E"/(BR-a) peak drifts toward higher temperatures with increasing BR 85
39 :epe"fe“"‘:flfi ¥ =2% (adj.) content Fig.82 | 21.1
VE%“; °E"_‘87 u o =70rad/s N, T => TIE" ., (CIIR-a) |

i.e. E"(ClIR-a) peak shifts toward lower temperatures with increasing
branching frequency
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Table 9-1h. Summary of results - VIII.

# Issue Experimental Main result / significant relationship / observation Text ref. Tal:l; 5-2
BR-tan 5 peak:
e grafting => T ftan,,,, 8(BR-a) ¢
i.e. tan & (BR-u) peak drifts toward lower temperatures upon grafting
o W', w1 or w° 1 =>tan,,, 5(BR-o) T
o W', w91 or w’ T =>INT tan 5(BR-)
i.e. height and the area of the E” /(BR-a) peak increases with BR
composition (W™", w°)
temperature- =-80 to +40°C CIIR-ll tan 5 peak: 8.5
=29 . g
| dopondereont | v e T T R R
tan 5(T) w> T => tang,, 3 (CIIR-I)
ClIR-a tan d peak:
e Mb T=>tanmaxd (CliR-a) {
¢ Ng T=>tanmaxd (CliR-a) 1
+ .
o M1 namows and Ny | widens the double-peak
2-phase micro-morphology (CIIR - continuous phase, BR - discrete) exists
TEM at RT as per combined TEM/DSC/DTMA evidence,
DSC (_: 20 to domain size appears to depend primarily on the chemical compaosition of
+200°C) the graft,
has SEC (30°C. i grafts with small w® and/or short branches result in major continuous phase
41 mop hol% l( o n (CHIR) and minor isolated domains (BR), for samples with high w® content, 45 3.4
rphology solution) evidence of two co-continuous phases exists (TEM),
DTMA (-80 TEM was confirmed as the most reliable tool for morphology studies and
+ 40£-C) 0 could be used as a benchmark to assess the sensitivity of other analytical

tools, which can be rated as:
TEM > DSC > DTMA >> SEC
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Table 9-1i. Summary of results - IX.

# Issue Experimental Main resuit / significant relationship / observation Text ref. “T:f 5-2
+ shape and position of the nC-C and mC-C contour can be related to:
a) type of branching structure (star, comb, etc.)
mapping LCB b) MP at N, =const,
structure c)NyatM =bconst.
(qualitative isotherms (T=100°C) d) certain M” and N, combination
characterization obtained within the .
42 | of the branching same frequency o for nC-C plot, its contour shape is invariant of graft's;
structure), range 1) explicit chemical composition, wP, 7.5 32
(0=0.005-5 rad/s) 2) overall molecular weight, M,G
isothermal 3) common structural interferences, PDI and vinyl wi%
nC-C plot
mC-C plot Effect of ungrafted branch precursor polymer, w™" , if detectable, is limited to the
section of the nC-C contour adjacent to its origin.
A few unequivocal * relations between branching parameters and rheological properties were
identified as listed below. Those relations can evolve into a calibration curve, potential solid-state
(e.g. non-solution) rheometrical techniques for characterization of the LCB in comb-type branching
structures, including regular graft copolymers.
ch .
SLob oy | length of the branch, | a) slope [G/G" at 0.001radss 6.1.2
43|  theometrical m° b) n(0.001-100) - from n*(w) data 6.1.3
techniques
(solid-:tate) branching number, | a) slope G"(0.001) 6.1.2 33
N, b) G'4(50%) or G,*(50%) 71
branching content, a) n{0.001) - from n*(w) data 6.1.3
wPe b) tan 3 ratio 7.2.1
*/

1) the structural parameter (either M® or Ngor wP?) being the single dominating and statistically significant factor influencing a given rheological

parameter with a relationship strong enough to yield acceptable precision in the branching parameter estimation, S=f(R).

2) there is a monotonic relation between a pair of structural and rheological parameters, holding over a relevant range of independent variable
(no minimum, maximum or plateau in the S=f(R) relationship, where S and R are a given structural and rheological parameter, respectively.




9.2 Conclusions

1.

The presence of long-chain branching in graft copolymers has a pronounced effect on their
rheological properties in the plateau, and particularly in the terminal zone of viscoelastic
behaviour. On the other hand, no explicit relationship exists between the chemical
composition of the copolymer (w") and rheological parameters in these zones. Consequently,
many aspects of graft rheological behaviour in these viscoelastic zones resemble those of

homopolymeric combs of comparable LCB structure.

To the contrary, the principal features of viscoelastic response in the tranmsition from the
glassy to rubbery zones, i.e. the position and height of the transition DTMA (E”(T) and tan
d(T)) peaks are controlled primarily by chemical composition of the graft, with LCB related
influence being of secondary magnitude only.

2.

It is essential for the proper understanding of the quantitative relationship between LCB
structure and rheological properties to consider both principal branching parameters which
describe the structure of regular polymeric combs, namely, branch length (M”) and the
(average) number of branches per backbone of the graft molecule, Ng". An overall measure of
the branching present in a polymeric system, such as overall content of branches, w™® will
relate closely to only a few rheological parameters and is frequently not a sufficient

description of the LCB structure from the structure-property relationship point of view.

In most cases, the molecular structure - viscoelastic properties relationship due to branching
is monotonic; that is, it steadily increases or decreases within a given range of the LCB
parameter, frequently reaching certain plateau or saturation at a sufficiently high value of a

specific branching parameter.
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Generally, the effect of branch length tends to be of a “step-wise” character, while branching
frequency has a more gradual influence on many of the rheological parameters.

Short branches result in only minor or no modification of the rheological behaviour. The
effect of branches was found significant only if their length was above a certain critical
value, corresponding to about 7,800 - 10,000 g/mol for CIIR-g-BR, which is 4 to 5 times the
molecular weight between entanglements, M, , for BR of comparable microstructure.
However, in many cases, an extension of the branch length even significantly above the

critical value resulted in only marginal modification of the property in question.

Additionally, a certain critical level of branching, as quantified by w8, is necessary for
branching to have a measurable effect on the rheological properties. It is estimated that for
CIIR-g-BR copolymer, the value of this parameter is 10-15%, depending on specific

rheological parameters and the branching number.

3. Frequency dependence of dynamic moduli

The influence of LCB on frequency dependence is profound, particularly in the terminal
zone. Unlike for parent polymers of comparable molecular weight, no cross-over of dynamic
moduli is observed above 0.001 rad/s at 100°C for the majority of grafts. Branching tend to
elevate both G'(w) and G"(w) curves and but the effect is particularly pronounced for storage
modulus in a terminal zone. The depth of resulting G'(®) - G"(w) separation depends on the
number of branches (N,), while the position of the corresponding tan & valley can be related
to the length of the branches (M. The longer the branches, the lower is the characteristic
frequency identified with the presence of branching, which in turn, is related to a delay of the
disentanglement process due to branches. For certain combinations of branch length and

branching number, in addition to the entanglement plateau (backbone), a second “branching”
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plateau is observed, shifted toward much lower frequencies, with shift magnitude being in a
certain relation to a branch length.

4. Stress relaxation

The shape of the stress relaxation modulus appears to be influenced by three structural
parameters: the length of the branches (M), the number of branches (N ¢) and the content (as
well as its average MW ~ MP) of the ungrafted portion of the branch prepolymer (w> ™).
While the effect of w™ " is observable only at short relaxation times (< 100s), the slope of
both G(t) and nG(t) curves is primarily influenced by the branching number. The higher the
branching number the flatter is the stress relaxation curve. The influence of branch length is
similar to that observed in dynamic experiments. It relates to the time at which the effect of

branches on relaxation process of the graft molecules starts to dominate.

However, the normalized relaxation modulus nG(t’) at t' > 100s was found to correlate well

with the overall branching content, w" &.

5. Frequency dependence of complex viscosity

Frequency dependence of complex viscosity, n*(o), fits very well to the Power Law relation.
The slope of the log n* - log o line relates to branching content, w8 at w™® >10%. At lower
branching content (wb'g <10%) shear-thinning more closely correlates with specific branching
parameters (M", Np).

6. Grafting versus blending

Dramatic differences were observed in rheological properties between a graft sample (G4)
and a blend of precursor polymers (sample M), equivalent in terms of chemical composition
and structure. These differences can only be attributed to the presence of long-chain
branching. The differences observed are particularly pronounced for large-strain shear

experiments.
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7. Effect of the overall molecular weight of the graft, MzG
For the spectrum of rheological properties examined, no explicit relationship between the
overall molecular weight of the graft (M,G) and any of the rheological parameters analyzed,

could be found. Weak but statistically significant correlations indicated by screening analysis
could be interpreted as resulting from the interrelation which exists among structural

parameters of comb-type topology based on a common backbone.

8. Effect of ungrafted branch precursor polymer, whh

Dilution of the graft molecules by linear and low molecular weight molecules originating
from residual content of the ungrafted branch prepolymer may, under certain circumstances,
give observable effects, thus becoming an interference to the relationship between the LCB
structure and rheological properties. The effect, which is experimentally observable if the
content of these molecules exceeds 8-10% (wb'h), is usually distinguishable from that caused
by long branches. It is only observed in experiments involving higher frequencies, shorter

relaxation monitoring times and small strain amplitudes.

9. Effect of other monitored structural/compositional interferences (PDI, vinyl%)
Neither the polydispersity of the MWD of branches (PDI) nor a small variation of their
microstructural composition (specifically vinyl content) had any statistically significant effect
on the investigated rheological properties of the CIIR-g-BR.

10.  Effect of the thermo-mechanical history

The effect of previous shear history of the polymeric sample cannot be ignored in reliable
measurements of rheological properties. This is particularly the case for complex polymeric
materials, including graft copolymers. The effect of large-amplitude oscillatory shear
(LAOS) on small-strain (probing) measurements immediately following it was significant.
LAOS resulted in an increase of the values of dynamic moduli, particularly of loss modulus,
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G". The increase was particularly high for grafts with intermediate branching parameters, that
is, for those with the highest overall branching content, woe,

11.  Small-strain (LVE) versus large-strain amplitude (NLVE) dynamic measurements
Results obtained from large-amplitude dynamic tests in shear did not provide any significant

additional insight into the nature of the LCB-rheology relationship. Loss modulus, G”
measured at low strain amplitudes (LVE) provided better correlation with specific branching
parameters than its large-strain counterpart, while large-strain dynamic experiments (NLVE)

resulted in improved test sensitivity due to stronger signal-to-noise ratio.

12.  DTM analysis of transitions in the glass/transition zones

For all grafts, regardless of their structure and chemical composition, two separate DTMA E”
and tan 6 peaks were observed, corresponding to both parent prepolymers, CIIR and BR.
Their position, height and the size, were influenced primarily by the chemical composition of
the graft copolymer, and to a lesser extent, by LCB structure of the graft. A summary of
findings is included in Figure 8-2.

13.  Phase morphology

Two phase micro-morphology was observed for the graft copolymers as identified by TEM,
and confirmed by DSC and DTMA. No quantitative relationship between structure and
composition of the copolymers could yet be obtained. Further details are provided in

Table 9-1h, item #41.

14.  Normalized Cole-Cole plots

The normalized Cole-Cole plot has the potential for identification of the type of long-chain
branching in elastomers. Follow-up studies carried out on a wide variety of elastomers
confirmed its value for efficient mapping of branching structures in commercial elastomers
(Table 9-11).
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15.  Technigues for characterization of LCB

Suggestions of a few new methods to characterize LCB by solid state (non-solution)
rheometrical methods are given in Table 9-1i, item # 43. While they appear to be suitable for
quantitative estimation of the branching parameters for comb-type molecules, their

application to more complex branched (co)polymers should be verified.

9.3 Originality and significance of the work

This work is believed to constitute an original contribution on the premise that to the best

knowledge of the author and as of the day of completion of this work (December 18, 1997):

- no work was published on the rheological properties of CIIR-g-BR graft copolymers,

- no publication reporting the non-linear viscoelastic properties of well-characterized graft
copolymers (and few concerned with chemically homogeneous combs) could be found,

- the concept of the normalized Cole-Cole plot was derived during the analysis of data and

offers significant improvement over a modified Cole-Cole plot, as a characterization tool for

mapping different branching structures present in elastomers, including commercial grades.

The significance of this study can be summarized in the following statements:

(a) it offers explicit directions for designing molecular structure (LCB) in order to achieve a
desired set of properties giving improved performance in processing and applications,

(b) it provides a foundation for test methods to qualitatively and quantitatively characterize
LCB in elastomers (polymers),

(c) it contributes to fundamental understanding of structure (LCB) - property (rheological)
relationship for CIIR-g-BR systems, which might be generalized to graft copolymers, and

extended to heterogeneous, comb-type long-chained polymeric systems.
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In 1971, Pannell [47] commented in one of the most frequently cited papers, published
during the last 30 years concerned with the rheological properties of long-chain branched
polymers: “few systematic studies of the effect of varying the branch length and branching
frequency on the properties of branched polymer have been published”. As far as graft
copolymers and rheological properties are concerned, this is still true, with the possible
exception of (D)TMA studies in the glassy and transition zones of the linear viscoelastic

behaviour.

9.4 Recommendations for future work

Our understanding of the relationship between details of the molecular structure and basic
aspects of rheological behaviour is still fragmentary for long-chain branched polymers, with
the possible exception of regular, star-like molecules. Much effort will still be required,
particularly for more complex polymeric systems such as graft copolymers, to obtain
comprehensive and quantitative knowledge of the rheological properties in terms of their

long-chain branching structure.

Two-tier research on the rheological properties of the LCB polymers should be continued.
One approach involves model polymeric systems obtained by methods which enable a high
level of control over the molecular structure and composition of the polymer
(macromonomeric, controlled grafting, etc.). Those studies are usually accompanied by a
comprehensive analytical characterization program, which contributes to high accuracy with
which the LCB structure is known. This in turn permits a confident interpretation of the

rheological properties in terms of LCB parameters.

Parallel efforts should continue on commercial branched polymers or systems derived from

linear precursors by partial cross-linking by chemical or radio-isotopic means. The resulting
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LCB structures are beyond rigorous description and little, if any, structural characterization
has been achieved with highly complex LCB structures. As a result, only phenomenological
branching parameters (i.e. concentration of the branching agent or dose of radiation) can be
related to rheological properties. Complete and quantitative description of the structure-
property relationships, comparable to that for model but much simpler LCB structures, might

be unattainable for branched, commercial thermoplastics and elastomers.

Any studies which would bridge the large gap existing between these two approaches, for
example by studying carefully prepared and well-characterized polymeric systems of
progressively more complex branching structures (that is beyond stars and regular

combs) would contribute to a better understanding of the structure-property relationship for

polymers of commercial importance.

As far as this project is concerned, follow-up work which could be suggested, includes:

- further rheological characterization, including techniques known to be sensitive to
LCB, namely creep and recovery experiments, both in shear and tension, and

extensional rheometry, particularly high-strain/strain rate techniques,

- theological characterization of grafts containing a narrowly-polydispersed backbone
precursor polymer or a series of backbone molecules of different molecular weight at

a range of branch length and frequency,

- similar research programs for other regular graft copolymers; results would allow
for subsequent generalization of findings,

- correlation of properly quantified behaviour in a melt/solid processing with
rheological properties which could permit better understanding of the relationship
between structure (MWD, LCB, gel, etc.) and polymer performance in processing.
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Appendix I
Bibliography: rheological properties of long-chain branched polymers

Important references to the literature on rheological properties of the long-chain branched
polymers were grouped according to two principal criteria: type of branching topology (by
rows) and type of the rheological experiment (by columns).

First six rows (A, B, C, Ds, Dr, & E) are concerned with “homogeneous” long-chain
branched structures. They could be either homopolymers or copolymers sharing one common
characteristics: all their structural elements; (backbone, branches, arms etc.) are built of
molecules of identical chemical composition, microstructure, secondary branching etc.
Heterogeneous polymers of certain structural regularity include graft copolymers (G) and
star-blocks (F). Blends of branched polymers with chemically different linear matrices and
some other more complex structures (H) complete the collection of references to published
research on rheological properties of solid polymers. A few selected papers on branched
systems in solution are also listed (Ss, Sc, Sr).

Types of rheological experiments (and coterminous rheological properties) are grouped in
three main categories: linear (I-V) and non-linear (VI-IX) viscoelastic properties, and some
other tests (X). References discussing linear viscoelastic properties are for convenience,
divided according to the four main viscoelastic zones; glassy (I), transition (II) and
plateau/terminal. The latter category, due to the number of references is subsequently
subdivided according to the type of experiments used: dynamic (III) (almost always
sinusoidal oscillatory), transient (IV) (such as stress relaxation or creep/recovery
experiments) and steady shear or extension (V). The term ‘limiting’ refers to rheological
parameters such as zero-shear viscosity or recoverable compliance. No reports on the non-
linear viscoelastic properties of LCB polymer referring specifically to the transition zone
could be found. Large strain amplitude/rate tests below the glass transition point are
frequently considered as ‘mechanical’ tests and references some to some papers are given in
column X.

Areas in Table A1 highlighted by bold frames correspond directly to the type of branched
samples and testing methodology used in this work. No published studies on the non-linear
viscoelastic properties of graft copolymers are known to the author. Most of the literature
concerned with rheological properties of grafts report results of dynamic thermo-mechanical
studies, particularly the effects of graft composition, morphology and, in a few cases, details
of branch structure on the position and magnitude of tan & (or loss modulus) peaks.

The main thrust of this literature search was to find references on model or highly regular
structures relevant to this work. It should not be considered as complete.
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Table Al. Rheological properties of long-chain branched polymers:
references to selected original experimental contributions.
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Appendix II

Nomenclature, symbols and abbreviations

Part A - Structure and chemical compeosition

Nomenclature, and particularly symbols, used for classification and description of
structure/composition of branched polymers are not fully standardized. The following definitions,
associated symbols and abbreviations are fairly common in the literature concerned with LCB
copolymers and were adopted for consistent use in this thesis.

Some examples of usage are also included (section 2 and 3).

Section 1 - . | subseri
The following superscript and subscript notation standards were adopted:
Superscripts (with N, as an exception)

“B” - corresponds to backbone prepolymer or backbone of the graft molecule, CIIR,
“b” - corresponds to branch prepolymer or branch of the graft molecule, BR,

“g” - corresponds to grafted portion of branch polymer molecules, gBR,

“h™ - corresponds to the ungrafted (“free™) branch polymer molecules, hBR,

“G” - corresponds to graft copolymer, CIIR-g-BR.

Subscripts

“n” - corresponds to the number-average,

“W” - corresponds to the weight-average,

“z’ - corresponds to the z-average,

“y” - corresponds to the viscosity average,

“x” - general symbol to denote any of the average values; e.g. n,w, z, in M,,, M,,,

M,,, respectively,
“f? - functionality of the branching point,

“p” - corresponds to the ‘peak’ value; see section 3.
Section 2 - .\

w - total weight [in grams] of the sample (copolymer)
wB - weight of a backbone polymer, (CIIR)

wP - weight of a branch polymer, (BR)

whe weight of a branch polymer grafted onto backbone,
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woh weight of a branch polymer not grafted onto backbone, (free BR polymer)
- weight of a pure graft copolymer in a graft mixture, (CIIR-g-BR)

Note: From the point of view of the analysis of relationship between polymer structure and
corresponding property, the backbone (linear) molecules could be regarded as  a special type of
graft molecules with branches degenerated to the zero length.
The following relations hold:

W=WB+W°=wB+ WP+ Wit = w0+ whh
Weight (mass) fractions can be defined by:
w’ - weight (mass) fraction of a branch polymer, (BR); w’ =W°/W

w? - weight (mass) fraction of a backbone polymer, (CIIR); wl =wB/w

Analogously, weight percent fractions can be defined,
w' (%) =w’ -100% and w® (%) =v® -100%
By definition, wh+wl=1 and w’ (%) + w? (%) = 100% .
be . weight fraction of a branch polymer grafted onto backbone,

w
wh o weight fraction of a branch polymer not grafted onto backbone,
w° - weight fraction of a pure graft copolymer in a graft mixture,

Similarly,
By definition, wl+wbt =1 or w® (%) + whh (%) = 100% .

Weight fraction of grafted branch polymer w’ s, in general case, composed of the welght fraction
of grafted brang:h polymer, "% and the weight fraction of ungrafted branch polymers, w #% " Thus,

bg+wbh_w

- is referred to as “branching content” in chapters 6, 7 and 8,
w® - is referred to as “chemical composition of the graft” in chapters 6, 7 and 8§,

The most frequently calculated measures of grafting reaction efficiency are:
- grafting efficiency, in %, defined as: GE% = (w8 /w®) - 100%

- grafting percentage, in %, defined as: GP/ (wbg /w9 - 100% =
=wP / (wB + wP8) - 100%

- true graft ratio, defined as: GR = (W™E / wP)
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- ungrafted branch polymer content, in %, defined as:
HPC = (W™ / W) - 100% = w™" - 100%

Section 3 - structure

Average molecular masses (examples):

M! - x-average molecular mass of branch polymer,

M f ¥ - number-average molecular mass of branch polymer actually grafted on,
M :B - z-average molecular mass of backbone polymer,

M ¢ . weight-average molecular mass of graft copolymer,

M ﬁj' - ‘peak’ molecular mass of ungrafted branch polymer; molecular mass of molecular
having the highest concentration across the MWD, i.e. corresponding to the peak value
on the concentration (DRI) detector signal.

Branching parameters:

- x-average number of end-points (including both backbone and branch molecules),

a)x

Ex - x-average number of branches per backbone molecule

Ng - number-average number of branches; special case of x=n (B, = E,, )
sometimes referred to in the literature as “b/B” e.g. average number of branches
per backbone molecule),

71: s - x-average number of branching points of functionality f,

Z, - x-average branching frequency (branching density).

S;' - number-average number of grafting sites (potential grafting points or branches)

per backbone molecule

M. - average molecular weight between entanglements

[n] - intrinsic viscosity

np - refractive index, An - difference of refractive indices
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Section 4 - abbreviati

LCB - Long Chain Branching

MW(@D) - Molecular Weight (Distribution)

DRI - Differential Refractive Index

DSV - Dilute Solution Viscometry

DV - Differential Viscometer

LALLS - Low Angle Laser Light Scattering

SEC - Size Exclusion Chromatography

SEC(P) - corresponds to experiments and analysis carried out in Polysar Labs,
SEC(W) - corresponds to experiments and analysis carried out in Chemistry

Department Laboratories (University of Waterloo)

GPC - Gel Permeation Chromatography

CCDh - Chemical Composition Distribution

CIIR - Chlorinated Jsobutylene-co-Jsoprene Rubber
BR - Butadiene Rubber

PDI - Polydispersity Index (= M,,/ M,)

(FDIR - (Fourier Transform) Infra-Red (spectroscopy)
IV - Intrinsic Viscosity, /7]

sample codes:

C - graft’s backbone precursor polymer (CIIR),
B(xy) - graft’s branch precursor polymer (BR); (if included) ‘x’ refers to the type and ‘y’
to the sequential number of synthesis,

B10 - B sample with microstructure identical all B samples, made as a reference
comparison with grafts,
M - blend of CIIR and BR, made as a reference blend for comparison with grafts,

CG - crude graft (mixture of graft and homopolymers) - term used in chapters 2 & 3 only,

FG - purified graft samples, notation used in chapters 2 and 3 only,

HG - (unreacted) homopolymers extracted from crude graft mixture (CG),

G - purified graft sample in solid form - notation used primarily in chapters 4 to 8,
(chemically and compositionally equivalent to FG)
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Part B - Most frequently used rheological symbols
(a) rheological functions and independent variables

t- Tipe
T - temperature

T, - reference temperature

T, - glass transition temperature

Y - shear strain

o - (angular) frequency

0 - phase angle

tan § (o) - loss tangent

G'(w) - storage modulus (in shear), E' (in tension)

G"(®) - loss modulus (in shear), E” (in tension)

G*(®) - complex modulus, G*(y, ®) - strain-amplitude dependent (non-linear) complex modulus,
N*(w) - complex viscosity

GNO - plateau modulus

G(t) - shear stress relaxation modulus

nG(t) - normalized stress relaxation modulus

YC,LVE - critical strain amplitude (borderline between linear and non-linear viscoelastic behaviour)
G, - cross-over modulus, G'(0=0.) = G"(0=0¢)

®, - cross-over (angular) frequency

n - Power Law index, (equation 6-6)

ar - horizontal shift factor for time-temperature superposition

br - vertical shift factor for time-temperature superposition

G/’ - 1* harmonic of the in-phase modulus, G,’ - n™ harmonic of the in-phase modulus,

G," - 1" harmonic of the out-of-phase modulus, G," - n'™ harmonic of the out-of-phase modulus
G(t, y) - strain-dependent relaxation modulus

c1, ¢ - WLF equation constants

o= (Mpbl M) (ng)z, Me - average molecular weight between entanglements of the (BR) branch
prepolymer

486



(b) rheological parameters - defined and specific to this work (in alphabetical order)

G(40ms) - stress relaxation modulus measured 40ms after application of a sudden step-shear strain
G(1) - stress relaxation modulus, measured 1.0 s after application of a sudden step-shear strain

G'(5%/(I)) - steady-state value of the storage modulus at 5% dynamic strain and 1 rad/s
frequency;, in step II

G'(5%/(IV)) - steady-state value of the storage modulus at 5% dynamic strain and | rad/s
frequency, in step [V

G'(5%/(VI)) - steady-state value of the storage modulus at 5% dynamic strain
and 1 rad/s frequency, in step VI

G"(plateau) - plateau (or inflection) value of the loss modulus, G” (or G” at |
rad/s in the absence of well defined plateau/inflection point)

G"(5%/(Il)) - steady-state value of the loss modulus at 5% dynamic strain and 1 rad/s
frequency, in step II

G"(5%/(IV)) - steady-state value of the loss modulus at 5% dynamic strain and 1 rad/s
frequency, in step [V

G"(5%/(VI)) - steady-state value of the loss modulus at 5% dynamic strain and 1 rad/s
frequency, in step VI

G*(0.2) - absolute value of the complex modulus G* at ©=0.2 rad/s & y=5%
G*(2) - absolute value of the complex modulus G* at ©®=2 rad/s & y=5%
G*(20) - absolute value of the complex modulus G* at ©®=20 rad/s & y=5%
G*(200) - absolute value of the complex modulus G* at ®=200 rad/s & y=5%

G*(5%/(Il)) - steady-state (absolute) value of the complex modulus at 5% dynamic strain
and 1 rad/s frequency, in step II

G*(5%/(VI) - steady-state (absolute) value of the complex modulus at 5% dynamic strain
and 1 rad/s frequency, in step VI

G'(2%)-G,'(50%) - difference between storage moduli at 50% and 2% dynamic strain amplitude
(at 10 rad/s)
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G,'(50%) - First harmonic of the storage modulus at 50% dynamic strain and 10 rad/s
oscillation frequency,

G,'(200%) - 1® harmonic of the in-phase component of the modulus at 1 rad/s
frequency and dynamic strain of 200%

G, '(200%/0.5rad/s) - 1™ harmonic of the storage modulus at 200% dynamic strain
and 0.5 rad/s oscillation frequency

G,'(200%/10rad/s) - 1*harmonic of the storage modulus at 200% dynamic strain
and 10 rad/s oscillation frequency

G,'(800%) - 1¥ harmonic of the in-phase component of the modulus at 1 rad/s
frequency and dynamic strain of 800%

G"(50%) - First harmonic of the loss modulus at 50% dynamic strain and 10 rad/s
oscillation frequency

G1"(200%) - 1* harmonic of the out-of-phase component of the modulus at 1 rad/s
frequency and dynamic strain of 200%

G1"(200%/0.5rad/s) - 1* harmonic of the loss modulus at 200% dynamic strain
and 0.5 rad/s oscillation frequency

G, "(200%/10rad/s) - 1* harmonic of the loss modulus at 200% dynamic strain
and 10 rad/s oscillation frequency

G,"(800%) - I* harmonic of the out-of-phase component of the modulus at 1 rad/s
frequency and dynamic strain of 800%

G1*(50%) - First harmonic of the complex modulus at 50% dynamic strain and 10 rad/s
oscillation frequency,

G:*(200%) - 1* harmonic of the (absolute value of the) complex modulus at 1 rad/s
frequency and dynamic strain of 200%

G1*(800%) - 1* harmonic of the (absolute value of the) complex modulus at 1 rad/s
frequency and dynamic strain of 800%

INT G(t)dt - time integral of the G(t) within 0.1-10,000 s range

INT(tan  (BR-a)) dT - temperature integral of the tan 8, corresponding to BR a-transition,
integrated over the temperature range of -100°C to - 80°C

488



mC-C p.c.l. - contour length of the modified Cole-Cole plot (log G- log G;"), Y=200%,
®=0.5 -10rad/s

n(0.001) - Power Law Index, for complex viscosity (log n*) plotted as a function of log ®,
calculated at ©=0.001 rad/s

n(0.001-100) - Power Law Index, for complex viscosity (log n*) plotted as a function of log »,
averaged over ©®=0.001-100 rad/s range

nC-C p.c.l. - contour length of the normalized Cole-Cole plot (G, (®)/G;'(®yes) -
G"(0)/G"(0rs) , 7=200%, ©=0.5-10rad/s

nC-C quad. - the location of the nCC contour, relative to the diagonal of the plot.
‘+1’ = above diagonal in the first quadrant, ‘-1’ = below diagonal in the first quadrant

nG(0.1) - normalized (G(t)/G(t=40ms)) stress relaxation modulus, measured 0.1 s after
application of a sudden step-shear strain

nG(1) - normalized (G(t)/G(t=40ms)) stress relaxation modulus, measured 1 s after
application of a sudden step-shear strain

nG(10) - normalized (G(t)/G(t=40ms)) stress relaxation modulus, measured 10 s after
application of a sudden step-shear strain

nG(100) - normalized (G(t)/G(t=40ms)) stress relaxation modulus, measured 100 s after
application of a sudden step-shear strain

nG(400) - normalized (G(t)/G(t=40ms)) stress relaxation modulus, measured 400 s after
application of a sudden step-shear strain

nG(t=1) - normalized (eq.6-5) stress relaxation modulus at 1s
nG(+=10) - normalized stress relaxation modulus at 10s
nG(+=100) - normalized stress relaxation modulus at 100s
nG(t=400) - normalized (eq.6-5) stress relaxation modulus at 400s

nG(t=1000) - normalized stress relaxation modulus at 1000s

nG(t=10,000) - normalized stress relaxation modulus at 10,000s

S’ (50%) - ‘In-phase’ component of the torque, measured during isothermal oscillations
at the frequency of 10 rad/s and 50% dynamic strain,
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S” (50%)

8, (5%)
S; (200%)
S, (800%)

$/'(200%)

S,'(800%)

$,"(200%)

S,"(800%)

- ‘Out-of-phase’ component of the torque, measured during isothermal
oscillations at the frequency of 10 rad/s and 50% dynamic strain,

- 1® harmonic of the torque at 1 rad/s frequency and dynamic strain of 5%,
- 1** harmonic of the torque at 1 rad/s frequency and dynamic strain of 200%,

- 1** harmonic of the torque at 1 rad/s frequency and dynamic strain of 800%

- 1 harmonic of the in-phase component of the torque at 1 rad/s frequency
and dynamic strain of 200%

- 1** harmonic of the in-phase component of the torque at 1 rad/s frequency
and dynamic strain of 800%

- 1™ harmonic of the out-of-phase component of the torque at 1 rad/s
frequency and dynamic strain of 200%

- 1® harmonic of the out-of-phase component of the torque at 1 rad/s
frequency and dynamic strain of 800%

slope (G'/G"z) @0.001 - slope of the (G'/G"z), plotted as a function of log ®, calculated at

®=0.001rad/s

slope G” (0.001) - slope of the loss modulus, log G"(log ») at ©=0.001 rad/s

Islope@t=0.1|
[slope@t=40|

[slope@t=400|

- (absolute value of the) slope of the log nG-log t curve at 0.1s
- (absolute value of the) slope of the log nG-log t curve at 40s

- absolute value of the) slope of the log nG-log t curve at 400s

[slope@t=10,000| - (absolute value of the) slope of the log nG-log t curve at 10,000s

T /E" nax (BR-0t) - temperature corresponding to maximum of the E’(T) peak (BR a-transition)

T /E" ¢ (CIIR-0t) - temperature corresponding to maximum of the E”(T) peak (CIIR a-transition)

T /tang,, 6 (BR-a) - temperature corresponding to maximum of the tan & peak (BR a-transition)

T /tany,, & (CIIR-II) - temperature corresponding to the maximum of the tan 8 peak (CIIR lI-

transition)

T /tany,, & (CIIR-a) - approximate temperature corresponding to the maximum tan & (CIIR a-

transition)
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tan § (0.001) - tan 8 (=G"/G’) at ®=0.001 rad/s
tan d (0.1) - tan & at ©®=0.1 rad/s

tan 8 (5%(II)) - steady-state value of the tangent of the phase angle, & at 5% dynamic
strain and 1 rad/s frequency, in step II

tan 3 (5%(V)) - steady-state value of the tangent of the phase angle, 3 at 5% dynamic
strain and 1 rad/s frequency, in step IV

tan 5 (5%(VI)) - steady-state value of the tangent of the phase angle, 5 at 5% dynamic
strain and 1 rad/s frequency, in step VI

tan; dratio - = tan & (200% & 0.5 rad/s) / tan & (5% & 200 rad/s)

tan; 8(50%) - =G,"(50%)/G,'(50%)

tan; & (200%) - tangent of phase angle, 5 at 1 rad/s frequency and 200% dynamic strain
tan; 3 (200%/0.5rad/s) -= G," (200% /0.5 rad/s) / G, ' (200% / 0.5 rad/s)

tan; 5 (200%/10rad/s) -= G," (200% /10 rad/s)/ G,' (200% / 10 rad/s)

tan, & (800%) - tangent of phase angle, 6 at 1 rad/s frequency and 800% dynamic strain
tang,, 8 (BR-a) - maximum value of the tan §, corresponding to BR a-transition

tany,,, 8 (CIIR-1) - maximum value of the tan J at the peak corresponding to CIIR li-transition
tany,,, 6 (CIIR-o) - maximum value of the tan 8 peak corresponding to the CIIR a-transition

AT (E'-E" cross-over) - difference between temperatures corresponding to the E’-E” cross-over
points; a measure of the width of the tan § (CIIR-a+ll) damping peaks
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Appendix ITT
Apparent Molecular Weight Distributions of the Graft Samples

This appendix contain MWD profiles in a form of the area-normalized DRI signal
(proportional to polymer concentration) as a function of retention time, related to the
logarithm of the molecular weight. Each page is devoted to a single, with top diagram
corresponding to the MWD of the crude graft sample (CG), while bottom diagram to its
purified (fractionated) correspondent (samples FG). For additional comment refer to
subsection 4.4.3.
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Appendix IV

Rheological characterization: test conditions and parameters
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Table A. RMS-800 - Test conditions and parameters - part 1.

Temperature| Dyn.strain | Frequency| Other relevant test parameters Test |Samples

Test code | °C . [hom]% | vradls | statistics| tested
: ? | delay before test=60s, reads.=60s/point, | !
100, (75), 1 ; correl.delay=0.1 cycles, sweep ; :
{ts1} 130 ! 2 3 i time=1000s, 1 cycle correl.=yes, ! 1 . selected
( ) 3 AutoTension=ON : const. force, :

iNF=100G, AutoStrain=OFF.

l
| delay before test=10s, reads.=100s/point, |
? correl.delay=0 cycles, sweep |

, 1 :selected

!

'

{tcS1} ' 50-/25/-150 . 2 ? 1 " time=1800s/zone, 1 cycle correl.yes,
' ' ‘AutoTension=ON: const. force, INF=100G,
AutoStrain=0OFF. 1
! delay before test=10s, reads. -20$/pomt
Cae el ‘ 1 i correl.delay=0.2 cycles, sweep J T
{tcS2} s 32/0125 : 5 3 | time=1800s/zone, 1 cycle correl.=no, | 1 - all
! ( ) i : : AutoTension=ON : const. force, ! j
| iNF=100G, AutoStrain=OFF. ; :
| delay before test=10s, reads.=50s/point, | f
‘ ; [ correl.delay=0 cycles, sweep | }
{tcS3} | 75-/25/-125 | 2 i 10 i time=1800s/zone, 1 cycle correl.=yes, | 1 selected
i ! AutoTension=OFF, iNF=100G, auto- !
strain=OFF. i
, , (Lin) ; |NF-1OOG plate surface=flat, delay before!
{ss1} 25 . 2-12/-40; ,01 3, 100 | test=100s, correl. delay=0 cycles, 1cycle| 1 . selected
" ' (-50), (- 100); ! correl.=no, AutoTension=OFF. | :
| . (Lin) 013 10 | INF=100 & 500G, plate surface=flat & !
: ; . i 1,9, | ed, delay before test=100s, correl.
{ss2} 30 | 24240, | 9o C 14 al
‘ | i 100 i delay=0 cycles, 1 cycle correl.=no, !
. (-50), (-1 00)1 1 AutoTension=OFF.
(SS3) © 50&70 (L) - 03,13, ':'::fg; ol oty crden  ayant 1 selected
- . ; e
, 2-/2/40 110, 30, 100 correl.=no, AutoTension=OFF. ;
; } (Log) iNF=100G, plate surface=flat, delay before ‘
{SS4} i 100 & 125 - 2-12/-40 ' 1,3,5. |test=100s, correl. delay=0 cycles, 1 cycle| 1, (4) ' selected
, . e | correl.=no, AutoTension=OFF. :
t 1 .
j | (Lin) iNF=100G, plate surface=flat, delay before i
{SS5) : 130 ] 2-/2/-40, | 3 test=100s, correl. delay=0 cycles, 1 cycle| 1,(2) @ all
| i (-50,-100) correl.=no, AutoTension=OFF. ! f
i i iNF=100G, plate surface=flat, delay before :
{SS6} ! 30 ! 1_‘(1'603()) 1 10 test=100s, correl. delay=0 cycles, 1 cycle 1 ‘sel(gcstt)ed.
! L A correl.=no, AutoTension=OFF.
; ; ciscreet ' iNF=100G, plate surface=flat, delay before !
Iscree test=100s, correl. delay=0 cycles, 1 cycle !selected,
{SS7} ’ 30 t 3,753 10 correl.=no, AutoTension=OFF, zone timing 1 1 ©)
i ‘ | shown in Fig. 5-14. |
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Table A. RMS-800 - Test conditions and parameters - part 2.

Dyn.strain

Frequency !

Other relevant test

! Test

3 Samples

Test code

Temperature

°C | [nom.] %

rad/s

parameters

i statistics| tested

{QFS}

i

30, (100) 5, (10)

0.1-100

delay before test=110s,

| LOG=1p/dec, correl.delay=0.1 '

' cycles, 1 cycle comel.=no,

6+

 AutoTension=OFF, iNF=100G, .

g AutoStrain=OFF.

all,
(G16)

{FS3d@30}

30

0.1-100

delay before test=10+120s,

| LOG=5pidec, correl.delay=0.1

| cycles, 1 cycle correl.=no,

| AutoTension=OFF, iNF=100G, .

1 AutoStrain=OFF.

{FS3d@100}

100

0.1-100

| delay before test=100+120s, '

| LOG=S5p/dec, correl.delay=0.1
i cycles, 1 cycle correl.=no,

1,(2)

. AutoTension=OFF, iNF=100G, ,

AutoStrain=OFF.

all

{FS5dec}

30

0.001-100

delay before test=10+120s,

| LOG=5pidec, correl.delay=0.1

! cycles, 1 cycle comrel.=no,

1,(2)

! AutoTension=0FF, iNF=100G, .

AutoStrain=OFF.

all

{FTS}

{QSR}

[

30-/25/-130

0.1-100

soak time=200s, delay before
i test=10+120s, LOG=5p/dec,
i correl.delay=0.2 cycles, 1 cycle

' iNF=100G, AutoStrain=OFF. -

C 1,(2)

i correl.=no, AutoTension=ON,

all

Rel. time

Other relevant test

Test

' Samples

S

§ parameters

statistics| tested

Temperature| Step strain
°C . [nom.]%

30 5

0.1400

| delay before test=100+100s,
Autotension=OFF, zone
timing=(2/18/380)

6-8

: selected

{PSR}

30 3to 50

0.1-1000

delay before test=100+10s,
i Autotension=OFF, zone
timing=(2/18/80/900)

{SSR}

30 10

0.1-1000

. several,
(G20)

delay before test=100+10s,
©  Autotension=OFF, zone
' timing=(2/18/80/900), single

. several,
- (G20)

{SR1}

100 10

1-1000

_sps.
' delay before test=100+10s,
| Autotension=OFF, zone
timing=(2/18/80/900)

{SR400}

100 15

0.1-400

delay before test=100+100s,
Autotension=0OFF, zone
timing=(2/18/380)

{SR1000}

30, (25) 10

0.1-1000

delay before test=100+10s,
Autotension=0OFF, zone
timing=(2/18/80/900)

1, (2-6)

all

{SR10,000}

30 10

0.1-10,000

delay before test=100+10s,
Autotension=OFF, zone
timing=(2/18/980/9000)

1,(2)

all
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Table B. RSA-II - Test conditions and parameters.

force by:

{DTMA} test parameter Nominal value Units
Test fixture: film / fiber -
Deformation: in tension -
Test mode: isochron:‘:lteeer:;perature -

-100 to +20 (grafts + M) °C
Temperature range: -120 to - 40 (B10)
-100 to +40 (C)
Temperature increments (DT): +2 °C
Frequency: 70 rad/s
Soak time before measurement: 60 s
Delay before test: 100 s
Correlation delay: 2 cycles
1 cycle correlation: no -
AutoStrain (dynamic) adjustment: active -
- max. dynamic strain allowed: 2 %
- increase dyn. strain if dynamic 55 G
force drops below:
fo; cc;e;:rozass:bcglr;: strain if dynamic 900 G
pm::r:'m;:g'e :;rrent strain, if 20 %
AutoTension (static) adjustment: active -
- mode: static force (pre-_tension) )
tracking dynamic force
- intial static force: 100 G
- lower limit of static force adij.: 6 G
- static force to exceed dynamic 25 %
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Table C. RPA 2000 - Test configurations.

(a)

(b)

(c)

(d)

{FSWP1}

{SSWP2} {HSSWP1} {(FSWP2} {FSWP3}
T=100°C T=100°C T=100°C =100°C
subtest 1 subtest 1 subtest 1 subtest 1

Yy=2% vy=2% Y=2% Y=2%

o =1 rad/s o =1 rad/s o =1rad/s o =1rad/s
t=3 min t=3 min t=3 min t=3 min
subtest 2 subtest 2 subtest 2 subtest 2

® =10 rad/s o =1 rad/s Yy=5% y=50%
Y1=2% Y1 =5% o, =0.2rad/s /* ®1=0.5rad/s
Y= 5% v» = 200% ®, = 0.5 rad/s wy = 1 rad/s
Y3 =2% y; = 5% w3 =1rad/s w3 = 2 rad/s
14~ 10% ¥4 = 800% w4 = 2 rad/s w4 =5rad/s
¥5= 2% ws = 5 rad/s ws = 10 rad/s
Y6= 15% subtest 3 wg = 10 rad/s wg = 20 rad/s
Y7= 2% w7 =20 rad/s oy = 50 rad/s
6= 20% Y=5% wg = 50 rad/s
Y9 = 2% o = 1rad/ls wg = 100 rad/s subtest 3
Y10= 25% t=2min w10 = 200 rad/s
Y11= 2% y=100%
2= 30% o1 =0.5rad/s
Y13= 2% *) - FSWP1 only o, =1 rad/s
Y14= 35% ©; =2 rad/s
¥15= 2% o4 =5 rad/s
¥16= 40% s = 10 rad/s
117= 2% wg = 20 rad/s
Y18= 45%
Y19= 2% subtest 4
Y20= 50%
Y =200%
wq=0.5rad/s
wy = 1 rad/s
w3 = 2 rad/s
w4 = 5 rad/s
s = 10 rad/s
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Table D. DSR - Test conditions and parameters.

{TEST1}

(TEST2)

main program

Objective: preliminary work + test precision
DSR test program: P3

Test temperature: 100°C I ‘
Specimen weight: 18.0+£0.1g ||
Specimen shape: spheroidal ||
Relaxation time monitored:

(by default) 0.04 - 400 s

Step-strain application time: 4

(by default) ms

Angular rotor deflection: 1° 2°

Stator-rotor gap: .

( = avg. specimen thickness) 2.54 mm (0.1 in)

Rotor closing speed: slowest (~3mm/s)

Test statistics 2 -17, depending on test

(# of determ./sample) & sample availability

Sample strain history:
(during specimen loading)

compression moulding;
complex but fairly reproducible

Specimen pre-heat time (PHT):

15 min

Specimen pre-warm time (PWT):

30 min (in vacuum-oven) @ 65°C

Step-strain amplitude range:

35to0 51% 69 to 101%

Test procedure:
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Appendix V

Rheological test results - supplementary graphs and tables
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Figure AFSG4. Dynamic mechanical spectrum - sample G4.
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Figure AFSGS. Dynamic mechanical spectrum - sample GS5.
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Figure AFSG6. Dynamic mechanical spectrum - sample G6.
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Figure AFSG8. Dynamic mechanical spectrum - sample G8.
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Figure AFSGY9. Dynamic mechanical spectrum - sample G9.
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Figure AFSG10. Dynamic mechanical spectrum - sample G10.
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Figure AFSG11. Dynamic mechanical spectrum - sample G11.
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Figure AFSG12. Dynamic mechanical spectrum - sample G12.
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Figure AFSG13. Dynamic mechanical spectrum - sample G13.
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Figure AFSG14. Dynamic mechanical spectrum - sample G14.
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Figure AFSG15. Dynamic mechanical spectrum - sample G15.
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Figure AFSG16. Dynamic mechanical spectrum - sample G16.
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Figure AFSG17. Dynamic mechanical spectrum - sample G17.
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Figure AFSG18. Dynamic mechanical spectrum - sample G18.
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Figure AFSG19. Dynamic mechanical spectrum - sample G19.
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Figure AFSG20. Dynamic mechanical spectrum - sample G20.
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Figure AFSG21. Dynamic mechanical spectrum - sample G21.
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Figure AFSG22. Dynamic mechanical spectrum - sample G22.
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Figure AFSM. Dynamic mechanical spectrum - sample M.
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Figure AFSB10. Dynamic mechanical spectrum - sample B10.
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Figure AFTSG1. Master curve - sample G1.

106

103

10

103

S— — 1
S —

1073

| EETETRTTIT BT

1 lllll].d 1 llllllJ L L LiiLlL

. o e
cﬂﬂﬂ‘f“’ °
S - S

L Liiinl

Gl

L L litill

104

10-3

10-2

al w,

107!

(rad/s)

100

10!

102

103



6¥S

bT-G",( 0 )

bT-6’,(O)

[Pal

(Pal

Figure AFTSG2.

Master curve - sample G2.
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Figure AFTSGY9. Master curve - sample G9.
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Figure AFTSG10. Master curve - sample G10.
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106

109

104

103

1073

10

103

102

R R e e e R S S
= e e
AR R i rur— e
I . ) - i I B;T

- [ o _ o i R G . é_;‘?. )

= S
L T e
o v ond il 1||1|||“ connd 3 vnd llllll.lﬁ Lau

107! 100
al'w, [rad/s)

10!

10°

103



09¢

bT-G’,(0) bT-G",(0)

[Pa]

[Pal

Figure AFTSG13. Master curve - sample G13.
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Figure AFTSG14. Master curve - sample G14.
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Figure AFTSG1S5. Master curve - sample G15.

106

103

1073 104

__I_I_I.LIJ.I.I.L_.I_LLLLLI.¢ Lt TR 1 llLuu,L L

1 lllllll“ L LA

10-3

107 107! 100 10!

al 'w, [rad/s]

10 103



€9¢

Figure AFTSG16. Master curve - sample G16.
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Figure AFTSG17. Master curve - sample G17.
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Figure AFTSG20. Master curve - sample G20.
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Figure AFTSG21. Master curve - sample G21.
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Figure A8B10. Dynamic thermo-mechanical spectrum for sample B10 - {DTMA}.
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Figure A8C. Dynamic thermo-mechanical spectrum for sample C - {DTMA).
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Figure A8G2. Dynamic thermo-mechanical spectrum for sample G2 - {DTMA}.
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Figure A8G3. Dynamic thermo-mechanical spectrum for sample G3 - {DTMA}.
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Figure A8G6. Dynamic thermo-mechanical spectrum for sample G6 - {DTMA}.
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Figure A8G16. Dynamic thermo-mechanical spectrum for sample G16 - {DTMA}.
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Figure A8§G22. Dynamic thermo-mechanical spectrum for sample G22 - {DTMA}.
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Figure A6l. Prediction profiles for correlations between structural
(Mpb, N;") and {FS5dec} viscoelastic parameters - L.
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Figure A62. Prediction profiles for correlations between structural
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Figure A63. Prediction profiles for correlations between structural
(wb, wb‘h) and {FSSdec} viscoelastic parameters - I1I.
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Figure A64. Prediction profiles for correlations between structural
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Figure A65. Prediction profiles for correlations between structural (Mpb, ng)
and stress relaxation {SR10,000} parameters.
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Figure A66. Prediction profiles for correlations between structural (w"’g s w""')
and stress relaxation {SR10,000} parameters.
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Figure A67. Prediction profiles for correlations between structural (wb, M,G)
and stress relaxation {SR10,000} parameters.
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Figure A71a,b,c,d.
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Figure A7le,f,g,h.
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Figure A72a.
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Prediction profiles for correlations between structural parameters
(Mpb, ng) and viscoelastic parameters from {FSWP3} experiments.
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Figure A72b. Prediction profiles for correlations between structural parameters
(w"E, w”) and viscoelastic parameters from {FSWP3} experiments.
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Figure A72¢c. Prediction profiles for correlations between structural parameters
(wb'h, M,G) and viscoelastic parameters from {FSWP3} experiments.
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Figure A72d.
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Prediction profiles for correlations between structural parameters
(PD], vinyl) and viscoelastic parameters from {FSWP3} experiments.
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Figure A73a Prediction profiles for correlations between structural parameters
(Mp", Ng") and viscoelastic parameters from {FSWP3} experiments.
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Figure A73b. Prediction profiles for correlations between structural parameters
(wb'g, w") and viscoelastic parameters from {FSWP3} experiments.
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Figure A73¢c. Prediction profiles for correlations between structural parameters
G) and viscoelastic parameters from {FSWP3}experiments.
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Figure A73d. Prediction profiles for correlations between structural parameters
(PDI, vinyl) and viscoelastic parameters from {FSWP3}experiments.
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Figure A74a. Prediction profiles for correlation between structural parameter
(Mpb) and viscoelastic parameters from {HSSWP} experiments.
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Figure A74b. Prediction profiles for correlation between structural parameter

G'(200%) G'(6%N)) G'(5%VI) G'(5%AV) G'(5%/V) G"(5%1) G'(5%/1l)

G'(200%)

(Ng") and viscoelastic parameters from {HSSWP} experiments.
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Figure A74c. Prediction profiles for correlation between structural parameter

G'(200%) G'(5%NI) G'(5%MVI) G'(5%V) G'(5%V) G'(5%H1) G'(5%)

G'(200%)

(wb’g) and viscoelastic parameters from {HSSWP} experiments.
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Figure A74d. Prediction profiles for correlation between structural parameter

(D) and viscoelastic parameters from {HSSWP} experiments.
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Figure A75a. Prediction profiles for correlations between structural

nG(100) nG(10) nG(1) nG(0.1) G(40ms)

nG(400)

parameters (Mpb, Ng") and selected stress relaxation
parameters from {TEST2} tests.
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Figure A75b. Prediction profiles for correlations between structural
parameters (w"'g, wb) and selected stress relaxation

nG(100) nG(10) nG(1) nG(0.1) G(40ms)

nG(400)

parameters from {TEST2} tests.
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Table A61. Viscoelastic parameters derived from RMS-800 {FSSdec} test - L.

Z—'n;g:e?:‘; tan a(o.1)§ n(0.001) s'opeéng“’)@ "(363?1- Gf(l:g:" - :;au)

T=30°C |

sample a | b c | d e f
G1 0305 | 0.430 0.675 0.154(*) | 0281 | 3.07E+04
G2 0200 = 0223 |  ggg 0109 | 0117 | 268E+04
G3 0477 © 019 |  g3;g | 0098 | 0045  241E+04
G4 018 ' 0072 |  qo289 0127 | 0091 | 1.58E+04
G5 0.363 : 0.189 1 0.621 0197 | 0302 | 4.69E+04
G6 0407 | 0371 | gqx 0231 | 0341 | 481E+04
G7 0304 ' 0366 | 65 0.1522(*) ' 0.268 | 3.88E+04
G8 0177 0093 ' 45 | 0103 . 0066 | 191E+04
G9 0210 ~ 0080 _gzq | 0148 | 0065 ' 1.42E+04
G10 0330 | 0189 | 417 | 0177 | 0172 | 2.53E+04
G11 0288 | 01% |  qg63 0157 | 0231 | 1.57E+04
G12 0103 | 0069 |  _9703 0080 | -0.012 , 510E+03
G13 0.125 & 0.117 03 0083 ~ 0022 @ 7.40E+03
G14 0335 = 0163 | 35 | 0174 0255 = 1.89E+04
G15 0210 | 0074 | _gsg | 0443 | 0078 | 267E+04
G16 0135 = 0080 | 078 0113 | 0037 | 9.03E+03
G17 0222 | 0228 | _gg 0123 | 0172 | 1.79E+03
G18 0250 | 0228 |  _1439 0125 | 0066 | 191E+04
G19 0228 | 0257 |  _qp4g 0.107 | 0.137 | 5.80E+03
G20 0126 | 009 | g 0.086 0.000 | 1.07E+04
G21 0265 | 0.096 -0.685 0.163 0.183 | 4.20E+04
G22 0.360 | 0258 0.771 0.198 0.235 | 6.83E+04
c 0.355 | 0671 — 0.1979(*) | 0517 | 3.07E+04
B10 26.200 | 0.999 - — - —
M 0338 | 0.430 - 0.1755(*) | 0282 | 2.20E+04

/* - poor Power Law fit

Refer to Table 6-3 for definition of parameters
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Table A62. Viscoelastic parameters derived from RMS-800 {FS5dec} test - II.

RMA-800

{FS5dec} Storage modulus, G', Pa

T=30°C

sample [©=0.001 rad/ | ©=0.01rad/s| ®=0.1 rad/s | o=1rad/s | ©=10rad/s | ©=100 rad/s

a b [ j d e f

G1 | 225E+04 6.48E+04 | 1.21E+05 | 1.71E+05 | 2.13E+05 | 2.61E+405
G2 | 6.16E+04 9.61E+04 | 1.33E+05 | 1.73E+05 | 2.09E+05 ' 2.55E+05
G3 | 7.50E+04  1.00E+05 | 1.31E+05 | 1.64E+05 | 1.98E+05 | 2.48E+05
G4 | 366E+04  4.35E+04 | 5.53E+04 | 7.34E+04 | 1.00E+05 | 1.38E+05
G5 3.455+04§ 5.37E+04 | 9.12E+04 | 1.49E+05 | 2.25E+05 , 3.36E+05
G6 | 1.85E404 ' 4.21E+04 | 8.21E+04 | 1.39E+05 | 2.23E+05 | 3.51E+05
G7 | 340E+04 = 7.62E+04 | 1.32E+05 | 1.91E+05 | 2.43E+05 f3.015+os
G8 | 541E+04 6.85E+04 | 8.81E+04 | 1.12E+05 | 1.41E+05 | 1.86E+05
G9 | 2.52E+04 | 2.95E+04 | 3.72E+04 | 5.19E+04 | 7.76E+04 | 1.14E+05
G10 | 1.96E+04 | 3.01E+04 | 458E+04 | 7.32E+04 | 1.14E+05 | 1.48E+05
G11 | 1.90E+04 ' 286E+04 | 4.36E+04  6.44E+04 | 8.84E+04 | 1.22E+05
G12 | 2.96E+04 | 3.47E+04§ 4.00E+04 | 4.61E+04 | 5.41E+04 | 7.34E+04
G13 | 3.28E+04 4.26E+04 | 5.13E+04 | 6.05E+04 | 7.16E+04 | 9.15E+04
G14 | 1.82E+04 ' 268E+04 | 4.31E+04 | 6.78E+04 9.68E+04 | 1.36E+05
G15 | 4.87E+04 | 5.87E+04 | 7.53E+04 | 1.04E+05 1.51E+0q 2.17E+05
G16 | 308E+04 3.71E+04 | 4.41E+04 | 5.31E+04 | 6.94E+04 | 1.03E+05
G17 | 351E+04 = 4.96E+04 | 6.89E+04 | 9.28E+04 | 1.19E+05 | 1.53E+05
G18 | 3.33E+04 5.50E+04 | 8.35E+04 | 1.14E+05 | 1.40E+05 | 1.72E+05
G19 | 1.12E+04 1 2.09E+04 | 3.20E+04 | 4.15E+04 | 4.88E+04 | 5.81E+04
G20 | 4.74E+04 | 6.00E+04 | 7.28E+04 | 8.63E+04 | 1.03E+05 | 1.33E+05
G21 | 561E+04 | 7.04E+04 | 9.61E+04 | 1.45E+05 | 2.15E+05 | 3.08E+05
G22 | 4.00E+04 | 7.37E+04 | 1.27E+05 | 2.08E+05 | 3.28E+05 | 4.50E+05
c 1.06E+04 | 4.81E+04 | 1.01E+05 | 1.52E+05 | 1.94E+05 | 2.40E+05
B10 - 0.00E+00 | 5.53E+02 | 3.32E+04 | 4.73E+05 | 9.57E+05
M 1.02E+04 | 3.46E+04 | 6.65E+04 | 9.83E+04 | 1.28E+05 | 1.79E+05
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Table A63. Viscoelastic parameters derived from RMS-800 {FSSdec} test - I11.

RMA-800 |
{FS5dec} tand ' n* slope
T=30°C ;
sample |0=0.001 radis| 0=0.01rad/s | ©=0.1radls | o=1radis | o=10rad/s | 0=100rad/s | ©=0.001
a b c | d e f : [*]
G 09179 | 05277 | 03050 | 0.1879 | 0.1548 | 03091 | -0.5704
G2 03040 | 0.2480 1 02000 | 0.1550 | 0.1450 | 02940 | -0.7774
G3 02430 | 02080 | 01770 | 0.1470 | 0.1550 | 0.3310 | -0.8812
G4 01560 | 01670 | 01890 | 02150 | 02340 | 03360  -0.9280
G5 02670 | 0.3520 | 03630 | 03150 | 02920 | 03460 | -0.8106
G6 05880 | 05180 | 04070 | 0.3470 | 03410 | 03280 | -0.6293
o7 06000 | 04450 | 03040 | 02060 | 0.1690 | 02990. . -0.6340
Gs 01870 | 01840 | 0770 | 01710 | 01960 | 03400 | -0.9070
G9 0130 | 0.1570 | 0.2100 | 02740 | 02860 | 0.3440 | -0.9400
G10 | 03210 | 03150 | 0.3300 r 03460 | 02460 | 02410 | -0.8115
G11 02510 ' 02830 | 02880 = 02430 | 02250 | 02980 | -0.8036
G12 | 01280 | 0.1100 | 01030 | 01110 | 01730 | 03570 | -0.9313
G13 | 01690 | 01440 | 01250 | 01220 | 01550 | 03180 | -0.8830
Gt4 | 02500 | 03140 | 03350 = 02780 | 02440 | 02940 | -0.8371
G15 | 01480 | 01650 | 02100 | 02560 | 02650 | 03480 | -0.9265
G16 | 01390 | 01320 | 01350 | 01700 | 02620 | 03900 | -0.9199
G17 | 02220 | 02310 | 02220 | 01930 | 0.860 | 03220 | -0.7718
Gig | 03570 | 03190 | 02500 | 0.1800 | 0.1540 | 02780 | -0.7718
G19 | 04440 | 03530 | 02280 | 0.1500 | 0.41270 | 02580 | -0.7428
G20 | 01900 | 01480 | 01260 | 0.1240 | 0.1590 | 03260 | -0.9013
G21 0.1590 | 02020 | 02650 | 02900 | 02700 | 03520 | -0.9036
G22 | 04360 | 04070 | 03600 | 03290 | 02700 | 02950 | -0.7421
c 12600 | 06390 | 0.3550 | 0.2120 | 0.1670 | 0.3000 | -0.3290
B10 — 0.0100 | 26.2000 | 3.8800 | 0.7490 | 02990 | -0.0013
M 1.0000 | 0.5680 | 0.3380 | 0.2240 | 02360 | 05820 | -0.5696
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Table A64. Viscoelastic parameters derived from RMS-800 {FSS5dec} test - IV.

! !

] I O =

T=30°C i ' €«=0.001 E @0=0.001 | or1radss

sample | ©=0.1 rad/s ' ©=100 rad/s‘: =01 radls | =100 radls . | "

a ‘ b , c ; d i e f ) ]

G1 368E+04 B8.O7E+04 | 3.05E+04 1.26E+05. 05293 02812  3.07E+04
G2 | 267E+04 | 7.50E+04 | 1.36E+05 | 266E+05 | 02314 . 0.1169  2.68E+04
G3 | 231E+04 | B21E+04  1.33E+05 \ 261E+05 01226 , 00452  241E+04
G4 | 1.05E+04 ' 4.64E+04 : 563E+04 | 146E+05 00716 = 00909  1.58E+04
G5 | 3.31E+04 1.16E+05 O.70E+04 356E+05 01794 03021  4.69E+04
G6 3.34E+04 | 1.15E+05 | 8.86E+04 | 3.70E+05 | 03810 = 0.3406  4.81E+04
G7 | 402E+04 | B.99E+04 | 1.38E+05 | 3.14E+05 | 03975 . 02675 : 3.88E+04
G8 1.56E+04 | 6.35E+04 | B.94E+04 | 107E+05 | 00039 00657 . 1.91E+04
G9 7.82E+03 | 3.92E+04 , 3.81E+04 1.21E+05  0.0513 = 0.0653  1.42E+04
G10 | 151E+04 | 356E+04 | 4.82E+04 1.52E+05 01901 ~ 0.1724  253E+04
G11 | 126E+04 | 362E+04 | 4.53E+04 | 1.27E+05 01942 02307  157E+04
G12 | 4.13E+03 | 262E+04 | 4.03E+04 | 7.80E+04 | 00700  -0.0120  5.10E+03
G13 | 6.41E+03 | 2.91E+04 G.17E+04 IL 9.60E+04 | 01210 = -0.0215  7.40E+03
G14 | 144E+04 | 4.01E+04 | 454E+04  142E+05 01561 ° 02550  1.89E+04
G15 | 1.58E+04 7.55E+04 7.69E+04 | 2.30E+05 00734  0.0775 = 267E+04
G16 | 597E+03 | 4.03E+04 K 4.45E+04 | 1.11E+05 | 00809 = 0.0372 . 9.03E+03
G17 | 1.53E+04 | 4.92E+04 | 7.06E+04 | 1.60E+05 | 0.1639 = 0.1719 | 1.79E+03
G18 | 2.09E+04 | 4.79E+04 8.60E+04 | 1.79E+05 | 0.0939 ‘ 0.0657 | 1.91E+04
G19 | 7.31E+03 | 1.50E+04 | 3.28E+04 | 6.00E+04 | 0.2800 | 0.1366 | 5.80E+03
G20 | 9.18E+03 | 4.33E+04 7.33E+04 | 1.39E+05 | 0.1040 | 0.0000 | 1.07E+04
G21 | 2.55E+04 | 1.08E+05 | 9.94E+04 | 3.27E+05 | 0.0938 | 0.1829 | 4.20E+04
G22 | 1.27E+05 | 4.50E+05 | 1.35E+05 | 4.69E+05 | 02621 | 0.2350 | 6.83E+04
c 3.58E+04 | 7.21E+04 | 1.07E+05 | 2.51E+05 | 0.8499 | 0.5173 | 3.07E+04
B10 | 1.45E+04 | 2.86E+05 | 1.45E+04 | 9.99E+05 — - —
M 2.25E+04 | 1.04E+05 | 7.02E+04 | 2.07E+05 | 05537 | 02819 | 2.20E+04
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Table A65. Stress relaxation parameters - {SR10,000} experiment.

|

|slope@

T=30°C nG(t=1) nGt=10) = nG(t=100) . nG(t=1000) , nG(t=1o,000)£ t=10,000] ;INT G(t)dt
Sample [l ] - [ : (-] j farb] | farb] |
ID a b c d e f g
G1 07680  0.5150 0.2550 0.0760  0.0140 0.7409 392
G2 07950  0.6070 0.4350 0.2970  0.1830 0.2235 2310
G3 0.8230 . 0.6680 0.5210 04160 | 0.3240 0.1216 3673
G4 0.7200 . 0.5580 04430 03620 | 03200 , 0.0839 3483
G5 06300 ' 0.3870 0.2370 0.1630 . 0.1170 ' 0.1188 1318
G6 07200  0.5070 0.3250 0.1840 ' 0.0980 @ 0.2849 1329
G7 0.7790  0.5570 0.3350 , 0.1660 ' 0.0700 0.3187 1085
G8 0.7910 ' 06410 | 05140 |, 04130 ~ 03420 00794 3647
G9 06370 ' 0.4630 0.3660 0.3000 = 0.2450 0.0898 2627
G10 0.5970 = 0.3840 02560 : 0.1670  0.1060 0.2085 1310
G11 06900  0.4690 0.3210 02320 ' 0.1840 0.1128 2051
G12 0.8210  0.7040 0.5960 0.4950  0.3930 0.0994 4264
G13 | 08230 06940 05720 04440 03230 01519 3676
G14 0.6480  0.4140 0.2750 0.1980 - 0.1330 0.0979 1552
G15 06900 . 05150 | 04080 . 03370 @ 02630 ' 0.0930 2828
G16 07490 | 06280 | 0.5290 | 04470 = 03580 ' 0.0968 3847
G17 0.7540 . 0.5660 @ 04210 = 03190 . 0.2380 0.1066 2616
G18 0.8000 = 0.5960 = 0.4110 0.2500  0.1480 0.1940 1980
G19 0.8130 | 0.6040 : 0.3800 0.19907 0.0830 0.3889 , 1270
G20 08260 | 0.6970 . 0.5820 0.4640 7 0.3240 ' 0.1468 | 3811
G21 0.6790 r 0.4830 1 0.3750 03050 | 02640 = 00862 | 2811
G22 0.5530  0.3240 0.1880 0.1080 0.0650 & 02158 816
c 0.7560 | 04970 | 0.2380 | 00630 | 00080 . 09463 | 323
Bf0o | 00450 | - — - - -
M 0.7400 ; 0.4840 | 0.2390 0.0770 | 0.0160 0.7123 366




Table A66. Stress relaxation parameters - {SR1000} experiment.

T=30°C nG(t=1) nG(t=10) nG(t=100) nG(t=1000)
Sample 8! 1 i Q| 8|
ID a b ; c d
G1 0.7714 0.5215 0.2613 0.0777
G2 0.7952 0.6075 0.4366 0.2993
G3 0.8114 0.6425 0.5107 0.4037
G4 0.7267 0.5669 0.4569 0.3773
G5 0.6269 0.3828 0.2331 0.1591
G6 0.7202 0.5066 0.3238 0.1791
G7 0.7811 05557 . 0.3353 0.1664
G8 0.7934 06443 . 05171 0.4156
G9 0.6313 04586 03633 0.3005
G10 0.5898 0.3767 0.2504 0.1652
G11 0.6778 0.4543 0.3071 0.2216
G12 0.8236 0.7067 0.5989 0.4995
G13 0.8271 0.6994 0.5790 —
G14 0.6485 0.4142 0.2736 0.1935
G15 0.6990 0.5223 0.4170 0.3439
G16 0.7524 0.6317 0.5336 04520
G17 0.7626 0.5753 0.4297 0.3252
G18 0.8074 0.6114 04181 02724
G19 0.8196 0.6157 | 03891 0.2036
G20 0.8325 0.7074 |  0.5867 0.4693
G21 0.6703 04744 | 03634 0.2983
G22 0.5531 0.3242 | 0.1883 0.1073
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Table A67. Viscoelastic parameters - {SR400} stress relaxation experiment.

!

I

T=100°C nG(t=1) nG(t=10) nG(t=100) ( nG(t=400) i |slope@t=0.1{ f |slope@t=400]|
Sample Fl {l [ ; £l [arb] ‘ {arb]
ID a b c : d ; e f
G1 0.464 0.140 0026 . 0009 ' 03035 0.8867
G2 0.687 0.443 0.246 0155 ' 0.1723 0.3057
G3 0.749 0.576  0.430 0.348 0.1574 0.1410
G4 0.717 0.570 K 0.459 0.399 0.2217 0.1124
G5 0.547 0.330 1 0.236 0.200 0.3084 0.1200
G6 0.577 0326 ' 0152 . 0.100 0.3234 02620
G7 0.540 0.255 | 0.115 0.072 0.2648 0.4276
G8 0.745 0.586 & 0462 | 0.394 0.1694 0.1412
G9 0.685 0.548 | 0452 0.401 0.2743 0.0913
G10 0.556 0.355 0.231 0.176 0.3914 0.1952
G11 0.608 0.411 0.295 0.242 0.2731 0.1161
G12 0.803 0.650 0.506 0.413 0.1250 0.1092
G13 0.754 0.559 = 0.379 0.280 0.1542 0.2402
G14 0.569 0.371 o 0.267 0.225 0.3190 0.1340
G15 0.694 0.549 0.446 0.389 0.2546 0.0755
G16 0.788 0.647 0.524 0.453 0.1575 0.1186
G17 0.666 0.484 . 0.367 0.314 , 0.2380 0.1437
G18 0.630 0.384 | 0.231 . 0.166 1 0.2123 0.2977
G19 0.558 0263 | 0106 | 0060 | 02547 |  0.4652
G20 0.782 0.595 I 0.410 I[ 0.297 ; 0.1399 ; 0.2403
G21 0.656 0.508 0414 0.381 : 0.2936 0.1654
G22 0.494 0.268 K 0.150 0.107 0.4127 0.2735
Cc 0.431 0.113 0.016 0.004 0.3345 | 1.3121
B10 - — — — - b
M 0.346 0.068 0.013 0.050 0.3898 0.1167

605




Table A71. Selected rheological parameters from {SSWP2} test.

S (50%) S" (50%): Gy (50%) | G;" (50%) | G;* (50%) | tan, 5 (50%) = O (%0%)-
Sample ‘ ' ! ’ : G'(2%)
ID fnb]  [inib] kPa] | (Pl | [Pa] 3! [kPa]
a b c { d , e f g
G1 11.05 @ 4.29 13576 | 5278 | 145.66 0.389 24.75
G2 1073 324 131.87 39.76 137.73 0.302 17.94
G3 1066  2.75 131.07 33.83 135.37 0.258 13.38
G4 11.16  3.41 137.26 41.95 143.53 0.306 12.54
G5 1200 - 5.00 14756 | 6148 = 159.85 0.417 20.97
G6 1497 . 6.08 18411 | 7471 . 198.69 0.406 27.22
G7 1320 = 4.51 16229 | 5545 | 171.50 0.342 22.29
G8 1196  3.11 14702 | 3821 : 151.90 0260 | 1348
G9 9.60 3.74 11805 = 46.00 126.70 0.390 13.03
G10 | 1609 663 197.88 . 81.54 214.02 0.412 2682
G11 | 1162 457 14286 = 56.14 153.50 0.396 18.98
G12 690 . 164 8485 = 2017 87.22 0.238 8.77
G13 664 157 8165 , 19.32 83.90 0.237 11.98
G14 | 1325 495 16282 | 60.78 173.80 0.373 23.10
G15 | 1045 364 128.50 4472 136.06 0.348 10.60
G16 8.55 2.51 105.13 3085 . 109.56 0.293 1257
G17 | 1252 395 15401 4856 = 161.49 0.315 1452
G18 | 1327 39 163.19 4792  170.08 0.294 16.04
G19 | 1379 @ 444 16960 = 5454 | 178.15 0.322 23.00
G20 6.56 | 1.54 8069 @ 19.00 ;. 8290 0.235 10.26
G21 | 1099 @ 421 13512 | 5177 | 144.70 0383 | 1468
G22 | 1276 @ 69 15690 | 84.85 | 178.37 0541 . 1965
c 652 | 3.63 80.16 | 4461 . 9173 | 0557 | 1347
M 1.74 . 1.81 2145 | 2220 | 3087 | 1035 -
RPA2000
{SSWP2}
T=100°C
©=10 rad/s
y=50%
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Table A72. Viscoelastic parameters from LAOS - RPA 2000 {FSWP3} test.

G, G" tan, 5 tan, & ratio
Graft y=200% 1=200% 1=200% o)
D | 0=0.5 radis | =10 radis | ©=0.5 rad’s | 0=10 radis | ©=0.5 rad/s | ©=10 radis
[kPa) (kPa} (kPa) (kPa] -] i -] (-1
a i b c j d e ! f [+]
G1 20.81 4520 27.96 4467 1.344 : 0.988 7.09
G2 36.40 55.23 28.66 4168 0.787 0.755 4.60
G3 44.21 63.16 2884 | 36.26 0.652 0.574 4.50
G4 45.41 64.87 2498 | 39.36 0.550 0.607 2.31
G5 31.75 59.58 2740 | 5411 0.863 0.908 3.27
G6 40.99 75.49 39036 | 6820 0.960 0.903 3.76
G7 | 3760 @ 6644 3506 @ 52.06 0.933 0.784 5.30
G8 4776 | 66.12 2828 | 38.05 0.592 0.575 2.94
G9 3306 = 54.27 21.08 | 4168 0.638 0.768 2.10
G10 35.09 77.17 3789 | 7154 1.080 0.927 4.54
G711 | 3506 59.29 26.95 .  49.87 0.769 0.841 3.03
G12 22.76 33.18 1368 . 20.93 0.601 0.631 2.18
G13 19.88 28.74 1438 = 19.27 0.723 0.670 3.20
G14 | 3634 63.40 3095 | 5467 0.852 0.862 3.15
G15 | 4344 63.56 2420 = 4168 0.557 0.656 2.12
G16 32.05 50.78 19.51 30.77 0.609 0.606 1.97
G17 47.90 70.82 30.37 46.78 0.634 0.661 3.23
G18 39.22 61.82 3202 | 4715 0816 . 0.763 4.89
G19 | 3784 = 6204 3706 | 56.03 0980 ; 0.903 6.30
G20 2081 | 27.08 13.08 16.60 0628 | 0613 2.72
G21 3930 | 61.56 25.32 46.99 0644 | 0.763 2.43
G22 | 2650 | 72.04 3181 | 6753 1200 = 0937 4.44
C | 1466 | 4010 | 2313 | 3973 | 1578 0991 690 |
M 067 | 310 2.83 10.73 4240 | 3.466 11.46
B10 — - —_ — _ ] —_

(") - tan dratio = tan, 3 (200% & 0.5 rad/s) / tan 3 (5% & 200 rad/s)
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Table A73. Selected rheological parameters derived

from {FSWP3} test.
Sample C-C plot nC-C plot
ID mC-C p.c.l. nC-C p.c.l. i nC-C quad.
a b ‘ [
G1 29.88 0.67 ! 1
G2 22.93 0.46 : 1
G3 20.36 0.36 1
G4 24.25 0.47 ! -1
GS 38.68 0.68 : -1
G6 44.99 0.62 1
G7 33.79 0.55 1
G8 20.82 0.38 ; 1
G9 29.59 0.63 ‘, -1
G10 53.94 0.72 i 1
G11 33.41 0.62 -1
G12 12.76 0.47 -1
G13 10.14 0.40 1
G14 36.06 0.61 -1
G15 26.67 0.53 b -1
G16 21.86 0.52 | 1
G17 28.20 0.48 | -1
G18 27.40 0.49 1
G19 31.65 0.53 1
G20 7.20 0.31 1
G21 31.11 0.59 -1
G22 58.16 0.82 1
c 30.45 0.76 1
M 8.27 1.08 —
B10 — — —
RPA 2000
{FSwp3}
T=100°C
wo-range
y=200%
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Table A74. Viscoelastic parameters derived from LAOS {HSSWP1} test - L.
Sample | G'(5%/1) ; G™(5%/I) | G'(5%V) | G"(5%/IV)| G'(5%IV1) | G"(%S5IV1) G,'(200%)@G1"(200%)|
ID ¥=5%(ll) Y=5%(IV) | Y=5%(V1) y=200%

kPa]  [<Pa] kPa] ' [kPa] = [kPa] | [kPa] kPa] - [kPa]
a 1 b c 1 d ! e f ! 9 h

G1 7480 | 44.88 7480 ' 4595 | 101.51 ' 66.25 2767 ' 3207
G2 10685 | 36.33 ° 107.92 3847 . 13891 | 66.25 40.32 31.06
G3 | 10685 2778 . 10792 =~ 2885 = 15280 . 59.84 @ 4224 2682
G4 | 10899 @ 2564 11006 = 2885 , 16348 . 64.11 46.78 | 2695
G5 | 10792 = 4060  107.92 4274 = 168.82  80.14 39.57  34.88
G6 | 13036 i 5129 = 12715 = 5449 = 18272 | 8762 = 3960 = 4296
G7 8441 | 4167 | 83.34 | 4274 | 12395 | 6839 & 3405 = 3202
G8 | 11540 | 27.78 | 11754 | 2885 | 17203 | 6411 | 4966 @ 29.06
G9 89.76 | 2351 = 8762 | 2564 | 15387 | 6518 . 3525 = 2508
G710 | 10899 @ 5022 ' 10044 ' 5449 ' 12395 . 75.86 39.14 43.95
G11 90.82 34.19 89.76 = 36.33  139.97 . 67.32 3389 2842
G12 | 7480 @ 16.03 7052 @ 16.03  80.14 = 17.10 23.03 14.89
G13 | 7159 | 17.10 67.32 | 1603 | 7693 | 18.17 23.77 14.57
G14 | 10685 | 40.60 108.99 | 44.88 : 186.99 | 82.28 38.82 35.30
G15 | 9830 & 2564 98.30 2885 @ 152.80 : 58.77 40.96 ' 26.98
G16 | 89.76 19.23 89.76 2030 11860 ' 44.88 34.31 20.12
G17 | 10899 3419 11112 3633 ' 16562 = 65.18 47.76 31.89
G18 | 11647 @ 4060 = 11647 = 4167 | 16241 . 7480 . 4840 35.46
G19 | o91.89 42.74 90.82 | 44.88 | 11860 @ 6625 ; 34.88 33.22
G20 | 67.32 16.03 64.11 1710 | 7052 | 1817 | 22.76 13.56
G21 | 9617 : 2992 @ 9510 . 3206 | 15814 | 6945 | 3952 | 28.52
G22 | 9189 | 4488 . 8762 @ 4915 | 10685 | 6304 | 31.94 38.61
c 5236 : 3954 = 5236 ' 3954 | 6839 | 5449 2084 27.94
M 2030 . 1817 ~ 1389 = 1389 & 1710 | 1710 | 1.76 5.34
Blo | — | - - - ===
RPA2000

{HSSWP}

o=1 rad/s

T=100°C

609



Table A75. Viscoelastic parameters derived from LAOS {HSSWP1} test - I1.

G1'(800%)|G,"(800%)| tan5(5%/1i)

tans(5%/IV) | tand(5%/VI) | tan,5(200%) | tan,5(800%)

Sample ‘ 1

D v=800% r=5%(l) | y=5%(IV) | y=5%(Vl) | y=200% y=800%

[Pa] [kPa) (] H . 63 N
i ; j k ; 1 s m i n )
G1 395 = 1497 060 061 066 ' 1.16 3.79
G2 5.66 16.90 0.34 03 048 0.77 2.98
G3 7.42 18.10 0.26 027 0.40 0.64 2.44
G4 9.89 21.71 0.24 026 - 039 0.58 2.20
G5 9.37 24.13 038 . 040 047 0.88 2.57
G6 9.56 26.26 039 043 0.48 1.09 2.75
G7 5.26 17.50 049 , 051 055 | 094 3.33
G8 831 . 2143 024 | 025 | 037 ' 059 2.58
G9 9.58 ' 2093 026 | 029 | 042 | 071 2.19
G10 8.58 22.49 046 | 054 | 061 1.12 2.62
G11 9.01 19.70 038 | 041 . 048 0.84 2.19
G12 4.78 792 , 021 023 | 022 0.65 1.66
G13 4.52 7.42 0.24 024 ., 024 0.61 1.64
G14 10.90 25.83 0.38 0.41 0.44 0.91 2.37
G15 | 10.93 22.48 0.26 0.29 0.39 0.66 2.06
G16 8.75 14.74 0.21 023 038 0.59 1.68
G17 849 | 2234 0.31 033 . 039 0.67 2.63
G18 6.89 . 20.82 0.35 0.36 0.46 0.73 3.02
G19 488 | 16.66 0.47 0.49 0.56 0.95 3.41
G20 4.43 6.92 0.24 0.27 0.26 0.60 1.56
G21 10.75 21.25 0.31 0.34 0.44 0.72 1.98
G22 756 | 1993 049 | 05 . 059 . 121 264
c 279 : 1213 | 076 ' 076 | 079 | 134 4.35
M — | 18 | 0% | 100 | 100 ' 303 —
goo | — | — | - T - T - T - -
RPA2000

{HSSWP}

o=1 rad/s

T=100°C
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Table A76. Viscoelastic parameters derived from LAOS {HSSWP1} test - III.
Graft | G"(5%0I) iG*(5°/.N|);G;(200%) G,*(800%)| S,°(200%)|S;"(200%)|S+'(800%)|S,"(800%){
D =5% | Y=200% | y=800% v=200% v=800%
kPa] ' [kPa] ' [kPa] | [kPa] , [mb] | [inlb] nb] [inb]
p q r ! [ t u v w
G1 87.23 | 12122 4236 15.48 9.00 10.43 5.14 19.48
G2 112.86  153.90  50.89 17.82 13.11 10.10 7.37 2199
G3 | 11040 16410 5003 1957 1374  B8.72 966 2356
G4 111.97 + 17560 =~ 5398 2386 | 1522 8.77 12.87 = 2825 |
G5 115.31 | 186.88 ' 5275 = 2588 @ 12.87 11.34 1219 © 31.39
G6 140.09 - 202.64 5842 . 27.95 12.88 13.97 1244 = 3417
G7 9414 14156  46.74 18.28 11.08 10.42 6.85 2278
G8 118.70 18359 ' 57.53 22.99 16.15 9.45 10.81 27.89
G9 92.78 . 167.11 , 4326 ' 2302 @ 1147 & 8.16 1246  27.24
G10 | 12000 ' 14532 = 5885 . 2407 . 1273 1430 1116 , 2927
G11 97.05 . 15532 4423 | 2166 @ 11.02 = 924 11.73 . 2563
G12 | 76.49 81.94 2742 926 | 749 4.84 6.22 10.31
G13 73.60 79.05 27.88 8.68 7.73 4.74 5.88 9.65
G14 | 11430 ' 20429 = 5247 28.04 12.63 11.48 1418 - 3362
G15 | 10159 = 163.71  49.04 25.00 13.32 8.78 1423 2925
G16 | 9179 = 126.81  39.78 17.14 11.16 6.54 11.39 19.17
G17 | 11423 177.98  57.43 23.90 1554  10.37 11.05 = 29.07
G18 | 12334 = 178.81 ' 60.00 2193 = 1574 | 1154 . 897 27.09
G19 | 101.35 : 13585 | 48.16 17.36 | 11.34 | 10.81 6.35 21.68
G20 | 69.20 7282 = 2649 | 822 740 1 441 5.76 9.01
G21 | 10071 ' 17272 4874 | 2381 | 1285 | 9.28 1398 . 27.65
G22 | 10226 . 12406 5011 = 2132 | 1039 | 1256 = 9.83 25.93
c 65.61 87.44 3485 | 1244 | 678 | 909 363 | 1578
N N R = A S
B0 | — | — = = - T T =
RPA2000
{HSSWP}
o=1 rad/s
T=100°C
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Table A77. Non-linear stress relaxation parameter from {TEST2} tests.

|

Sample G(40ms) nG(0.1) * nG(1) | nG(10) [ nG(100) nG(400)
ID [kPa] (4 | (4 M | H | M
a ‘ b | c ; d | e ! f
G1 | 1.180E+06 @ 0805 ' 0395 . 0138 .  0.045 /
G2 1.360E+06 0.860 0556 |  0.314 0.146 0.082
G3 1.280E+06 = 0.891 0646 | 0.438 0.258 0170
G4 1.170E+06 '@  0.872 0632 | 0452 | 0294 0.212
G5 1410E+06 - 0823 0503 ' 0302 | 0172 0.118
G6 1.800E+06 = 0.833 |  0.505 0.268 0.127 0.078
G7 1.460E+06 = 0.829 0.463 0.214 0.091 0.057
G8 1.250E+06 0.888 0.646 0.456 0.294 0.210
G9 1.130E+06  0.838 0583 .  0.411 0.264 0.189
G10 | 1.730E+06 : 0769 |, 0421 = 0234 , 0.127 0.087
G11 | 1.320E+06 ; 0841 | 0537 | 0342 | 0207 0.146
G12 | 1.010E+06 = 0.903 0698 0493 0.292 0.192
G713 | 9.110E+05 .  0.906 0.685 0.459 0.250 0.154
G14 | 1.330E+06 .  0.835 0527 0328 . 0.192 0.136
G15 | 1.170E+06 | 0855 0607 | 0436 | 0.287 0.209
G16 | 1.030E+06 | 0883 = 0650 | 0.450 0277 = 0.192
G17 | 1.260E+06 ’ 0.857 0.583 0391 . 0250 = 0.183
G18 | 1.420E+06 .  0.852 0.527 0285 0151  0.094
G19 | 1.410E+06 =  0.837 0.479 0.221 0.085 0.047
G20 | 8.850E+05 = 0904 @ 0681 | 0459 0.251 0.153
G21 | 1.210E+06 . 0843 | 0569 | 0395 . 0.258 0.188
G22 | 1.560E+06 0776 | 0424 | 0222 L0112 0.073
C | 5460E+05 | 0813 = 0394 | 0.131 — I
M — 0767 0313 | 0.116 /! -
B10 ~ - - - = -
1! - Comresponding torque measured below nominal range for the transducer DSR
and reading was rejected. {TEST2)
T=100"C
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Table A8a. {DTMA} parameters - L.

T /E"max(BR-0) | T taNpx 8 (BR-1) | ANy 8 (BR-0) | T /E"nex(ClIR-1) | T MaNggy 3 (ClIR-a)
sample rer rcl | H | rel rel
a b : c ; d e
G1 p.nd. p.n.d. i p.n.d. ' -63.7 -45.1
G2 p.nd. p.nd. ; p.nd. -60.5 426
G3 -88.4 p.n.d. -~ pnd. | 60.8 430
G4 -90.8 -90.7 * 0.084 62.5 n.m.
GS 91.0 -89.5 0.193 % -58.8 447
G6 -90.3 878 0.239 -60.6 441
G7 p.nd. p.nd. p.n.d. ‘ -59.0 -41.0
G8 -88.6 -88.2 0.059 i -57.5 425
G9 -90.6 -89.3 0.141 ', 61.2 426
G10 -80.8 -89.1 0252 | -68.6 443
G11 -90.9 -89.9 0.136 f -60.4 -45.0
G12 -80.0 -87.8 0.156 63.3 4438
G13 -89.7 -87.7 0.163 63.1 447
G14 -89.9 -89.2 . 0212 61.1 447
G15 -90.6 -89.7 0.097 615 45.1
G16 -89.8 -88.1 i 0.128 -60.1 -44.8
G17 -89.7 -89.4 ' 0.086 ! -58.4 449
G18 -90.0 p.nd. p.n.d. -60.3 -45.1
G19 -87.9 -87.5 0.068 -58.1 452
G20 -89.6 -87.4 0.148 -65.2 47.2
G21 -90.0 -89.1 0.142 -59.3 44.8
G22 .  -906 -89.3 0.211 -59.7 44.8
C ; n/a n/a n/a -58.4 -42.6
B10 -92.9 -85.6 2.039 : n/a n/a
M | 913 -89.8 0.097 : -55.5 42.7
avg (1(3) -90.0 -88.8 0.148 | -60.6 443
s(2) 0.36 0.61 ! 0.038 1.25 0.44
min (3) -91.0 ‘ .90.7 | 0.059 i 65.2 472
max (3) -87.9 -87.4 0.252 -57.5 41.0
range (3) | 3.1 » 33 0.193 7.8 6.2
SE(4) | 8.6 j 5.4 5.1 6.2 14.1

(1) - used for statistical purposes only (may not have physical meaning)

(2) - pooled standard deviation from multiple determinations on selected samples

(3) - calculated for grafts only

(4)-df. SE=range /s

(4)-df. SE=range /s
n/a - not applicable; p.n.d. - peak not distinguishable; n.m. - parameter not measurable
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Table A8b. {DTMA} parameters - II.

taNmay 8 (ClIR-a) | T Aan e 5 (CHR-I)|taNmey 5 (CIR-N| INT(tan 5 (BR-z)dT | AT (E-E" cross-overs)
sample {l i rcl | 3] [arb] ‘ {°Cl
f 1 g [ h i i i

G1 1.239 ; 274 L 1581 ! p.nd. ; 46.1
G2 1.168 | 273 ' 1513 . p.n.d. 495
G3 1.173 -27.7 1510 0.04 47.8
G4 n.m. 283 © 1389 0.21 48.8
G5 1.037 -33.1 S 113 0.68 430
G6 0.974 -30.6 ‘ 1.258 ﬁ 1.31 50.8
G7 1.158 247 ! 1.534 @ p.nd. 51.5
G8 1.129 271 : 1.344 ; 0.15 50.7
G9 1.106 -29.8 © 1230 0.55 51.9
G10 0.967 -36.2 . 1030 1.31 46.6
G11 1.065 -30.2 . 1248 0.36 480
G12 1.170 -29.3 1324 0.50 53.4
G13 1.202 ; -32.2 1333 0.31 54.4
G14 1.095 | -34.0 L1451 ': 1.03 436
G15 1.144 -324 1356 | 0.36 47.6
G16 1.128 -30.3 1.324 0.43 50.4
G17 1.123 -29.5 1422 0.23 50.0
G18 1.147 ! -27.7 1586 p.n.d. 49.3
G19 0.989 :, -24.0 . 1545 l 0.00 483
G20 1.208 ! -335 1306 | 0.44 52.8
G21 1.078 -316 © 1248 0.57 489
G22 1.018 -31.2 . 1136 1.00 44.4
c 1.143 -28.3 : 1.591 : n/a 50.0
B10 n/a n/a ‘ n/a : n/a n/a
M 1.097 -23.7 1545 0.17 53.1
avg (1)(3) 1.110 -29.9 § 1.340 0.53 49.0
s(2) 0.049 1.36 ﬁ 0.098 : 0.269 2.72
min (3) 0.967 -36.2 ; 1.030 ; 0.00 430
max (3) 1.239 | -24.0 1.586 1.31 54.4
range (3) 0.272 f 12.2 0886 1.31 11.4
SE (4) 56 | 8.9 ; 57 ! 49 42

(1) - used for statistical purposes only (may not have physical meaning)
(2) - pooled standard deviation from multiple determinations

(3) - calculated for grafts only

n/a - not applicable; p.n.d. - peak not distinguishable;

n.m. - parameter not measurable
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Appendix VI

Interrelations between structural and compositional parameters

Parameters quantifying the principal features of the branching structure; M, N, and whE
chemical composition; w® and w*” as well as parameters characterizing some of the potential
interferences such as PDJ and vinyl (wt%) content, were screened for correlations, further
referred to as “interrelations”. Understanding of these interrelations, which might exist
between any given pair of structural or compositional parameters is very important for proper
interpretation of the relationship between structure and composition and parameters

representing rheological properties of the grafts.

JMP® is an experimental design & statistical analysis software developed by The SAS
Institute Inc. and it offers a platform for screening correlations among many variables having
relatively few observations. The JMP prediction profiler displays simultaneously prediction
profiles (Figures AppVIa and AppVIb) for all combinations of relevant parameters.

A summary of the correlations expressed by t-Ratio' values is given in Table AppVI. Several
detected interrelations are interpreted below, based on prediction profiles and corresponding

t-Ratios.

(a) Interrelation Mpb//Ng”

For combs, in principle, branch length is not related to the number of branches attached to a
backbone. For the portfolio of samples under study, an apparent correlation (t-Ratio: -2.83)
was found between parameters N,” and M,,[’ . This is due to highly preferential combinations

of branching parameters which was caused by experimental difficulties in preparing grafts

! - t-Ratio is defined as the ratio of the parameter estimate (i.e. coefficients of the linear model) to its standard
error.
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with certain branching characteristics. For example, it was impossible to produce samples
having simultaneously a high branching number and long branches. Most of graft samples
have either short branches or low branching number, with only a few having intermediate
values of both specific branching parameters. However, no samples with long branches and,

simultaneously high or even an appreciable number of branches could be produced, due to
low and rapidly decreasing grafting efficiency and purification effectiveness. This statistical
condition, analogous to non-randomized sampling, is reflected in the prediction profile by
negative slope of the trace and large error bars (Figure AppVlIa, top square in the left

column).

. b, b b,
(b) Interrelations w¥//M,’” and w’¥/N,

These interrelations, (which are not statistically significant at 95% confidence level) reflect
an analytical relation existing between the branch content, w*€ and the principal branching
parameters (wb'g ~ Mpb . Ng” , cf. also equation 3-7), valid for comb-type molecules based on a

common (identical MWD) backbone.

(c) Interrelation wb"'//Mpb

Strong, positive interrelation between M, and w*”" (t-Ratio=+7.75, Prob>[t|<0.0001) is a
result of rapidly decreasing effectiveness of uncoupled BR removal with increasing branch
prepolymer MW. This results in rapidly increasing w™ content with increasing branch
length. The relative strength of correlation between any rheological parameter and w™* or Mpb
may provides a clue whether a given rheological property is influenced primarily by branch

length or rather by molecular weight and content of ungrafted BR.
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. boagb
(d) Interrelation w'//M,

Due to the extremely strong correlation between w’// w*# | which reflects the simple fact that
the majority of reactive, branch prepolymer molecules actually grafted onto CIIR. Separation
of effects coming from branch length and graft chemical composition, w’ can be difficult.

Branching number, N/, is free from statistically significant interrelations.
Other weak interrelations exist - Figure AppVIb, but they are either not statistically

significant or not relevant to interpretation of rheological measurements in terms of the LCB

structure.

Table AppVI. Interrelations between structural and compositional parameters:
t-Ratio table.

t-Ratiovalues | M," | N;* | w™ | w™ | w® | PDI | vinyl
M,°
NP -2.83
wb'g + +
wob +7.75| - +
w’ +304| 0 |+149] +3.96
PDI 0 0 0 0 .
vinyl - 0 - - -2.58 +

values of t-Ratio given for statistically significant correlations only

*-’ - negative, non-significant correlation with [t-Ratio| values below 2.50 (95% conf. interval)
‘+* - positive, non-significant correlation with |t-Ratio| values below 2.50 (95% conf. interval)
‘0’- [t-Ratio| values below 1.00
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Figure AppVIa.

Prediction profiles for interrelations between structural

and compositional parameters - L.
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Figure AppVIb. Prediction profiles for interrelations between structural
and compositional parameters - II.
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