












































































































































































































































































































































































































































































































































































































































































































































































































































































































Among various methods used to measure transitions in polymeric materials, the dynamic 

thermo-mechanical methods became one of the most popular, due to their good sensitivity 

and resolution, as well as availability of reliable and automated instruments [373]. A typical 

experimental DTMA configuration include a temperature sweep with oscillation of a constant 

frequency and at small strain amplitudes, which are continually adjusted to stay within the 

L VE range of the material response. The strain amplitude adjustment is usually necessary to 

keep the signal ( force or torque) within the capabilities of a transducer, which has to track the 

modulus changing over 3 decades of magnitude across the transition zone. 

In this project the RSA-II was used to apply the small strain-amplitude oscillations in 

tension, over a temperature range wide enough to capture the entire transition zone, 

corresponding to both parent polymers, CIIR and BR. 

Experimental aspects of the DTMA experiments were described in Chapter 5, section 5 .3, 

and test conditions are detailed in Appendix IV, Table B. DTMA temperature scans were 

collected for all samples, at least in duplicate, including those for parent polymers. Only 

representative DTMA spectra are included in Appendix V, for parent polymers, samples C 

and BIO in Figures A8C and A8B10 respectively, as well as for grafts: G2, 03, 06, 016 and 

022 in Figures A8G2, A8G3, A8G6, A8G16 and A8022 respectively. 

A typical DTMA spectrum for the CIIR-g-BR copolymers is shown in Figure 8-1. 

The main transitions observed in the spectrum were identified as: the a-transition for the BR 

(see section 8.2) and a. and 11 transitions for the CUR (section 8.3). No higher order 

transitions (f3, y, ... ) could be identified within the range of temperatures examined. 

The E" or tan o peaks corresponding to these transitions are the main features of the transition 

zone of the viscoelastic behaviour of the graft copolymers studied. For the purpose of 

studying the structure-property relationship, they can be conveniently parametrized in terms 
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Figure 8-1. Definition of {DTMA} rheological parameters. 
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of the E" and tan o 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 o(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"mu (BR-a) 

(b) T ltanmu 5 (BR-a) 

(c) tanmax a (BR-a) 

(d) T /E" max (CUR-a) 

(e) T ltanmax a (CUR-a) 

(t) tanmax a (CUR-a) 

(g) T ltanmax a (CIIR-U) 

(h) tanmax a (CIIR-11) 

(i) INT(tan a (BR-a)) dT 

G) AT (E'-E" cross-over) 

- temperature corresponding to maximum of the E·(T) peak 
(BR ex-transition) 

- temperature corresponding to maximum of the tan a peak 
(BR ex-transition) 

- maximum value of the tan a, corresponding to BR ex-transition 

- temperature corresponding to maximum of the E"(T) peak 
(CIIR ex-transition) 

- approximate temperature corresponding to the maximum 
tan a (CIIR ex-transition) 

- maximum value of the tan a peak corresponding to the CIIR 
a-transition 

- temperature corresponding to the maximum of the tan a peak 
(CIIR II-transition) 

- maximum value of the tan a at the peak corresponding to 
CIIR II-transition 

- temperature integral of the tan a, corresponding to BR ex-transition, 
integrated over the temperature range of -100°C to - 80°C 

- difference between temperatures corresponding to the E' -E• 
cross-over points; a measure of the width of the tan a (CIIR-a+II) 
damping peaks 
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Small but systematic differences exist between the position and height of the E"(n and tan 

B(n 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 rxy coefficients1 is included in Table 8-2. 

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

' I i I I Branch j Number of Branching! Graft MW I Graft ch~_m. I' Interferences 
length 1 branches content . composition 

I I : 

Mb I NP 
I 

.J',D MzG I w' .J',h 
p D I POI vinyl 

2 3 4 5 6 7 8 

T /E"max (BR-a) a 0 0.7977 0 0 0 

T ltanmax 6 (BR-a) b 0 + 0 0 0 0 I 0 0 

tanmu 6 (BR-a) C + 0 + + 0.8581 i o.8631 I 0 0 
I 

T IE"max (CUR-a) d 0 -0.8126: 0 0 0 0 0 

T ltanmax 6 (CUR-a) e 0 0 0 0 0 0 0 0 

tanmu 6 (CIIR-a) f 0.8148 ' 0 0 0 0 + 

T ltanmax 6 (CIIR-11) g 0 -0.7987 I 0 0 0 

tanmu 6 (CIIR-11) h -0.7462 0 -0.7950 0 0 

INT(tan 6(BR-a))dT 0.7946 0 0 + 0.7784 ! 0.8599 0 0 

DT(E'- E" cross-over) + 0 0 0 0 0 0 

zero indicates that lrxyl < 0.5000 

"-" indicates: -0.7500 < lrxyl < -0.5000 

"+" indicates: 0.5000 < lrxyl < 0.7500 

rxy value given for jrxyl > 0.7500 

1 Pearson product moment coefficient. rxy, 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.l, 1995, p. 317]. 
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8.2 DTMA of the branch precursor polymer, BR 

For the BR both E" and tan o peaks corresponding to the a-transition, have a typical 

(unimodal) shape, as shown in Figure A8810 in Appendix V, section 8. 

The abscissa of the E" peak maximum, the TIE" mu (BR-a.) parameter, was reported as one 

of the temperatures in a DTMA spectrum best approximating glass-transition temperature, T g 

[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 ~ 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" mu (BR-a.) values [375]. 

The temperature TIE" mu (BR-a.) obtained in this study for pure polybutadiene (sample B 10), 

-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 o 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 o 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 a.-transition (Figure A8C in Appendix V, section 

8) [352,382, 384], while a more pronounced peak on the tan o(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 II-transition peak is still not clear [379], although several 

explanations were offered [380,383]. 

Temperatures corresponding to the tallmax o (CIIR-a.) and lanmax o (CIIR-ll), 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 o 
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 a­

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 8 value for the comb-type branched polymer is frequently similar to that of the linear 

homologue. However, when the ratio of chain ends to M0 b becomes high, the T 8 of the 

branched polymer with comparable M/, 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 T8 [109]. 

The difference between T 8 for linear polymers and that of chemically equivalent comb-like 

molecules will always result from the balance between the effects of end groups (lowering 

T g), branch points (increasing T g) 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 CIIR-g-BR graft copolymen 

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

I. £''(BR-a) peak position - Table A8a, col.(a), Table 8-2, row (a) 

Shift of the E"(BR-a) peak (upon grafting) toward higher temperatures is small but 

consistent. The T IE" max (BR-a) is -92.3°C for sample B 10 and within the -87 .9 to 9 l.0°C 

for grafts. Temperature shift of the E"(BR-a) 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: 

wb t => T IE" (BR-a) t max 

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

As compared with the value ofT IE" max (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, Ng and the shift direction suggests a dominating role of 

the sidechain-ends. 

Ng t => TIE" max (CilR-a) .J.. 

B Loss tangent peaks, tan 8(T) - corresponding to a-transition for BR, and a and ll 
transitions for CIIR 

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

Tan 6(BR-a) peak is consistently positioned at lower temperatures for grafts than it is for 

sample BIO (-85.6°C) (T /tanmax 6(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) pe~ 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 8 (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 o (CIIR­

a) peak is observed. Significant spread of the T /tanmax o (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 o (CIIR-a) peak. 

b) CIIR-11 transition - Table A8b, col. (g), Table 8-2, row (g) 

The position of the tan o (CIIR-11) peak can be confidently related to the chemical 

composition of the graft. Increasing the overall content of the BR tend to decrease the 

T /tanmax o(CIIR-U) of the grafts, 

wb t => T /tanmax o(CIIR-U) -!, 

3. Tan 8 (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 ([) - peak area 

The height of the tan o (BR-a) peak appears to be strongly controlled by the content of the 

ungrafted BR, wbJt_ Judging by a positive correlation between wb,h and tanmax o (BR-a), the 

slightly weaker correlation which exists between wb and tanmax o (BR-a) can assumed to be 

due to interrelation between the wb and wb,h structural parameters. In fact, the effect of 

increasing wb associated with the increased branching content, wb,g, would have an opposite 

effect on the tanmu o (BR-a) parameter than that caused by an increased dilution of the graft 

by linear and short BR branches, therefore, 
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wb,h t => tanmu o(BR-a) t and 

wb t => tanmu o(BR-a) t 

The size of the tan o (BR-a) peak - represented by the value of the INT(tan o(BR-a))dT 

parameter, is also in proportion to the wb.h_ A strong correlation between the M/ and peak 

area, suggested by a screening analysis (Table 8-2, row (i), col. (I)), is believed to be merely 

a result of a strong interrelation between MP b and wb.h parameters (see Appendix VI), 

wb,h t => INT(E' -E" cross-over) o(BR-a) t and 

wb t => INT(E' -E" cross-over) o(BR-a) t 

4. Tan 8(CIIR-ll) peak height- Table A8b, col. (h), Table 8-2, row (h) 

The height of the tan 8(CITR-ll) peak appears to be inversely proportional to the BR content 

and this fact remains difficult to interpret, 

wb t => tanmu 8(CIIR-ll) -l-

5. Tan 8(CIIR-a) peak height - Table A8b, col. (/), Table 8-2, row (I) 

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

parameters, particularly Ng. Tanmu o (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, 

Ng t => tanmu 8(CIIR-a) t , and to lesser extent, Mb t => tanmu o(CIIR-a) -l, 

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

short branches. 
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6. Width of the tan 8(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+ll) pe~ 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\ wb.h) on the DTMA spectra, prevails 

over those which could be directly traced to the branching structure (Mb, Ng), 

(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, 

(c) Similarly, neither the overall branching content (wb'8) nor the molecular weight of the 

graft CMz 0 ) were shown to have a statistically significant effect on the DTMA 

spectrum, in the temperature range between -100°C and + 20°C, 

(d) The number of branches primarily influences the parameters of the a-transition 

corresponding to CUR, 

( e) The 11-transition in the CUR tan o spectrum appears to be controlled mostly by the 

chemical composition of the graft, wb. 

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 CUR-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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9.1 Summary 

Chapter9 

Summary and conclusions 

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 9-1 a, 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-la. Summary of results - I. 

# Issue Experimental Main result / significant relationship / observation Text ref. 
Table 5-2 

ref. 

T=100°C, y=5%, • no statistically significant correlation between branching parameters 
ro=0.2 rad/s (Mb, N9, v/'·9) and G* at low co 

complex T=100°C, y=5%, • barely statistically significant correlations 6.3 
1 modulus, G* co=1 rad/s (as shown immediately below) 

(LVE) T=100°C, y=5%, • Mb t => G* t 6.3 

co=200 rad/s • N t => G* J. g 7.3 
• G*,;, f (vi', v/'·9, Mz 0 ); G* is not related to neither vi' nor v/'·9 nor Mz G 

2 
storage modulus, T=100°C, y=5%, • grafting=> G' tat any (Mb, Ng) combination, up to 2.5x with reference 

G' co=1 rad/s to sample C, 7.3 1.1.1 

~ • blending => G' J. (2.5x for sample M, as compared to sample C) - 3 
loss modulus, T=100°C, y=5%, 

all above conclusions for G* are applicable here as well 
Table A73a 

co=0.2, 1 & 200 rad/s • G" 

4 
plateau modulus, T=30°C, y=5%, 

• Mb t => G"(plateau) t 6.1.2 G"(plateau) (co=0.001-1 00rad/s) 

T=30°C, y=5%, • v/'·9 t => tan 6 .J, ' grafting reduces tan 6, most significantly at lower co, 6.1.2 
m=0.001 rad/s • Mb t at N9=const. => tan 6 J. Flg.6-9 

5 loss tangent, • N9 t at Mb =const. => tan 6 .J, 

tan 6 
T=100°C, y=5%, • v/'·9 t => tan 6 .J.; grafting reduces tan 6; 7.3 

co=1 rad/s 

frequency-
T=100°C, y=5% monotonically Increase with co for all grafts, 6.3 dependence of • 

6 the complex (co=0.001-1 OOrad/s) - weakest co-dependence for graft with multiple short branches Fig. 6-29 1.1.2 
modulus, G*(co) - strongest co-dependence for graft with few long branches 



Table 9-1 b. Summary of results - II. 

# Issue Experimental Main result / significant relatlonshlp / observation Text ref. Table 6-2 
ref. 

gcaftlllD!i!f.l[ 12Ql~m!i!C§ f.lli QQffil2iU!i!d Wilb IID!i!f.l[ 12Ql~m!i!C§: 

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 ro-dependence, slope G(ro) for both G' and G" at the 6.1.1 
7 moduli, lowest ro, 7.2.4 

G'(ro) and G"(ro) • slope of G'(ro) and particularly G"(ro) In the ro-range corresponding to 
(LVE) plateau zone, Is higher for grafts than for linear molecules, 

• existence of the second plateau due to branching; position (ro-scale) 
appears to be related to Mb and Its depth to a Ng 

frequency-

t 
N 

dependence of 

8 dynamic moduli, T=100°C, y=5% • Mpb t => slope G'/G"2 ,I.. , for ~.h <10% 
slope G'/G"2 (ro=0.001-1 O0rad/s) 

(0.001) 6.1.2 1.1.2 

frequency-
M/ t => slope G"(0.001) ,l.; (for M/ <M.b, M/= 10,000-11,000) dependence of • 

9 M/ t => slope G"(0.001) t ; (for M/ >Meb) the dynamic • 
moduli, • Nl t => slope G"(0.001) ,l. ; plateau at N/ > 8-10 

slope G"(0.001) 

frequency- • each type of graft copolymer LCB structure can be Identified by specific 
10 dependence of shape of the mC-C plot contour; systematic variations In either of specific 6.1.4 

the dynamic branching parameter will Induce regular changes In mC-C contour shape 
moduli, mC-C plot 

frequency- T=30°C, y=5%, • ro-dependence for grafts Is generally lower than for linear polymers; 6.1.2 
dependence of (co=0.001-0.1rad/s) dependence of the tan 6 upon branching structure and composition of the 7.2.3 

11 the loss tangent, graft depends upon frequency, Flg.6-9 
tan 6 (co) • It relates best to ~.g at co=0.001 rad/s Flg7-17 

• Mb and Ng at ro=0.1 rad/s, with possible contributions from ~.h 



Table 9-lc. Summary of results - III. 

# Issue Experimental Main result / significant relationship / observation Text ref. Table 5-2 
ref. 

frequency- • 'l(co) fits very well Power Law Model for well-developed branching structure, 

12 
dependence of T=30°C, y=5%, • Mb t => n(0.001-100) t, at ~.g < 10% 

the complex 
(co=0.001-1 00rad/s) • N t => n(0.001-100) .l., at y/',u < 10% 6.1.3 1.1.2 

viscosity, 'J. u => n(0.001-100) ,1., at ~.u > 10% n(0.001-100) • 

y=5%, • f/T shift quality: - deteriorates with ~.g t, Mb t or Ng t, 

13 time-temperature (co=0.001-1 00rad/s), • correspondence between master curves and correspondi, Isotherms as 

superposition (f=30(25)130°C) ref. - Is surprisingly good but decreasing in accuracy with .u tor Ng t, 6.2.1 1.1.3 
• fit to Arrhenius/WLF equations: - generally successful with exception for a 

few grafts with either very long branches, Mb or with highest frequency, Ng 

~ w 

thermo-
CIIR-g-BR copolymers are considered thermo-rheologically complex 14 rheological T=30-130°C • 6.2.2 1.1.4 

complexity materials based on the chemical heterogeneity and immiscibility of the 
parent polymers, 

• success of t/f-T shift is a necessary but not sufficient condition for 
thermo-rheological simplicity 

temperature-
• obtained results are not conclusive; superposition of effects from chemical dependence of 

15 dynamic moduli, T=30-130°C composition and LCB has on the coefficients representing the temperature- 6.2.3 1.1.5 
G'(T), G"(T) or dependence of viscoelastic functions is apparent, with the former prevailing. 

c1, Cz, Ea No systematic relations between c1, Cz or Ea coefficients and LCB 
parameters could be derived with acceptable statistical confidence 

T=30°C, y=10%, branching significantly slows down stress relaxation process: 6.4 
(t=0.1-up to 10000s) 6.5 time-dependence • Ng t => nG(t') t at any t' within the tested range 

16 of the stress T=100°C, y=5%, • wb,h t => nG(t') ,1. at shorter relaxation times, t<100s 6.6 
relaxation (t=0.1-400s) • presence of unattached, low MW branch precursor molecules "speeds-up" 1.1.3 

modulus, nG(t) 
T=30°C, y=10% 

relaxation at shorter times, details depending upon Mb and ~.h 6.4.1 
6.4.2 

(t=0.1-1 0,000s) 



Table 9-ld. Summary of results - IV. 

# Issue Experimental Main result/ significant relationship / observation Text ref. Table 5-2 
ref. 

T=30"C, y=10%, 
6.4.2 

• average slope of the nG(t), depends on the number of structural and ... 
(t=0.1-10,000s) 17 !slope nG(t)I compositional variables; jslope nG(t)I = f(Mb, Ng, v/'·g, wb,h, vi'), with relative 

T=100"C, y=5%, 
contribution from Individual factors depending on the relaxation time 6,6 

(t=0.1-4005) 

... 
T=30"C, y=10%, Ng t => INT G(t)dt t {plateau at Ng> 6-7) 

6,5 
18 INT G(t) dt • Fig. 6-42 

(t=0.1-1000s) • average rate of decay = f(w'·~ 

... T=30"C, y=10%, 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 

T=100"C, y=5%, 
branches Ng, while delay in onset of significant decay of the relaxation 

(t=0.1-400s) 
curve depends on length of the branches (M~ 

20 ... T=100"C, • Mb t => nG(t=1000) t; (plateau at M/ < ~10,000) 6,6 
nG(t=1000) y=5%, • Ng t => nG(t=1000) t; (plateau at Ng> ~4,5) 

... t=0.1-400s wb,g t => nG(t) t 21 nG(t) • 

• Mb t => y,/ve J, at Ng =const. 
strain- c.f. text and • Ng t => y/ve J, at Mb =const. 

22 dependence of App. IV, Table A, (Mb J, & Ng t) at (Mb • Ng) = const. => y/VE J, 5.2,4,2 
the storage • 

for details modulus, y,/ve • T t => y/ve t at co =const. 

• co t => Ya LVE J, at T =const. 1.2.1 

strain-
dependence of • 

23 T=100"C, (y=50 - • y t => G' J, at ro, T=const. (weak dependence) 7.2.4 the dynamic 200%), co=1rad/s 
modulus, G'(y) 



~ 
VI 

Table 9-le. Summary of results - V. 

# 

24 

25 

26 

27 

28 

29 

30 

Issue 

strain­
dependence of 

the loss tangent, 
tan li(y) 

strain­
dependence of 

the storage 
modulus, 

G'(2%) - G1(50%) 

strain­
dependence of 

stress relaxation 
modulus, G(t, y) 

complex 
modulus, G1 • 

(NLVE) 

complex 
modulus, G,* 

(NLVE) 

stress relaxation 
modulus, 

G(40ms), G(1) 

dynamic moduli, 
G1', G1" 

(NLVE) 

Experimental 

T=100°C, (y=50 -
200%), co=1rad/s 

Main result / significant relationship / observation 

• grafting => tan1 6(y, co) J. 
• y t => tan 6 t at co, T=const. (weak dependence) 
• flat co-dependence for grafts 

T=100"C, co=10rad/s 1 • N/ t => (G'(2%) - G1(50%)) J. (to a plateau) 

T=30"C 
(y= 3-50%) 
(t=0.1-1000) 

T=100°C, y=50%, 
co=10rad/s 

T=100°C, y =200 
and y=800%, 

co=1rad/s 

T=100°C, y'=75% 

T=100°C, y=50%, 
co=10rad/s 

• values of the Ya LVE obtained during variable-strain amplitude stress 
relaxation experiments are comparable to those obtained by dynamic strain 
sweep 

• Mb t => G1* t (wb,g > 10%) 
• Ng t => G1* .,I.. 

• Mb t => G,* t (~,g > 10%) 
• Ng t => G1* J. 

• Mb t => G(t') t for ~.g > 15%, t'=40ms - 1 s 
• Ng t => G(t') J. for M/ > 7,600, t'=40ms - 1s 

• G,': Mb t => G,' t and Ng t => G,' J. 
T=100°C, y=200 and 1 • 

800%, co=0.5 and • 

G1": Mb t => G1" t (wb,g > 15%) and Ng t => G1" J. 
~.h might modify G1", especially at high co 

10 rad/s 

Text ref. 

7.2.3 

7.1 

5.2.4.3 

7.1 

7.3 

7.4 

7.1 

7.2.1 
7.3 

Table 5-2 
ref. 

1.2.1 

1.2.2 

1.3.1 



Table 9-lf. Summary of results - VI. 

# Issue Experimental Main result / significant relationship / observation Text ref. Table 5-2 
ref. 

T=10o~c, y=50%, • Mb t => tan, 6 t 
ro=10 rad/s • N t => tan, 6 J. 7.1 

• 'J,h has been Identified as a possible Interference at higher ro 

loss tangent, 
T=100"C, y=200%, 31 tan, 6 7.2.1 

(NLVE) ro=0.5rad/s • vf',g t => tan1 6 J, (to a plateau) 1.3.1 

T=100"C, y=800%, 7.3 
ro=1rad/s 

~ 
32 tan1 6 ratio T=100"C, • vf',g t => tan1 6 ratio J, for wb,h < 0.4% 7.2.1 

(def. Tab.7-3) y=200%, ro=0.5rad/s 

°' frequency- T=100"C, • G, '(y, ro) > G1 • (y, ro) for any y & ro combination within the range 
33 

dependence of y=50-200%, ro=0.5- • G1 • (y, ro) Is more sensitive to details of LCB structure than G1 '(y, ro) Is 7.2.4 1.3.2 
dynamic moduli 

G,'(y, ro), G1"(y, ro) 200rad/s, depending • G1 • (y, ro) at low strain amplitudes (LVE) better correlates with branching 

(NLVE) 
upon yvalue parameters, while applications of higher strains Improves test sensitivity 

frequency- • grafting will lower tan, 6(y, ro) as compared with backbone prepolymer (C) 
dependence of • both strain and ro-dependence for tan, 6(y, ro) Is much lower for grafts 

34 the loss tangent, T=100"C, • Mb t => tan, 6(y, ro) J, and tan, 6(y, ro) Is less co-dependent 7.2.3 
tan1 6(y, co) y=50, 100, 200%, • Ng t => tan1 6(y, co) J, 

(NLVE) co=0.5-200 rad/s, • first two statements would be are just opposite for a blend (sample M) 1.3.2 

frequency-
depending 

In general, mC-C p.c.l. = f(Mb, Ng, wb·~ 
dependence of 

upon yvalue • 
35 

dynamic moduli • Mb t => mC-C p.c.l. t 7.2.2 

mC-C p.c.l. • Ng t => mC-C p.c.l. J, at v/'·g < 10% (plateau at vf',g > 10%) 



Table 9-lg. Summary of results - VII. 

# Issue Experimental Main result / significant relatlonshlp / observation Text ref. Table 5-2 
ref. 

effect of LAOS 
LAOS: no LAOS effect on G'(5%M) observed 

7.3 
(large-amplitude • Fig. 7-28 
oscillatory shear) y=200%, • only small effect on G"(5%M) and tan 6 (5%M) Fig. 7-29 

36 G'(5%M), ro=1rad/s; 1.3.3 
probing oscillations: 

G"(5%M), y=5%, ro=1 rad/s 
• significant increase of dynamic moduli (particularly G") observed tan6(5%M) 

marginal effect observed for grafts with high N11 and low Mb 
7.3 

• Fig. 7-30 
• highest effect for branching structure with Intermediate Mb, N11 but high ~·11 

• grafting slows down G(t) resulting In flatter G(t) response, effect 

~ 
-...J 

large-strain Increasingly more significant with increasing relaxation times (within 400s 

stress relaxation, T=100°C, range) 

37 G(y', t) ren=-75%, . most effective in retainini implied stress is branching structure having 7.4.1 
(NLVE) t>-1 s, t<400s certain combination of M & N11 

• Mb t => G(y', t) t at ~-11 > 15% 1.3.4 
• N11 t => G(y', t) .J, at M/>7,600 

large-strain • Mb t => nG(0.1) ,l, 
38 stress relaxation, T=100°C, • N t => nG(0.1) t @ M/ >5,000 7.4.2 

nG(t=0.1) r,~75% • 'J.h is a factor for nG(t) for t < 1 Os (NLVE) 

• ~ t => T /E"mu. (BR-a) t 
temperature- T=-80 to +40°C I.e. E"/(BR-a) peak drifts toward higher temperatures with increasing BR 8.5 

39 dependence of y =2% (adj.) content Fig. 8-2 2.1.1 
dynamic moduli ro =70rad/s • N11 t => T /E"mu. (CUR-a) .J, 

E'(T), E"(T) i.e. E"/(CIIR-a) peak shifts toward lower temperatures with increasing 
branching frequency 



Table 9-lh. Summary of results - VIII. 

# Issue Experimental Main result / significant relationship / observation Text ref. 
Table 5-2 

ref. 

BR-tan & peak: 
• grafting => T ltanmu 6(BR-a) ,1, 

i.e. tan 6 (BR-a) peak drifts toward lower temperatures upon grafting 

• wb,h t, wb,g t or wb t => tanmu 6(BR-a) t 

• ~.ht, ~.gt or ~ t => INT tan 6(BR-a) t 
i.e. height and the area of the E" /(BR-a) peak increases with BR 
composition (~·h, vi') 

temperature- T=-80 to +40"C QIIB-11 tan 6 peak: 8.5 
40 dependence of y =2% (adj.) 

~ t => T ltanmu 6 (CIIR-11) .J. 
Flg.8-2 2.1.2 

loss tangent, ro =70rad/s • 
tan 6(f) • wb t => tanmu 6 (CIIR-11) .J. 

~ 
00 CUR-a tan & peak: 

• Mb t => tanmax d (CIIR-a) ,1, 
• Ng t => tanmax d (CIIR-a) t 

CUR (a+II) peak: 
• Mb t narrows and Ng ,1, widens the double-peak 

• 2-phase micro-morphology (CUR - continuous phase, BR - discrete) exists 

TEM at RT 
as per combined TEM/DSC/DTMA evidence, 

• domain size appears to depend primarily on the chemical composition of 
DSC (-120 to the graft, 

+200°C) • grafts with small ~ and/or short branches result In major continuous phase 
41 phase SEC (30°C, In (CIIR) and minor Isolated domains (BR), for samples with high wb content, 4.5 3.1 

morphology solution) evidence of two co-continuous phases exists (fEM), 
• TEM was confirmed as the most reliable tool for morphology studies and DTMA (-80to could be used as a benchmark to assess the sensitivity of other analytical +40"C) tools, which can be rated as: 

TEM > DSC > DTMA » SEC 



~ 
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Table 9-li. Summary of results - IX. 

# Issue Experimental Main result/ significant relatlonshlp / observation Text ref. Table 5-2 
ref. 

• 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 NB =const. 
structure c) Ng at M =const. 

(qualitative Isotherms (T=100°C) d) certain Mb and Ng combination 
characterization obtained within the 

42 of the branching same frequency • for nC-C plot. its contour shape is invariant of graft's: 
structure), range 1) explicit chemical composition, wb, 7.5 3.2 

(ro=0.005-5 rad/s) 2) overall molecular weight, Mz 0 

Isothermal 3) common structural Interferences, POI and vinyl wt% 
nC-C plot 

Effect of ungrafted branch precursor polymer, ~-h , If detectable, Is limited to the mC-C plot 
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. 

characterization 
a) slope [G'/G"i at 0.001rad/s 6.1.2 ofLCB by length of the branch, 

43 rheometrical 
Mb b) n(0.001-100) - from TJ*(ro) data 6.1.3 

techniques 
branching number, a) slope G"(0.001) 6.1.2 (solid-state) 3.3 

Ng b) G'1(50%) or G1*(50%) 7.1 

branchlni content, a) n(0.001) - from TJ*(ro) data 6.1.3 
w ,g b) tan 6 ratio 7.2.1 

*/ 1) the structural parameter (either Mb or Nu or ~-u) 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, wheres and Rare 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'J 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 transition 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'J and the 

(average) number of branches per backbone of the graft molecule, Nt. An overall measure of 

the branching present in a polymeric system, such as overall content of branches, wb,g 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-B~ which is 4 to 5 times the 

molecular weight between entanglements, Mc , 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 wb,g, 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 0.00 l rad/s at l 00°C for the majority of grafts. Branching tend to 

elevate both G'(co) and G"(ro) curves and but the effect is particularly pronounced for storage 

modulus in a terminal zone. The depth of resulting G'(ro) - G"(co) separation depends on the 

number of branches (Ng), while the position of the corresponding tan 6 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 (M1), the number of branches (Ng) and the content (as 

well as its average MW~ M'J of the ungrafted portion of the branch prepolymer (wb· h). 

While the effect of wb· h 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' > 1 00s was found to correlate well 

with the overall branching content, wb· g. 

5. Frequency dependence of complex viscosity 

Frequency dependence of complex viscosity, Tl*( co), fits very well to the Power Law relation. 

The slope of the log Tl* - log co line relates to branching content, wb,g at wb,g > 10%. At lower 

branching content (wb,g <10%) shear-thinning more closely correlates with specific branching 

parameters (Mb, Ng). 

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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1. Effect of the overall molecular weight of the graft, M:G 

For the spectrum of rheological properties examined, no explicit relationship between the 

overall molecular weight of the graft CMz °) 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, wb.h 

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 (P Dl vinyl%) 

Neither the polydispersity of the MWD of branches (POI) 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, wb,g. 

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 (L VE) provided better correlation with specific branching 

parameters than its large-strain counterpart, while large-strain dynamic experiments (NL VE) 

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 o 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 9-1 h, 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 9-1 i). 
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15. Techniques 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-li, 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 ofCIIR-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 [ 4 7] 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 characteriz.ation 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 characteriz.ation 

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, 

- rheological 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 (1-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 
columnX. 

Areas in Table Al 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 a (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. 

LINEAR VISCO-ELASTIC NonLINEAR VISCO-ELASTIC Other 
types 

plateau & terminal shear extension of flow 
glassy & 

steady 
• /dafor-

transition tensile mation 
dynamic transient or dynamic transient steady bi-axial 

limiting planar 

I/II Ill IV V VI VII VIII IX X 

Regular 
A1 -6 A7-28 A26 A10 -27 A40 A3 A10 A46 

'A A29-30 A29 A27 A45 stars A31 -42 A41 -44 
-·-············--------··-: -·····- ····-··--·················--········-····--------····----··········-·----·--··-··----·-·••:----·-···············-···········-··-·--·---······---· .. ··· .. ·••-.··················: •.••...........•.....• 

Regular 
combs 

B1 -2 A39 
83 

A36 
84 

. . 
A39 
B5 

B5-6 

-------·-·········-····· •• ----···················-················································· .. ··············:···················-·--···················-································-········: ···•·················· 
Other 83 83 

!! regular • C C1 C1 
o structures • . , I Star/linear i AS A 15 A30 A 15 : ••• -·········· • •••• -·· 06 •••··•• ••···•·· ···••···· : ·• 

~ Comb/linear: Ds A25 05 A25 i blend • 01 -4 01 

~ Random/ 010 08 07-12 07 08 
0 linear • Dr 013 - 14 • 015 

blend 
• •••••••••••••• •• ···············•···-·•·····················-··••··················:···········································-····································--···: ········•·· 

Randomly 
branched 
structures 

E 

E1 -3 010 
G19 

E4-29 

E11 -12 
E30-32 

A7 
012 

E9-12 
E22-23 
E33-48 

E45 E4 
E30 
E45 

E49-52 

010 -12 013 -14 \ 86, 015 
015 E6 - 7 [ E10, 17 

E10 - 13 E21,28,30\ E23, 27 
E17, 30 E34,45,52 l E42, 50 
E26 - 28 E59 - 60 I E65 - 68 
E33 - 36 E64 ' E89 91 
E40 - 42 E71 - 73 i E105 '_ 116 
E45-47 ESS-89 \ 

E49 E92 I 
E53 - 95 E96 - 104 I 

B Star- : F F1 - 2/* A30 G38 E55, G6 A30 E106 
~ blocks/* . A4/* GG23

25 G13, 22 G14 : G42-43 ! Grafts I G i--G-1...;--3-6-1 G37 - 38 G39 - 41 
~ ··························:·······t-------------1••······················'-------·········································-······················ 
:c Randomly : G16 H1 H1 H2 - 3 H2 
~ branched I H a & blends ' 

Cl) Stars in Ss 
~ solutions 
I= 

a Combs/ 

I grafts in Sc 
solutions 

ffi 

~ Random 
~ structures Sr 

in solutions 

A15, 21 
A27 

S1 -6 

S18-20 

S7 A15,27,40 
S2-5 

S8-13 

A21, 39 
S9, 16 

S18-20 
S21 
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Appendix II 

Nomenclature, symbols and abbreviations 

Part A - Structure and chemical composition 

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 I - superscripts and subscripts 

The following superscript and subscript notation standards were adopted: 

Superscripts (with Ng 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, 
''v" - corresponds to the viscosity average, 
''x" - general symbol to denote any of the average values; e.g. n, w, z, in M,,,, Mw,, 

Mz,, respectively, 
"f' - functionality of the branching point, 
"p" - corresponds to the 'peak' value; see section 3. 

Section 2 - composition 

W - total weight [in grams] of the sample (copolymer) 
W8 

- weight of a backbone polymer, (CIIR) 
Wb - weight of a branch polymer, (BR) 
wb,g - weight of a branch polymer grafted onto backbone, 
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wb,h - weight of a branch polymer l1JU grafted onto backbone, (free BR polymer) 
w° -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 + wb = wB + wb,g + wb,h = w° + wb,h 

Weight (mass) fractions can be defined by: 

b w - weight (mass) fraction of a branch polymer, (BR); 

w8 
- weight (mass) fraction of a backbone polymer, (CIIR); w8 = W8 

/ W 

Analogously, weight percent fractions can be defined, 

b b w (%) =w • 100% and 8 B w {°A,) = w • 100% 

By definition, wb + w8 = l and b B w {°A,)+ w {°A,)= 100%. 

Similarly, - weight fraction of a branch polymer grafted onto backbone, 
- weight fraction of a branch polymer l1JU grafted onto backbone, 
- weight fraction of a pure graft copolymer in a graft mixture, 

By definition, wG + wb,h = l or 

Weight fraction of grafted branch polymer wb is, in general case, composed of the weight fraction 
of grafted branch polymer, wb,g and the weight fraction of ungrafted branch polymers, wb,h. Thus, 
wb,g + wb,h = wb. 

wb.g - is referred to as "branching content'' in chapters 6, 7 and 8, 
wb - 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% = (wb,g / wb ) • 100% 

- grafting percentage, in %, defined as: GP% = (wb,g / w0
) • I 00% = 

= wb,g / (w8 + wb·8 ) • 100% 

- true graft ratio, defined as: GR = (wb,g / w8 
) 
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- ungrafted branch polymer content, in %, defined as: 

HPC = cw>·h / W) • 100% = wb,h • 100% 

Section 3 - structure 

Average molecular masses (examples): 

-b M:r - x-average molecular mass of branch polymer, 

M!·g - number-average molecular mass of branch polymer actually grafted on, 

M: - z-average molecular mass of backbone polymer, 
-G M,. - weight-average molecular mass of graft copolymer, 

M!.h - 'peak' molecular mass ofungrafted 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: 

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

Bx - x-average number of branches per backbone molecule 

N 8 - number-average number of branches; special case of x = n ( B :r = B n ), 

sometimes referred to in the literature as "b/B" e.g. average number of branches 
per backbone molecule), 

n!,1 - x-average number of branching points of functionality f, 

A. :r - x-average branching frequency (branching density). 

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

per backbone molecule 

Mc - average molecular weight between entanglements 

['11] - intrinsic viscosity 

n0 - refractive index, rut - difference of refractive indices 

Please note that the term 'molecular mass • (MM) and 'molecular weizht • (MW) are used in this 
work interchangeably wherever there is no possihilio, ofCOTJ.fusion. 
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Section 4 - abbreviations 

LCD 
MW(D) 
ORI 
DSV 
DV 
LALLS 
SEC 

SEC(P) 
SEC(W) 

GPC 
CCD 
CilR 
BR 
PDI 
(Ff)IR 
IV 

- Long .Chain Branching 
- Molecular .Weight (Distribution) 
- Differential Refractive Index 
- Dilute Solution Yiscometry 
- Differential Yiscometer 
- Low Angle Laser Light Scattering 
- Size Exclusion .Chromatography 

- co"esponds to experiments and analysis carried out in Polysar Labs, 
- co"esponds to experiments and analysis carried out in Chemistry 

Department Laboratories (University of Waterloo) 

- Gel fermeation .Chromatography 
- .Chemical .Composition Distribution 
- .Chlorinated Isobutylene-co-Isoprene Rubber 
- Butadiene Rubber 
-folydispersity Index(= Mwl M,J 
- (Eourier Iransfonn) Infra-Red (spectroscopy) 
- Intrinsic Yiscosity, [r/] 

sample codes: 

C 
B(xy) 

810 

M 
CG 
FG 
HG 
G 

- graft's backbone precursor polymer (CUR), 
- graft's branch precursor polymer (BR); (if included) 'x' refers to the type and 'y' 

to the sequential number of synthesis, 
- B sample with microstructure identical all B samples, made as a reference 
comparison with grafts, 

- blend of CIIR and BR, made as a reference blend for comparison with grafts, 
- crude graft (mixture of graft and homopolymers) - term used in chapters 2 & 3 only, 
- purified graft samples, notation used in chapters 2 and 3 only, 
- (unreacted) homopolymers extracted from crude graft mixture (CG), 
- 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-nµs 

T - temperature 

TO - reference temperature 

T g - glass transition temperature 

y - shear strain 

ID - (angular) frequency 

o -phase angle 

tan o ( ro) - loss tangent 

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

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

G*(ro) - complex modulus, G*(y, ro) - strain-amplitude dependent (non-linear) complex modulus, 

Tt*(ro) - complex viscosity 

GN ° -plateau modulus 

G(t) - shear stress relaxation modulus 

nG(t) - normalized stress relaxation modulus 

Yer LVE - critical strain amplitude (borderline between linear and non-linear viscoelastic behaviour) 

Ge - cross-over modulus, G'(ro=coc) = G"(ro=coc) 

IDc - cross-over (angular) frequency 

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

aT - horizontal shift factor for time-temperature superposition 

~ - vertical shift factor for time-temperature superposition 

G1' - 1st harmonic of the in-phase modulus, G0 ' - nth harmonic of the in-phase modulus, 

G 1" - 1st harmonic of the out-of-phase modulus, G0 " - nth harmonic of the out-of-phase modulus 

G(t, y) - strain-dependent relaxation modulus 

c1, c2 - WLF equation constants 

<I>= (Mp b / Me } • (Nl)2
, Me - average molecular weight between entanglements of the (BR) branch 

prepolymer 
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(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(l) - stress relaxation modulus, measured 1.0 s after application of a sudden step-shear strain 

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

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

G'(S%/(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 l 
rad/s in the absence of well defined plateau/inflection point) 

G"(S¾/(11)) - steady-state value of the loss modulus at 5% dynamic strain and 1 rad/s 
frequency, in step II 

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

G"(S%/(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 co=0.2 rad/s & y=5% 

G*(2) - absolute value of the complex modulus G* at co=2 rad/s & y=5% 

G*(20) - absolute value of the complex modulus G* at co=20 rad/s & y=5% 

G*(200) - absolute value of the complex modulus G* at co=200 rad/s & y=5% 

G*(S¾/(11)) - steady-state (absolute) value of the complex modulus at 5% dynamic strain 
and I rad/s frequency, in step II 

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

G'(2%)-G1'(50%) - difference between storage moduli at 50% and 2% dynamic strain amplitude 
(at 10 rad/s) 
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G1'(50o/o) - First harmonic of the storage modulus at 50% dynamic strain and 10 rad/s 
oscillation frequency, 

G1'(200o/o) - 1st harmonic of the in-phase component of the modulus at 1 rad/s 
frequency and dynamic strain of 200% 

G1 '(200%/0.Srad/s) - 1st harmonic of the storage modulus at 200% dynamic strain 
and 0.5 rad/s oscillation frequency 

G1 '(200¾/l0rad/s) - 1st harmonic of the storage modulus at 200% dynamic strain 

G1'(800o/o) 

Gi"(S0o/o) 

Gi"(200o/o) 

and 10 rad/s oscillation frequency 

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

- First harmonic of the loss modulus at 50% dynamic strain and IO rad/s 
oscillation frequency 

- 1st harmonic of the out-of-phase component of the modulus at 1 rad/s 
frequency and dynamic strain of200% 

G1 "(200%/0.Srad/s) - 1st harmonic of the loss modulus at 200% dynamic strain 
and 0.5 rad/s oscillation frequency 

G1 "(200¾/lOrad/s) - 1st harmonic of the loss modulus at 200% dynamic strain 
and 10 rad/s oscillation frequency 

Gi"(800o/o) 

G1*(50o/o) 

G1*(800o/o) 

INT G(t)dt 

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

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

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

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

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

INT(tan 6 (BR-a)) dT - temperature integral of the tan 6, corresponding to BR a-transition, 
integrated over the temperature range of -100°C to - 80°C 
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mC-C p.c.l. - contour length of the modified Cole-Cole plot (log G1 ' - log G1 "), y=200%, 
ro=0.5 -lOrad/s 

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

n(0.001-100) - Power Law Index, for complex viscosity (log ri•) plotted as a function oflog ro, 
averaged over ro=0.001-100 rad/s range 

nC-C p.c.l. - contour length of the normalized Cole-Cole plot (G1'(ro)/G1'(rorer)-
Gi"(ro)/Gi"(rorer), y=200%, ro=0.5-lOrad/s 

nC-C quad. - the location of the nCC contour, relative to the diagonal of the plot. 
'+ 1' = above diagonal in the first quadrant, ' - I' = 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{l) - normalized (G(t)/G(t=40ms)) stress relaxation modulus, measured 1 s after 
application of a sudden step-shear strain 

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

nG(l00) - 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=l) - normalized (eq.6-5) stress relaxation modulus at ls 

nG(t=l0) - normalized stress relaxation modulus at 1 Os 

nG(t=lO0) - normalized stress relaxation modulus at 1 OOs 

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

nG(t=lO00) - normalized stress relaxation modulus at 1000s 

nG(t=l0,000) - normalized stress relaxation modulus at I 0,000s 

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%) 

S1 (5%) 

S1 (200%) 

S1 (800%) 

S1'(200%) 

S1'(800%) 

St"(200%) 

St"(800%) 

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

- I st harmonic of the torque at I rad/s frequency and dynamic strain of 5%, 

- I st harmonic of the torque at I rad/s frequency and dynamic strain of200%, 

- I st harmonic of the torque at I rad/s frequency and dynamic strain of 800% 

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

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

- I st harmonic of the out-of-phase component of the torque at I rad/s 
frequency and dynamic strain of200% 

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

slope (G'/G"2)@0.001 - slope of the (G'/G"\ plotted as a function oflog ro, calculated at 
ro=0.00 I rad/s 

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

lslope@t=0.11 - (absolute value of the) slope of the log nG-log t curve at 0. ls 

lslope@t=401 - (absolute value of the) slope of the log nG-log t curve at 40s 

lslope@t=4001 - absolute value of the) slope of the log nG-log t curve at 400s 

lslope@t=l0,0001 - (absolute value of the) slope of the log nG-log t curve at 10,000s 

TIE" max (BR-a) - temperature corresponding to maximum of the E"(T) peak (BR a-transition) 

T IE"max (CIIR-a) - temperature corresponding to maximum of the E"(T) peak (CIIR a-transition) 

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

T /tanmax 6 (CIIR-U)- temperature corresponding to the maximum of the tan 6 peak (CIIR 11-
transition) 

T /tanmax 6 (CIIR-a) - approximate temperature corresponding to the maximum tan 6 (CIIR a.­
transition) 
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tan 6 (0.001) - tan 6 (=G"/G') at m=0.001 rad/s 

tan 6 (0.1) - tan 6 at m=O. l rad/s 

tan 6 (5%(Il)) - steady-state value of the tangent of the phase angle, 6 at 5% dynamic 
strain and I rad/s frequency, in step II 

tan 6 (5%(IV)) - steady-state value of the tangent of the phase angle, 6 at 5% dynamic 
strain and I rad/s frequency, in step IV 

tan 6 (5%(VI)) - steady-state value of the tangent of the phase angle, 6 at 5% dynamic 
strain and I rad/s frequency, in step VI 

tan1 6 ratio - = tan 6 (2CO% & 0.5 rad/s) / tan 6 (5% & 200 rad/s) 

tan1 6(50%) - = Gt"(50%) / G1'(50%) 

tan1 6 (200%) - tangent of phase angle, 6 at I rad/s frequency and 200% dynamic strain 

tan1 6 (200%/0.Srad/s) - = G1 "(200% I 0.5 rad/s) / G1 ' (200% / 0.5 rad/s) 

tan1 6 (200%/l0rad/s) - = G1 " (200% / 10 rad/s) / G1 '(200% / IO rad/s) 

tan1 6 (800%) 

tanmax 6 (BR-a.) 

tanmax 6 (CIIR-U) 

tanmax 6 (CIIR-a.) 

- tangent of phase angle, 6 at 1 rad/s frequency and 800% dynamic strain 

- maximum value of the tan 6, corresponding to BR a-transition 

- maximum value of the tan 6 at the peak corresponding to CUR II-transition 

- maximum value of the tan 6 peak corresponding to the CIIR a-transition 

~T (E'-E" cross-over) - difference between temperatures corresponding to the E'-E" cross-over 
points; a measure of the width of the tan 6 (CIIR-a+II) damping peaks 
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Appendixm 

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 I Frequency I Other relevant test parameters 

Test code i °C , [nom.] % l rad/s i 

{tS1} 

{tcS1} 

{tcS2} 

{tcS3} 

100, (75), 
(130) 

' 50-/25/-150 • 

75-/25/-125 
(150) 

: 75-/25/-125 i 

2 

2 

5 

2 

3 

1 

3 

10 

: delay before test=60s, reads.=60s/point, 
; carrel.delay=0.1 cycles, sweep 
: time=1000s, 1 cycle correl.=yes, 
: AutoTension=ON : canst force, 

iNF=100G, AutoStrain=OFF. 

i delay before test=10s, reads.=100s/point, i 
i carrel.delay=0 cycles, sweep I 

time=1800s/zone, 1 cycle correl.=yes, , 
1Aut0Tension=ON: canst force, iNF=100G,i 

AutoStrain=OFF. 
: 

i delay before test=10s, reads.=20s/point, 
i carrel.delay=0.2 cycles, sweep 1 

i time=1800s/zone, 1 cycle correl.=no, , 
i AutoTension=ON : canst force, : 
j iNF=100G, AutoStrain=OFF. l 
j delay before test=10s, reads.=50s/point, i 

carrel.delay=0 cycles, sweep i 
1 time=1800s/zone, 1 cycle correl.=yes, 

1 
1 AutoTension=OFF, iNF=100G, auto-

strain=OFF. 

Test ! Samples 
I 

statistics I tested 

1 : selected 

1 'selected 

1 all 

1 selected 

{SS1} 25 
(Lin) : 1· iNF=100G, plate surface--flat, delay beforeI 

i 2-/2/-40; \ 0.1, 3, 100 test=100s, carrel. delay=O cycles, 1 cycle I 1 seleded 

{SS2} 

{SS3} 

{SS4} 

{SSS} 

{SS6} 

{SS7} 

30 

50& 70 

I 100 & 125 
I 

130 

30 

30 

: (-50), (-100) i ! carrel.=no, AutoTension=OFF. i 

! 
! 

(Lin) • ! iNF=100 & 500G, plate surface--flat & : 

2_/2/-40; ': 0.1, 3, 10, \ grooved, delay before test=100s, correl. : 

(_50
), (_

100
) :, 100 : delay=0 cycles, 1 cycle correl.=no, i 

AutoTension=OFF. 
I 

(Lin) : 0.3, 1, 3, •,iNF=100G, plate surface=flat, delay before! 

2_/2/-40 , 10 30 100 test=100s, carrel. delay=O _cycles, 1 cycle; 
• • carrel.=no, Aut0Tens1on=OFF. , 

(Log) l iNF=1 00G, plate surface=flat. delay before ,

1 2
_
121

-4
0 

! 1, 3, 5. I test=100s, carrel. delay=O cycles, 1 cycle 

1 carrel.=no, AutoTension=OFF. 
1 

I 
I (Lin) 

2-/2/-40, j 

! (-50,-100) I 
3 

iNF=100G, plate surface=flat. delay before! 
test=1 OOs, carrel. delay=O cycles, 1 cycle I 

carrel.=no, AutoTension=OFF. 1 

i (Log)/ I 
: 1-40,40-1 I 

I (discreet) 

i 3, 75,3 

10 

10 

iNF=100G, plate surface=flat, delay beforej 
test=100s, carrel. delay=O cycles, 1 cycle I 

carrel.=no, AutoTension=OFF. ! 
iNF=100G, plate surface=flat, delay before 
test=100s, carrel. delay=O cycles, 1 cycle 

correl.=no, AutoTension=OFF, zone timing 
I shown in F'ag. 5-14. 
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1, (4) all 

1 selected 

1, (4) ' seleded 

1, (2) 
1 

all 

1 

1 

i 

:seleded, 
(G6) 

I 

I 

!selected, 
! (C) 
I 



Table A. RMS-800 - Test conditions and parameten - part 2. 

! Temperature! Dyn.strain I Frequency ! Other relevant test Test : Samples 

Test code oc [nom.] % rad/s parameters statistics i tested 

delay before test=11 Os, 
i LOG=1 p/dec, correl.delay=0.1 • all, 

{QFS} 30, (100) 5, (10) 
' 

0.1-100 I cycles, 1 cycle correl.=no, 6+ 
i AutoTension=OFF, iNF=100G,. (G16) 

'· 
AutoStrain=OFF. 

delay before test=10+120s, : 
' LOG=Sp/dec, correl.delay=0. 1 : 

{FS3d@30} 30 5 0.1-100 cycles, 1 cycle correl.=no, 1 all 
AutoTension=OFF, iNF=100G,. 

AutoStrain=OFF. 

I delay before test=100+120s, ; 

I LOG=5p/dec, correl.delay=0.1 
{FS3d@100} 100 5 0.1-100 

I 
cycles, 1 cycle correl.=no, 1, (2) all 

1 

AutoTension=OFF, iNF=100G,, 
AutoStrain=OFF. 

I 

delay before test=10+120s, 
; LOG=Sp/dec, correl.delay=O. 1 • 

{FS5dec} 30 5 0.001-100 I cycles, 1 cycle correl.=no, 1, (2) all 
1 AutoTension=OFF, iNF=100G,. 

AutoStrain=OFF. 

. soak time=200s, delay before 
test=10+120s, LOG=5p/dec, 

{FTS} 30-/25/-130 5 0.1-100 : correl.delay=0.2 cycles, 1 cycle i 1, (2) all 
correl.=no, AutoTension=ON, 
iNF=100G, AutoStrain=OFF. 

I 

Temperature! Step strain! Rel. time Other relevant test Test : Samples 

oc [nom.] % s parameters : statistics i tested 

delay before test=100+100s, 
{QSR} 30 5 0.1-400 Autotension=OFF, zone 6-8 • selected 

timing=(2/18/380) 

delay before test=100+10s, 
: several, {PSR} 30 ' 3 to 50 0.1-1000 Autotension=OFF, zone 1 

timing=(2/18/80/900) (G20) 

{SSR} 30 10 0.1-1000 Autotension=OFF, zone 1 several, 
timing=(2/18/80/900), single (G20) 

delay before test=100+10s, I 

{SR1} 100 10 1-1000 Autotension=OFF, zone 1 (C) 
timing=(2/18/80/900) 

delay before test=100+100s, 
{SR400} 100 15 0.1-400 Autotension=OFF, zone 1, (2) all 

timing=(2/18/380) 

delay before test=100+10s, 
I 

i 

{SR1000} 30, (25) 10 0.1-1000 Autotension=OFF, zone 1, (2-6) i all 
timing=(2/18/80/900) 

delay before test=100+10s, 
I 

{SR10,000} 30 10 0.1-10,000 Autotension=OFF, zone 1, (2) all 
timing=(2/18/980/9000) 
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Table B. RSA-II -Test conditions and parameters. 

{DTMA} test parameter Nominal value Units 

Test fixture: film/ fiber -
Deformation: in tension -

Test mode: 
isochronal temperature -

sweep 

-100 to +20 (grafts+ M) oc 

Temperature range: -120 to - 40 (810) 

-100 to +40 (C) 

Temperature increments (OT): +2 oc 

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 
2.5 G force drops below: 

- decrease dyn. strain if dynamic 
900 G force goes above: 

- change current strain, if 
20 % prompted, by: 

AutoTension (static) adjustment: active -

- mode: 
static force (pre-tension) -tracking dynamic force 

- intial static force: 100 G 

- lower limit of static force adj.: 6 G 

- static force to exceed dynamic 
25 % force by: 
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Table C. RP A 2000 - Test configurations. 

(a) (b) (c) (d) 

{SSWP2} {HSSWP1} {FSWP1} {FSWP3} 
{FSWP2} 

T=100°C T=100°C T=100°C T=100°C 
subtest 1 subtest 1 subtest 1 subtest 1 

y=2% y=2% y=2% y=2% 
ro = 1 rad/s ro = 1 rad/s ro = 1 rad/s ro = 1 rad/s 
t = 3 min t = 3 min t = 3 min t = 3 min 

subtest 2 subtest 2 subtest 2 subtest 2 

ro = 10 rad/s ro = 1 rad/s y=5% y=5O% 

Y1 =2% Y1 =5% ro1 = 0.2 rad/s r ro1 = 0.5 rad/s 
r2=5% Y2 = 200% ro2 = 0.5 rad/s ro2 = 1 rad/s 
y3=2% YJ =5% ro3 = 1 rad/s ro3 = 2 rad/s 
y4= 10% Y4 = 800% ro4 = 2 rad/s ro4 = 5 rad/s 
y5=2% ro5 = 5 rad/s ro5 = 1 0 rad/s 

rs= 15% subtest 3 ro6 = 1 0 rad/s ro6 = 20 rad/s 
r1=2% ro1 = 20 rad/s ro1 = 50 rad/s 

rs= 20% y=5% ro8 = 50 rad/s 
yg=2% ro = 1 rad/s ro9 = 100 rad/s subtest 3 

110= 25% t = 2 min ro10 = 200 rad/s 
Y11= 2% y = 100% 

Y12= 30% ro1 = 0.5 rad/s 
y13=2% 1 - FSWP1 only ro2 = 1 rad/s 

Y14= 35% ro3 = 2 rad/s 

Y15= 2% ro4 = 5 rad/s 
Y1s= 40% ro5 = 10 rad/s 
y17=2% ros = 20 rad/s 

Y1s= 45% 
Y1s= 2% subtest 4 

Y20= 50% 
y=2OO% 

co1 = 0.5 rad/s 
co2 = 1 rad/s 
co3 = 2 rad/s 
co4 = 5 rad/s 

co5 = 1 0 rad/s 
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Table D. DSR - Test conditions and parameten. 

{TEST1} {TEST2} 

Objective: preliminary work 
main program 
+ test precision 

DSR test program: P3 

Test temperature: 100°c 

Specimen weight 18.0±0.1g 

Specimen shape: spheroidal 

Relaxation time monitored: 
0.04-400 s (by default) 

Step-strain application time: 
4ms (by default) 

Angular rotor deflection: 10 20 

Stator-rotor gap: 
2.54 mm (0.1 in) (=avg. specimen thickness) 

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

Test statistics 2 -17, depending on test 
(# of determ./sample) & sample availability 

Sample strain history: compression moulding; 
(during specimen loading) complex but fairly reproducible 

Specimen pre-heat time (PHT): 15 min 

Specimen pre-warm time (Pwr): 30 min (in vacuum-oven) @ 65°C 

Step-strain amplitude range: 35 to 51% 69 to 101% 

Test procedure: Polysar LP# 01-02-268 

DSR3 
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Appendix V 

Rheological test results - supplementary graphs and tables 
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Figure AFSC. Dynamic mechanical spectrum - sample C. 
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Figure AFSGl. Dynamic mechanical spectrum - sample Gl. 
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Figure AFSG2. Dynamic mechanical spectrum - sample G2. 
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Figure AFSG3. Dynamic mechanical spectrum - sample G3. 
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Figure AFSG4. Dynamic mechanical spectrum - sample G4. 
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Figure AFSGS. Dynamic mechanical spectrum - sample GS. 
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Figure AFSG6. Dynamic mechanical spectrum - sample G6. 
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Figure AFSG7. Dynamic mechanical spectrum - sample G7. 
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Figure AFSG8. Dynamic mechanical spectrum - sample GS. 
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Figure AFSG9. Dynamic mechanical spectrum - sample G9. 
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Figure AFSG 10. Dynamic mechanical spectrum - sample G 10. 
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Figure AFSGll. Dynamic mechanical spectrum - sample Gll. 
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Figure AFSG 12. Dynamic mechanical spectrum - sample G 12. 
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Figure AFSG 13. Dynamic mechanical spectrum - sample G 13. 
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Figure AFSG14. Dynamic mechanical spectrum - sample G14. 
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Figure AFSG 15. Dynamic mechanical spectrum - sample G 15. 
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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 AFSBIO. Dynamic mechanical spectrum - sample BIO. 
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Figure AFTSGl. Master curve - sample Gl. 
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Figure AFTSG2. Master curve - sample G2. 
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Figure AFTSG3. Master curve - sample G3. 
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Figure AFTSG4. Master curve - sample G4. 
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Figure AFTSG5. Master curve - sample GS. 
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Figure AFTSG6. Master curve - sample G6. 
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Figure AFTSG7. Master curve- sample G7. 
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Figure AFTSG8. Master curve - sample GS. 
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Figure AFTSG9. Master curve - sample G9. 
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Figure AFTSGlO. Master curve- sample GlO. 
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Figure AFTSG 12. Master curve - sample G 12. 
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Figure AFTSG 13. Master curve - sample G 13. 
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Figure AFTSG14. Master curve - sample Gl4. 
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Figure AFTSGlS. Master curve- sample GlS. 
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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 AFTSG22. Master curve - sample G22. 
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Figure A8810. Dynamic thermo-mechanical spectrum for sample 810 - {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 A8G22. Dynamic thermo-mechanical spectrum for sample G22 - {DTMA}. 

1010 

109 

108 

107 

106 

105 

-120.0 -100.0 -80.0 

----- ------ -•--------. _____ , _______ -

2.0 

G22-~~~ 1. 8 

1.6 

1. 4 

1.2 

1.0 

-_ _j_ ?lla f3i i------1----------==1 0.8 

0.6 

0.4 

-60.0 -40.0 -20.0 

Temperature, •c 
0.0 20.0 

0.2 

0.0 
40.0 

-t 
0 :, 

a. co -('"t" 
0 

f 



-..... 
0 
0 
ci 
=c-
C: 
a, -
-..... 
ci 
=c-
C: 
a, -
-..... 
0 
0 e. 
b 
CD c.. 
0 en 

-s-
a, 
~ a, 

.e: 
b 

s 
0 ..... 

I ..... 
0 
0 
ci 
c 

-..... 
0 
0 
ci 
c 

Figure A61. Prediction profiles for correlations between structural 
(MP b, Ng~ and {FS5dec} viscoelastic parameters - I. 
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Figure A62. Prediction profiles for correlations between structural 
(wb", Mz ~ and {FSSdec} viscoelastic parameters - II. 
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Figure A63. Prediction profiles for correlations between structural 
(wb, wb.11) and {FSSdec} viscoelastic parameters - m. 
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Figure A64. Prediction profiles for correlations between structural 
(PDI, vinyl%) and {FSSdec} viscoelastic parameters - IV. 
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Figure A65. Prediction profiles for correlations between structural (MP b, Ng', 
and stress relaxation {SRl0,000} parameten. 
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Figure A66. Prediction profiles for correlations between structural (wb,g , wbJa) 

and stress relaxation {SRl0,000} parameters. 

0.828 0.826 

E 0 73313 E 0 73313 
5 c5 
C: 

0.553 
C: 

0.553 

0.704 0.704 

0 0 
E 0.542522 E 0.542522 

5 c5 
C: 0.324 C: 0.324 

0.596 0.596 

8 0.390609 8 0 390609 E E 
c5 0.188 c5 0.188 C: C: 

0.495 0.495 

§ 0 278478 § 0 278478 
E E 
5 0.063 c5 0.063 C: C 

0.431 0.431 

8 0 227555 § 0.227565 c:, 

][ ][ 
5 0.019 5 0.019 C: C 

0.393 0.393 
0 

~ c:, 
c:, 0.20013 0 20013 ci c:, 

E E 
5 0.008 5 0.008 
C C: 

0.2681 0.2681 

d 0 1495 I 01495 J!. 

' 0.0929 0.0929 :i. 
0.338 0.338 

s 
0 159683 

s 
...r --r 0.159683 

' ' j_ 0.074 :i. 0.074 

0.9463 0.9463 
§_ i 0.21767 c:, 0.21767 

E E 

' 
0.0794 

' 
0.0794 

:i. :i. 
4264 4264 

& 2305.174 g 
2305 174 c5 c5 

~ 323 ~ 323 

wb,g 0 24.5826 40. wb,h 0 3.46522 16. 

583 



Figure A67. Prediction profiles for correlations between structural (wb, Mz ~ 
and stress relaxation {SRl0,000} parameters. 
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Figure A 7la,b,c,d. Prediction profiles - MP b' Ng', wb,g' wb and {SSWP2} 
parameten. 
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Figure A 7le,f,g,h. Prediction profiles -~ c, wb.h, PDI, vinyl% & {SSWP2} 
parameters. 
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Figure A 72a. Prediction profiles for correlations between structural parameten 
(MP b' Ng"} and viscoelastic parameten from {FSWP3} experiments. 
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Figure A 72b. Prediction profiles for correlations between structural parameters 
(wb.g' w') and viscoelastic parameters from {FSWP3} experiments. 

i 
47.896 

i 
47.896 

~ 34.29739 ~ 34.29739 LC) LO 

Q Q 
~ ~ 
0 14.6625 0 14.6625 0 0 
N ~ 
5 

77.167 
(!) 

77.167 
i i 
~ 57.47548 e 57.47548 0 0 ..... ..... - ~ :::,e 

0 
0 27.083 0 27.083 0 0 
N N 

5 
39.357 

5 
39.357 

i i 
~ 27.04187 e 27.04187 LC) LO 

Q Q 
~ ~ 
0 13.075 0 13.075 0 0 
~ ~ 
(!) 

71.537 
(!) 

71.537 
i i 
~ 44.59122 e 44.59122 0 0 ..... ..... - -~ ~ 

0 16.597 0 16.597 0 0 
~ ~ 
(!) 

1.578 
(!) 

1.578 i i 
~ ~ 

LC) 0.825652 LO 0.825652 0 0 
~ ~ 
0 0.55 0 0.55 0 0 
N N =c- =o-
C: C 

t 0.9905 t 0.9905 

~ e 
0 0.768935 0 0.768935 ..... ..... - -~ ~ 
0 

0.574 
0 

0 0 0.574 N N =c- =o-
C: C s 7.09 s 7.09 
0 0 = 3.781304 = 3.781304 ~ ~ 
-0 -0 
C: C s 1.97 s 1.97 

wb,g 24.5826 ~ wb 0 0.28057 N 
0 ..... 
~ LC) 

c:i 

588 



Figure A 72c. Prediction profiles for correlations between structural parameters 
(wb.h, Mz ~ and viscoelastic parameters from {FSWP3} experiments. 
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Figure A 72d. Prediction profiles for correlations between structural parameters 
(PDI, vinyn and viscoelastic parameters from {FSWP3} experiments. 
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Figure A 73a Prediction profiles for correlations between structural parameters 
(MPb' Ng~ and viscoelastic parameters from {FSWP3} experiments. 
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Figure A 73b. Prediction profiles for correlations between structural parameters 
(wb,g' w~ and viscoelastic parameters from {FSWP3} experiments. 
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• 

Figure A 73c. Prediction profiles for correlations between structural parameters 
(wh.h, Mz ~ and viscoelastic parameten from {FSWP3}experiments. 
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Figure A 73d. Prediction profiles for correlations between structural parameters 
(PDI, vinyl) and viscoelastic parameten from {FSWP3}experiments. 
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Figure A74a. Prediction profiles for correlation between structural parameter 
(MP~ and viscoelastic parameters from {HSSWP} experiments. 
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Figure A 74b. Prediction profiles for correlation between structural parameter 
(Ng I') and viscoelastic parameters from {HSSWP} experiments. 
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Figure A74c. Prediction profiles for correlation between structural parameter 
(wb~ and viscoelastic parameters from {HSSWP} experiments. 
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Figure A74d. Prediction profiles for correlation between structural parameter 
(<I>) and viscoelastic parameters from {HSSWP} experiments. 
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Figure A 75a. Prediction profiles for correlations between structural 
parameters (MP b, Ng~ and selected stress relaxation 
parameters from {TEST2} tests. 
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Figure A 75b. Prediction profiles for correlations between structural 
parameten (wb,g, w~ and selected stress relaxation 
parameten from {TEST2} tests. 
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Table A61. Viscoelastic parameten derived from RMS-800 {FSSdec} test - I. 

RMA-800 I 
{FSSdec} tan 6(0.1) n(0.001) slope(G'/G"

2
)@ 

T=3ooc i 0.001 

sample 

G1 

G2 

G3 

G4 

GS 

G& 

G7 

GS 

G9 

G10 

G11 

G12 

G13 

G14 

G15 

G16 

G17 

G18 

G19 

G20 

G21 

G22 

C 

810 

M 

a 

0.305 

0.200 

0.177 

0.189 

0.363 

0.407 I 

0.304 : 

0.177 

0.210 

0.330 : 

0.288 I 

0.103 
1 

0.125 

0.335 1 

0.210 : 

0.222 

0.250 

0.228 : 

b 

0.430 ! 
: 0.223 ! 

0.119 

0.072 

0.189 

0.371 

0.366 

0.093 

0.060 ; 

0.189 

0.196 

0.069 i 
:. 

0.117 

0.163 I 

0.074 

0.080 

0.228 

0.228 

0.257 

0.12s \ 0.099 

0.265 ! 0.096 

0.360 0.258 

0.355 0.671 

26.200 0.999 

o.338 1 0.430 

r - poor Power Law fit 

C 

0.675 

0.082 

0.318 

0.289 

0.621 

0.127 

0.065 

-0.151 

-0.271 

-0.417 

0.063 

-0.703 

-1.03 

-1.364 

-0.958 

-1.076 

-0.634 

-1.439 

-1.648 

-0.66 

-0.685 

-0.771 

Refer to Table 6-3 for definition of parameters 

599 

n(0.001-
100) 

slope I G" 
G"(0.001) I (plateau) 

I 
I d ! e I , 
I 0.154 c·> ! 0.281 I 3.07E+04 

' 

! 
I 
I 

0.109 

0.098 

0.127 
I 
I 

i 
' 

0.117 I 2.68E+04 
I 

0.045 , 2.41E+04 

0.091 i 1.58E+04 

! 0.191 l 0.302 f 4.69E+04 

[ 0.231 i 0.341 I 4.81E+04 

I 0.1522 c·> : 
! 

I 

0.268 J 3.88E+04 

i 
I 

l 
I 

! 

0.109 0.066 , 1.91E+04 

0.148 ! 0.065 1.42E+04 

0.177 0.172 ! 2.53E+04 

0.157 0.231 ! 1.57E+04 

0.080 i -0.012 
i 

1 
5.10E+03 

0.083 -0.022 1 7.40E+03 

0.174 0.255 1.89E+04 
I 

0.143 
I 

! 0.078 i 2.67E+04 

0.113 
I 
I 0.037 9.03E+03 

0.123 0.172 1.79E+03 

0.125 i 0.066 
1 1.91E+04 

0.107 : 0.137 
: f 5.80E+03 

i 0.086 I 0.000 1.07E+04 

0.163 0.183 4.20E+04 

0.198 0.235 6.83E+04 

0.1979 (*) 0.517 3.07E+04 

l 
I 

0.1755 (*) 0.282 
! 

I 2.20E+04 



Table A62. Viscoelastic parameters derived from RMS-800 {FS5dec} test - II. 

RMA-800 
{FSSdec) Storage modulus, G', Pa 
T=30°C 

sample m=0.001 rad/ :: m=0.01 rad/s \ m=0.1 rad/s \ m=1 racl/s i m=10 rad/s i m=100 rad/s 
a b I C i d I e I f 

G1 2.25E+04 · I 1.21E+05 I 1. 71 E+05 ) 2.13E+05 \ 2.61 E+05 6.48E+04 1 

i ' ' 

G2 6.16E+04 9.61E+04 / 1.33E+05 : 1. 73E+05 ! 2.09E+05 i 2.55E+05 
' 

G3 7.50E+04 . 1.00E+05 1

1 

1.31E+05 ! 1.64E+05 : 1.98E+05 i 2.48E+05 

G4 3.66E+04 ; 4.35E+04 I 5.53E+04 I 7.34E+04 i 1.00E+05 ! 1.38E+05 
: 

9.12E+04 I 1.49E+05 ! 2.25E+05 j 3.36E+05 GS 3.45E+04 , 5.37E+04 
I I I I 

I I I 
G6 1.85E+04 ' 4.21E+04 8.21E+04 ! 1.39E+05 , 2.23E+05 i 3.51E+05 

I I i 

G7 3.40E+04 • 7.62E+04 I 1.32E+05 l 1.91E+05 i 2.43E+05 i 3.01E+05 
; ' 

GS 5.41 E+04 ; 6.85E+04 8.81E+04 I 1.12E+05 1.41E+05 ! 1.86E+05 
I I 

' I 
7.76E+04 I G9 2.52E+04 i 2.95E+04 3. 72E+04 5.19E+04 1.14E+05 

I 

G10 1.96E+04 ~ 3.01 E+04 I 4.58E+04 7.32E+04 1.14E+05 !, 1.48E+05 

G11 
: I i I 

1.90E+04 • 2.86E+04 i 4.36E+04 i 6.44E+04 ! 8.84E+04 ! 1.22E+05 

G12 2.96E+04 : 3.47E+04 I 4.00E+04 I 4.61 E+04 1 5.41 E+04 7.34E+04 

G13 3.28E+04 : 4.26E+04 [ 5.13E+04 i 6.05E+04 7.16E+04 9.15E+04 

G14 1.82E+04 1 2.68E+04 l _4.31E+04 I 6.78E+04 
1 

9.68E+04 
1 

1.36E+05 

G15 4.87E+04 • 5.87E+04 ! 7.53E+04 ! 1.04E+os j 1.51E+05 ! 2.17E+05 

G16 3.08E+04 3.71E+04 \ 4.41E+04 \ 5.31E+04 j 6.94E+04 ! 1.03E+05 

G17 3.51E+04 4.96E+04 1' 6.89E+04 11· 9.28E+04 I 1.19E+05 I 1.53E+05 
• i I 

G18 3.33E+04 5.50E+04 8.35E+04 I 1.14E+05 . 1.40E+05 1.72E+05 
: 

G19 
I 

1.12E+04 I 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 I 1.33E+05 
' I 

G21 5.61E+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.SOE+OS 

C 1.06E+04 1 4.81 E+04 1.01E+05 1.52E+05 1.94E+05 2.40E+05 

B10 - 0.00E+OO 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 {FS5dec} test - m. 

RMA-800 
I 
I 

(FS5dec} tana i 11* slope 
T=30°C 

i 

I 

sample 
'. I 

Q)=0.001 rad/s Q)=Q.01 rad/s i Q)=0.1 rad/s 1 

' ! 
Q)=1 rad/s m=10 rad/s I 0)=100 rad/s [ Q)=0.001 

I b ! ' d I e ' f g a ! C 
I i ' 

! 
I ! I i I 

G1 0.9179 0.52TT 0.3050 I 0.1879 i 0.1548 0.3091 I -0.5704 
i : 

I 

I 
i 0.1450 

I 
I 

G2 0.3040 
I 

0.2480 0.2000 0.1550 i I 0.2940 I 
-O.TT74 

I I I ' 

I 

I 
I 

0.2430 I 0.2080 0.1770 0.1470 0.1550 I 0.3310 i -0.8812 G3 
I I 

0.1560 l 0.1670 0.1890 I 0.2150 0.2340 I 0.3360 i -0.9280 G4 I I ' I ! I ' 
i I i ! 

I 
0.2670 0.3520 0.3630 0.3150 0.2920 0.3460 I -0.8106 GS '1 I i 

' 

G6 0.5980 i 0.5180 0.4070 ! 0.3470 0.3410 ! 0.3280 I -0.6293 
! I 

I 

i ' i I 

G7 0.6000 ! 0.4450 0.3040 0.2060 I 0.1690 0.2990- -0.6340 
I I I i 

0.1870 0.1840 0.1TT0 I 0.1710 I 0.1960 
! 

0.3400 -0.9070 GS I I 
I I I I I 

I 

I 

I 

I 

I 
0.1390 0.1570 0.2100 ' 0.2740 0.2860 I 0.3440 -0.9400 G9 I ! ' 
0.3210 0.3150 I 0.3300 ! 0.3460 

'1 

0.2460 ' 0.2410 I -0.8115 G10 ' 
i I I i 

! I ' : i 
G11 0.2510 0.2830 

! 
0.2880 I 0.2430 '1 0.2250 

I 
0.2980 -0.8036 

' 

0.1280 0.1100 I 0.1030 0.1110 
I 

0.1730 ' G12 I i 0.3570 I -0.9313 
! I I 

0.1690 I 0.1440 I 0.1250 i 0.1220 I 0.1550 i 0.3180 I -0.8830 G13 ! ' ·, ' I ' : 
I 

! I I 

I 
G14 0.2500 0.3140 0.3350 

i 

0.2780 I 0.2440 I 0.2940 -0.8371 
I I 

! I I 

I 
G15 0.1480 0.1650 0.2100 0.2560 

I 
0.2650 I 0.3480 -0.9265 ! I 

0.1390 I 0.1320 I 0.1350 i 0.1700 l 0.2620 I 0.3900 i -0.9199 G16 I 
I ! 
I ' 

i I I 
i 

G17 0.2220 I 0.2310 I 0.2220 I 0.1930 0.1860 I 0.3220 
I 

-0.7718 
i I I 

I 

I i 
I 

0.3570 0.3190 0.2500 0.1800 0.1540 I 0.2780 -0.7718 G18 I 

! I 
I 

I G19 0.4440 0.3530 I 0.2280 0.1500 0.1270 0.2580 -0.7428 I 
I 

G20 0.1900 0.1480 0.1260 0.1240 0.1590 0.3260 ! -0.9013 
i 

I 

G21 0.1590 0.2020 I 0.2650 
I 

0.2900 0.2700 0.3520 -0.9036 
I 

' ' 
0.4360 I 0.4070 

I 

0.3600 I 0.3290 0.2700 0.2950 -0.7421 G22 I 
I I I 

I 

C 1.2600 0.6390 0.3550 0.2120 0.1670 0.3000 -0.3290 

B10 - 0.0100 26.2000 3.8800 0.7490 0.2990 -0.0013 

M 1.0000 0.5680 0.3380 0.2240 0.2360 0.5820 -0.5696 
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Table A64. Viscoelastic parameten derived from RMS-800 {FS5dec} test - IV. 

RMA-800 
{FSSdec} 
T=30°C 

sample 

G1 

G2 

G3 

G4 

GS 

G& 

G7 

GS 

G9 

G10 

G11 

G12 

G13 

G14 

G15 

G16 

G17 

G18 

G19 

G20 

G21 

G22 

C 

810 

M 

I l j 

' slope of G' slope of I G" at plateau 
I G" ! or Inflection G" G* 
! @o)=0.001 @o)=0.001 ; or 1 rad/s 
: i , 

, ' I I 

ID=0.1 rad/s , ID=100 rac:1/s , ID=0.1 rad/s : m=100 rad/s ! 

a b C d e g 
: 

3.68E+04 8.07E+04 i 3.05E+04 , 1.26E+05 , 0.5293 0.2812 3.07E+04 
: 

2.67E+04 ! 7.50E+04 ! 1.36E+05 i 2.66E+05 i, 0.2314 , 
\ ! 

0.1169 2.68E+04 
I I 

2.31E+04 i 8.21E+04 ; 1.33E+05 ! 2.61E+05 0.1226 ! 0.0452 2.41E+04 
I ' t I I 

1.05E+04 : 4.64E+04 ! 5.63E+04 ! 1.46E+05 , 0.0716 0.0909 1.58E+04 

3.31E+04 1.16E+05 
: 

9. 70E+04 3.56E+05 0.1794 0.3021 4.69E+04 

3.34E+04 ! 1.15E+05 ; 8.86E+04 f 3.70E+05 1 0.3810 0.3406 4.81E+04 
I j , I 

4.02E+04 i 8.99E+04 I 1.38E+05 I 3.14E+05 i 0.3975 : 0.2675 1 3.88E+04 
I ' I I 

1.56E+04 l, 6.35E+04 i 8.94E+04 i 1.97E+05 : 0.0939 0.0657 1.91 E+04 
I I ' 

I 

7.82E+03 i 3.92E+04 : 3.81E+04 : 1.21E+05 i 0.0513 0.0653 1.42E+04 

1.51E+04 : 3.56E+04 ; 4.82E+04 ; 1.52E+05 0.1901 

1.26E+04 , 3.62E+04 : 4.53E+04 i 1.27E+05 ', 0.1942 
I 

4.13E+03 ! 2.62E+04 ! 4.03E+04 ; 7.80E+04 i 0.0700 , 

6.41 E+03 i 2.91 E+04 5.17E+04 1 9.60E+04 : 0.1210 
I I 

1.44E+04 '1 4.01E+04 j 4.54E+04 : 1.42E+05 : 0.1561 
I I 

1.58E+04 , 7.55E+04 7.69E+04 : 2.30E+05 0.0734 

5.97E+03 ! 4.03E+04 , 4.45E+04 : 1.11 E+05 ; 0.0809 
I 

1.53E+04 \ 4.92E+04 i 7.06E+04 i 1.60E+05 ' 0.1639 
I I i 

2.09E+04 i 4.79E+04 i 8.60E+04 I, 1.79E+05 i 0.0939 j 

7.31E+03 1.50E+04 / 3.28E+04 j 6.00E+04 i 0.2800 i 

I 

9.18E+03 4.33E+04 ! 

2.55E+04 i 1.08E+05 ! 
, I 

1.27E+05 4.50E+05 i 

3.58E+04 7.21 E+04 

I I 

7.33E+04 l 1.39E+05 ! 
I 
I ' 

9.94E+04 ! 3.27E+05 I 
I , 

1.35E+05 I 4.69E+05 I 
1.07E+05 I 2.51E+05 

I 

1.45E+04 2.86E+05 1.45E+04 9.99E+05 

2.25E+04 1.04E+05 7.02E+04 2.07E+05 
' 

602 

0.1040 

0.0938 i 
i 

0.2621 

0.8499 

0.5537 

0.1724 2.53E+04 

0.2307 1.57E+04 

-0.0120 5.10E+03 

-0.0215 7.40E+03 

0.2550 1.89E+04 

0.0775 2.67E+04 

0.0372 , 9.03E+03 
' 

0.1719 , 1.79E+03 
I 

0.0657 I 1.91 E+04 

0.1366 / 5.80E+03 

0.0000 1.07E+04 

0.1829 i 4.20E+04 
I 

I 

0.2350 j 6.83E+04 
I 

0.5173 I 3.07E+04 
: - \ -I 

0.2819 I 2.20E+04 
; 



Table A65. Stress relaxation parameters - {SRI0,000} experiment. 

T=30°C nGct=1) nG(t=10) 
' 

nG(t=100) i nG(t=1000) : nGct=10,ooo) ! !slope@ . INT G(t)dt 
1=10.0001 

Sample [-) [-J [-] [-] [arb] [arb) 
1---------------------------------

1 D a b c d e f g 
! 

0.7680 0.5150 0.2550 0.0760 0.0140 0.7409 392 G1 
---l------------------------------

G2 0.7950 0.6070 0.4350 0.2970 0.1830 0.2235 2310 

G3 0.8230 0.6680 0.5210 0.4160 0.3240 ! 0.1216 3673 
' 

G4 0. 7200 0.5580 0.4430 0.3620 i 0.3200 i 0.0839 3483 

GS 0.6300 ! 0.3870 0.2370 ' 0.1630 : 0.1170 I 0.1188 1318 

G6 0.7200 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 

GB 0.7910 0.6410 I 0.5140 : 0.4130 0.3420 0.0794 3647 

G9 0.6370 ! 0.4630 0.3660 , 0.3000 0.2450 0.0898 2627 

G10 0.5970 0.3840 0.2560 0.1670 0.1060 0.2085 1310 

G11 0.6900 0.4690 0.3210 0.2320 0.1840 0.1128 2051 

G12 0.8210 0.7040 0.5960 0.4950 0.3930 0.0994 4264 
l-----t----------------~--------------

G13 0.8230 0.6940 0.5720 0.4440 0.3230 0.1519 

G14 0.6480 0.4140 , 0.2750 0.1980 0.1330 0.0979 
I 

G15 0.6900 ' 0.5150 ! 0.4090 0.3370 0.2630 '1 0.0930 

G16 

G17 

G18 

G19 

G20 

G21 

G22 

C 

B10 

M 

0.7490 ; 0.6280 
1 

0.5290 ' 0.4470 0.3580 : 0.0968 

0.7540 0.5660 0.4210 0.3190 0.2380 

0.8000 0.5960 0.4110 0.2500 0.1480 

0.8130 i 0.6040 
' 

i 0.3800 1· 

! 
0.1990 0.0830 

0.8260 ; 0.6970 I 0.5820 
: 
1 

0.4640 I o.3240 1 

I 

0.6790 ! 0.4830 
I 

i 0.3750 i 0.3050 / 0.2640 

0.5530 I 

i 
0.3240 : 0.1880 0.1080 ! 0.0650 

I 

0.7560 ! 0.4970 
1 

0.2380 ! 0.0630 I 0.0080 ; 

0.0450 ! 
i 

0. 7 400 i 0.4840 i 0.2390 I 0.0110 0.0160 1 
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0.1066 

0.1940 

0.3889 

0.1468 

0.0862 

0.2158 

0.9463 

0.7123 I 

3676 

1552 

2828 

3847 

2616 

1980 

1270 

3811 

2811 

816 

323 

366 



Table A66. Stress relaxation parameters - {SRl000} experiment. 

I ! 
T=30°c nG(t=1) nGct=10) i nG(t=100) nGct=1000) 

: 

Sample [-] [-] I [-] [-] 
! 

ID a b C d 
I 

G1 0.7714 0.5215 0.2613 0.0777 

G2 0.7952 0.6075 I 0.4366 0.2993 

G3 0.8114 0.6425 0.5107 0.4037 
-

G4 0.7267 0.5669 0.4569 0.3773 

GS 0.6269 0.3828 0.2331 0.1591 

G6 0.7202 0.5066 0.3238 0.1791 

G7 0.7811 0.5557 0.3353 0.1664 
i 

GB 0.7934 0.6443 0.5171 0.4156 
' 

G9 0.6313 0.4586 0.3633 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 0.4520 

G17 0.7626 0.5753 I 0.4297 0.3252 

G18 0.8074 I 0.6114 0.4181 0.2724 
I 

G19 0.8196 0.6157 0.3891 0.2036 

G20 0.8325 
! 

0.7074 0.5867 0.4693 

G21 0.6703 : 0.4744 0.3634 0.2983 

G22 0.5531 I 0.3242 0.1883 0.1073 
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Table A67. Viscoelastic parameters - {SR400} stress relaxation experiment. 

' ; I ' 

' I I 

T=100°C nG(t=1) nG(t=10) ' nG(t=100) ' nG(t=400) i lslope@t--0.11 ! lslope@t--4001 i 
' ; 

[-) I [-] i [-) [arb] 
I 

[arb) Sample [-] 
I 

ID a b C ! d e f I 

G1 0.464 0.140 0.026 
' 

0.009 0.3035 0.8867 

G2 0.687 0.443 0.246 0.155 
; 

0.1723 0.3057 

G3 0.749 0.576 0.430 0.348 0.1574 0.1410 
I 

I 

0.399 : G4 0.717 0.570 0.459 : 0.2217 0.1124 
I 

GS 0.547 0.330 i 0.236 0.200 0.3084 0.1200 I I 

~ 

G6 0.577 0.326 ' 0.152 i 0.100 0.3234 0.2620 

G7 0.540 0.255 0.115 ' 0.072 0.2648 0.4276 
t : 

I 

I GB 0.745 0.586 0.462 I 0.394 0.1694 0.1412 
I 

G9 0.685 0.548 0.452 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 0.267 
I 

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 
I 

I 
'. G18 0.630 I 0.384 i 0.231 : 0.166 I 0.2123 

! 
0.2977 

! 

G19 0.558 I 0.263 
; 

0.106 I 0.060 ' 0.2547 0.4652 i I 

' I I ' 

G20 i 0.595 0.410 
I 

0.297 
\ 

0.1399 0.2403 0.782 : I i 
G21 0.656 I 0.508 0.414 i 0.381 i 0.2936 0.1654 ' i I : I 

G22 0.494 0.268 0.150 I 0.107 
l 

0.4127 0.2735 I ! I 
i I : 

C 0.431 I 0.113 0.016 ! 0.004 0.3345 i 1.3121 I I 

B10 - ! - - - - I -i I 

M 0.346 I 0.068 0.013 0.050 
I 

0.3898 I 0.1167 I I 
I I 
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Table A71. Selected rheological parameters from {SSWP2} test. 

I I I G1'(50%) -
S' (50%): S" (50%)!, G/ (50%) I Gt (50%) 1 Gt (50%) i tan1 6 (50%): 

Sample ' ' I I ' G'(2%) 
' 

ID Pn·lb] Pn·lb] [kPa] i [kPa] ' [kPa] [-) [kPa) 
i I ' 

a b ', 
' C i d I e f g 

G1 11.05 4.29 135.76 i 52.78 145.66 0.389 24.75 ' 

G2 10.73 3.24 131.87 39.76 137.73 0.302 17.94 

G3 10.66 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 

GS 12.00 5.00 147.56 61.48 159.85 I 0.417 20.97 i ' ' ' 

G6 14.97 6.08 
! 

184.11 i 74.71 198.69 0.406 I 27.22 ' ' ' ' 
G7 13.20 4.51 ' 162.29 

I 

55.45 ' 171.50 0.342 22.29 i ' 
i l 

' 
I 

GB 11.96 3.11 147.02 i 38.21 I 151.90 i 0.260 13.48 

G9 9.60 3.74 118.05 46.00 126.70 0.390 13.03 
-

G10 16.09 6.63 197.88 81.54 214.02 0.412 26.82 

G11 11.62 4.57 142.86 56.14 ! 153.50 0.396 18.98 

G12 6.90 1.64 84.85 : 20.17 87.22 0.238 8.77 

G13 6.64 
I 

1.57 81.65 I 19.32 83.90 0.237 11.98 

G14 13.25 4.95 ' 162.82 : 60.78 i 173.80 0.373 23.10 
--

G15 10.45 3.64 128.50 44.72 136.06 0.348 10.60 
-

G16 8.55 2.51 105.13 30.85 109.56 0.293 12.57 

G17 12.52 3.95 154.01 48.56 161.49 0.315 14.52 

G18 13.27 3.9 163.19 47.92 170.08 i 0.294 16.04 : 

G19 13.79 I 4.44 169.60 54.54 178.15 i 0.322 I 23.00 i ' 
' 

G20 6.56 I 1.54 80.69 ' 19.00 ! 82.90 I 0.235 10.26 i '1 i 

G21 10.99 4.21 135.12 i 51.77 I 144.70 ' 0.383 I 14.68 ' ! i I 

G22 12.76 i 6.9 156.90 I 84.85 i 178.37 0.541 19.65 
' I 

C 6.52 ' 3.63 ! 
80.16 

! 
44.61 I 91.73 0.557 i 13.47 I 

I I -
I 

M 1.74 1.81 21.45 22.20 
I 

30.87 1.035 ! ' ! -i 

RPA2000 

{SSWP2} 

T=1oo·c 

0>=10 rad/s 

y=50% 
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Table A 72. Viscoelastic parameters from LAOS - RP A 2000 {FSWP3} test. 

tan1 6 ratio 

Graft y=200% y=200% y=200% (*) 
t------~------lf-----~----------,.----t------

10 m=0.5 rad/st m=10 rad/s m=0.5 rad/s: m=10 rad/s m=0.5 rad/s ! m=10 rad/s 

[kPa] [kPa] [kPa) [kPa] [-J i, [-) [-] 

a b c: d e' f g 

G1 20.81 45.20 27.96 44.67 1.344 0.988 7.09 

G2 36.40 55.23 28.66 41.68 0.787 0.755 4.60 

G3 44.21 63.16 28.84 1 36.26 0.652 0.574 4.50 
------------1-------t 

G4 45.41 64.87 24.98 : 39.36 0.550 0.607 2.31 

GS 31.75 59.58 27.40 
1 

54.11 0.863 0.908 3.27 

G6 40.99 75.49 39.36 1 68.20 0.960 0.903 3. 76 

G7 37.60 1 66.44 35.06 : 52.06 0.933 0.784 5.30 

GB 47.76 : 66.12 28.28 , 38.05 0.592 0.575 2.94 
I 

G9 33.06 54.27 21.08 41.68 0.638 0. 768 2.10 

G10 35.09 77.17 37.89 1 71.54 1.080 0.927 4.54 

G11 35.06 59.29 26.95 : 49.87 0.769 0.841 3.03 
; 

G12 22.76 33.18 13.68 20.93 0.601 0.631 2.18 

G13 19.88 : 28.74 14.38 19.27 0.723 0.670 3.20 

' G14 36.34 63.40 30.95 
1 

54.67 0.852 0.862 3.15 

G15 43.44 63.56 24.20 41.68 0.557 0.656 2.12 

G16 32.05 50.78 19.51 30.77 0.609 0.606 1.97 
-,--------t------t 

G17 47.90 70.82 30.37 , 46.78 0.634 0.661 3.23 

G18 39.22 
1 

61.82 32.02 1 47.15 0.816 0.763 4.89 

G19 37.84 , 62.04 37.06 56.03 0.980 1 0.903 6.30 

G20 20.81 1, 27.08 13.08 16.60 0.628 i 0.613 2.72 
' G21 39.30 I 61.56 25.32 46.99 0.644 i 0. 763 2.43 

G22 26.50 i 72.04 31.81 67.53 1.200 0.937 4.44 

C 14.66 1 40.10 23.13 ! 39.73 1.578 0.991 6.90 
ll----t------+------1------+-----+---------+------

M 0.67 i 3.10 2.83 ! 10.73 4.240 i 3.466 11.46 

B10 - / - - j - - I 

(*) - tan a ratio = tan1 a (200% & 0.5 rad/s) / tan a (5% & 200 rad/s) 
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TableA73. Selected rheological parameten derived 
from {FSWP3} test. 

Sample C-C plot nC-C plot 

ID mC-Cp.c.l. nC-C p.c.l. nC-Cquad. 
i 

I 

a ' b i C ' 

G1 29.88 0.67 
I 

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 

GB 20.82 0.38 1 

G9 29.59 0.63 I -1 

G10 53.94 0.72 ' 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 ! -1 

G16 21.86 ! 0.52 1 
I 

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 
I 

1 

M 8.27 1.08 ' -
B10 - - -

' i 

RPA2000 

{FSWP3} 

T=1oo·c 

o>-range 
y=200% 
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Table A74. Viscoelastic parameters derived from LAOS {HSSWPl} test- I. 

Sample G'(5%nl) : G"(5%/II) \ G'(5%/IV) i G"(5%/IV) i G'(5%M) I G"(%5NI) i G1 '(200%)1 G1 "(200%; 

ID y=5%(11) y=5%(1V) i y=5%(VI) y=200% 

[kPa] [kPa] [kPa] [kPa] [kPa] i [kPa] 
I 

[kPa] [kPa] : 
a I b C I d I e I f ' g I h 

G1 74.80 ' 44.88 i 74.80 I 45.95 : 101.51 i 66.25 27.67 I 32.07 
' 

, 

G2 106.85 : 36.33 107.92 38.47 138.91 66.25 40.32 31.06 

G3 106.85 27.78 107.92 28.85 152.80 59.84 42.24 26.82 

G4 108.99 25.64 110.06 28.85 ; 163.48 64.11 46.78 : 26.95 

GS 107.92 40.60 107.92 42.74 168.82 80.14 39.57 34.88 

G6 130.36 I 51.29 127.15 54.49 182.72 i 87.62 ' 39.60 42.96 

GT 84.41 ! 41.67 ' 83.34 i 42.74 I 123.95 I 68.39 34.05 32.02 ' I ': 

GB 115.40 i 27.78 I 117.54 28.85 i 172.03 
! 

64.11 I 49.66 : 29.06 
I i ! I 

G9 89.76 ! 23.51 87.62 ' 25.64 ' 153.87 ' 65.18 
I 

35.25 ' 25.08 I i I 

I I 

G10 108.99 50.22 100.44 : 54.49 ] 123.95 : 75.86 39.14 : 43.95 

G11 90.82 34.19 89.76 36.33 139.97 67.32 33.89 28.42 
' 

G12 74.80 : 16.03 70.52 I 16.03 80.14 17.10 23.03 14.89 
' 

G13 71.59 : 17.10 67.32 16.03 76.93 18.17 23.77 14.57 
' I 

G14 106.85 I 40.60 108.99 i 44.88 186.99 i 82.28 38.82 35.30 

G15 98.30 
i 

25.64 98.30 28.85 ' 152.80 58.77 40.96 26.98 I I 
' 

G16 89.76 19.23 89.76 20.30 118.60 44.88 34.31 20.12 

G17 108.99 34.19 111.12 36.33 165.62 65.18 47.76 31.89 

G18 116.47 40.60 116.47 41.67 I 162.41 74.80 48.40 35.46 I 

G19 91.89 42.74 90.82 ' 44.88 
I 

118.60 66.25 34.88 33.22 ' I I I 

G20 67.32 16.03 
: 

64.11 17.10 70.52 18.17 22.76 13.56 ! I 

i I I 

G21 96.17 29.92 ! 95.10 32.06 I 158.14 I 69.45 i 39.52 ! 28.52 ' 
G22 91.89 44.88 87.62 : 

49.15 106.85 I 63.04 31.94 38.61 ' ; I 

' I 

C 52.36 39.54 ' 52.36 39.54 ! 68.39 
I 

54.49 
I 

20.84 27.94 ' 
I : 

M 20.30 18.17 13.89 13.89 17.10 I 17.10 1.76 ' 5.34 : i ' 

B10 ' 
I - - - - I - I - - -i I 

RPA2000 
{HSSWP} 
m=1 rad/s 
T=100°C 
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Table A75. Viscoelastic parameters derived from LAOS {HSSWPI} test- II. 

sample G1 '(800%) I, G1 "(800%)1 tano(5%nl) i tano(5%/IV) j tano(5%M) \ tan10(200%) i, tan1o(SOO%) 

ID y=800% y=5%(11) i y=5%(1V) i y=5%(VI) ' y=200% y=800% 

G1 

G2 

G3 

G4 

GS 

G6 

GT 

GB 

G9 

G10 

G11 

G12 

G13 

G14 

G15 

G16 

G17 

G18 

G19 

G20 

G21 

G22 

C 

M 

B10 

[kPa] [kPa] [-) [-) ; [-] , [-] [-] 

j • k 

3.95 14.97 0.60 

5.66 16.90 0.34 

7.42 18.10 0.26 

9.89 21.71 0.24 

9.37 24.13 0.38 

9.56 26.26 0.39 

5.26 17.50 0.49 

8.31 21.43 0.24 
I 

9.58 20.93 0.26 

8.58 i 22.49 I 0.46 

9.01 19.70 0.38 

4.78 7.92 0.21 

4.52 7.42 0.24 

10.90 25.83 0.38 

10.93 22.48 0.26 

8.75 14.74 0.21 

8.49 22.34 : 0.31 

6.89 : 20.82 0.35 

4.88 I 16.66 0.47 

4.43 6.92 0.24 

10.75 21.25 0.31 

7.56 19.93 0.49 

2.79 12.13 , 
I 

0.76 

1.87 0.90 

l 

m 

0.61 0.66 

0.36 0.48 

0.27 0.40 

0.26 0.39 

0.40 0.47 

0.43 0.48 

0.51 0.55 

0.25 0.37 

0.29 0.42 

0.54 0.61 

0.41 0.48 

0.23 0.22 

0.24 0.24 

0.41 0.44 

0.29 0.39 

0.23 0.38 

0.33 0.39 

0.36 0.46 

0.49 0.56 

0.27 0.26 

0.34 0.44 

0.56 0.59 

0.76 0.79 

1.00 1.00 

610 

n 

1.16 

0.77 

0.64 

0.58 

0.88 

1.09 

0.94 

0.59 

0.71 

1.12 

0.84 

0.65 

0.61 

0.91 

0.66 

0.59 

0.67 

0.73 

0.95 

0.60 

0.72 

1.21 

1.34 

3.03 

0 

3.79 

2.98 

2.44 

2.20 

2.57 

2.75 

3.33 

2.58 

2.19 

2.62 

2.19 

1.66 

1.64 

2.37 

2.06 

1.68 

2.63 

3.02 

3.41 

1.56 

1.98 

2.64 

4.35 

RPA2000 
{HSSWP} 

m=1 rad/s 
T=100°C 



TableA76. Viscoelastic parameters derived from LAOS {HSSWPl} test - m. 

Graft G*(So/o/11) :
1 

G*(5%Nl)IG1*(200%)jG1*(800%)j S/(200%)jS/"(200%)jS/(800%)!S1"(80O%) 

ID y=5% i y=200% I y=800% I y=200% I y=800% 
I 

(kPa] [kPa] [kPa] Pn·lb] i pn•lb) Pn·lb] Pn·lb] [kPa] I 

' I 
I ' 

D a r ! s t ! u V : w 

G1 87.23 121.22 42.36 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 21.99 
----

G3 110.40 164.10 50.03 19.57 13.74 8.72 9.66 23.56 
- -

G4 111.97 175.60 53.98 23.86 ! 15.22 8.77 
; 

12.87 28.25 

GS 115.31 186.88 52.75 ' 25.88 ' 12.87 ! 11.34 12.19 31.39 ' I i i 

G6 140.09 202.64 58.42 ' 27.95 I 12.88 
! 

13.97 ! 12.44 34.17 : 

G7 94.14 141.56 46.74 18.28 11.08 10.42 6.85 22.78 

GB 118.70 183.59 57.53 I 22.99 16.15 9.45 10.81 27.89 

G9 92.78 167.11 43.26 23.02 
I 

11.47 : 8.16 12.46 27.24 i : ' 

G10 120.00 ! 145.32 58.85 24.07 12.73 14.30 : 11.16 29.27 : ! i 
' 

G11 97.05 155.32 44.23 I 21.66 11.02 ' 9.24 11.73 25.63 
' 

G12 76.49 : 81.94 27.42 : 9.26 i 7.49 4.84 6.22 10.31 i 

G13 73.60 79.05 27.88 8.68 7.73 4.74 5.88 9.65 

G14 114.30 204.29 52.47 : 28.04 ! 12.63 11.48 14.18 33.62 

G15 101.59 ' 163.71 49.04 25.00 13.32 8.78 14.23 29.25 

G16 91.79 126.81 39.78 17.14 11.16 6.54 11.39 19.17 

G17 114.23 177.98 57.43 23.90 15.54 10.37 11.05 29.07 

G18 123.34 178.81 ' 60.00 ' 21.93 15.74 ! 11.54 8.97 27.09 ' 

G19 101.35 ' 135.85 48.16 17.36 11.34 ' 10.81 6.35 21.68 ' : i ! 
I 

G20 69.20 72.82 26.49 8.22 : 7.40 ! 4.41 5.76 9.01 
I 

G21 100.71 I 172.72 48.74 23.81 12.85 I 9.28 13.98 27.65 
' i 

G22 102.26 
I 

124.06 50.11 21.32 10.39 ' 12.56 I 9.83 ' 25.93 i 
I ' 

C 65.61 87.44 34.85 12.44 6.78 I 9.09 3.63 i 15.78 

M 
I : I - I - - - - I - - -' 

B10 I I i - I - - - - - - -' I I 

RPA2000 
{HSSWP} 
m=1 rad/s 
T=100°C 
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Table A77. Non-linear stress relaxation parameter from {TEST2} tests. 

G(40rns) ' nG(0.1) i nG(1) i nG(10) '
1 

nG(100) ', nG(400) 
Sample : i 

1------------,------r---------,-1---------,------t 

ID [kPa] [·] i [·] i [-] [·) 1 [-] 

a b '1 c , d i e : r 
: j 

G1 1.180E+06 0.805 0.395 0.138 , 0.045 /1 

G2 1.360E+06 0.860 0.556 0.314 0.146 0.082 
I-----+-----------.------,------------- --

G3 1.280E+06 0.891 0.646 ! 0.438 0.258 0.170 
I 

G4 1.170E+06 0.872 0.632 0.452 1 0.294 0.212 

GS 1.41 0E+06 0.823 : 0.503 ' 0.302 ! 0.172 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 

GB 1.250E+06 0.888 0.646 0.456 0.294 0.210 

G9 1.130E+06 0.838 0.583 0.411 0.264 0.189 
I 

G10 1. 730E+06 ; 0. 769 ! 0.421 t 0.234 : 0.127 0.087 

G11 1.320E+06 :I 0.841 , 0.537 \ 0.342 0.207 0.146 
I I 

G12 1.010E+06 1 0.903 1 0.698 0.493 0.292 0.192 

G13 9.110E+05 0.906 0.685 , 0.459 , 0.250 0.154 

G14 1.330E+06 0.835 0.527 0.328 , 0.192 0.136 

G15 1.170E+06 ; 0.855 0.607 I 0.436 1 0.287 0.209 

G16 1.030E+06 i 0.883 : 0.650 ! 0.450 / 0.277 0.192 

G17 1.260E+06 ; 0.857 0.583 : 0.391 : 0.250 
1 

0.183 

G18 1.420E+06 0.852 0.527 0.295 0.151 0.094 
: 

G19 1.410E+06 0.837 0.479 0.221 0.085 0.047 

G20 8.850E+05 0.904 0.681 ; 0.459 : 0.251 0.153 

G21 1.210E+06 0.843 i 0.569 ! 0.395 
1 

0.258 ; 0.188 

G22 1.560E+06 \ 0.776 i 0.424 I 0.222 ! 0.112 i 0.073 
I I I I 

C 5.460E+05 / 0.813 0.394 ! 0.131 ! - : /1 

M - 0.767 1 0.313 I 0.116 I 
810 

/1 - Corresponding torque measured below nominal range for the transducer 
and reading was rejected. 
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Table A8a. {DTMA} parameten - I. 

T /E" max(BR-a) ! T /tanmax 6 (BR-a) \ tanmax O (BR-a) I T IE" max(CIIR-a) ! T /tanmax 6 (CIIR-a) 

sample rcJ rc1 ' [-) 1 rc1 ' rc1 

G1 

G2 

G3 

G4 

GS 

G6 

G7 

GB 

G9 

G10 
1 

G11 

G12 

G13 

G14 

G15 

G16 

G17 

G18 

G19 

G20 

G21 

G22 

C 

B10 

M 
avg (1)(3) ! 

s(2} 

min (3) 

max (3) 

range (3) 
1 

SE (4) i 

a b 

p.n.d. p.n.d. 

p.n.d. p.n.d. 

-88.4 p.n.d. 
-90.8 -90.7 

-91.0 -89.5 

-90.3 -87.8 

p.n.d. p.n.d. 

-88.6 -88.2 

-90.6 -89.3 

-90.8 -89.1 

-90.9 -89.9 

-90.0 -87.8 

-89.7 -87.7 

-89.9 -89.2 

-90.6 -89.7 

-89.8 -88.1 

-89.7 -89.4 

-90.0 p.n.d. 

-87.9 -87.5 

-89.6 -87.4 

-90.0 -89.1 

-90.6 -89.3 

n/a n/a 

-92.9 -85.6 

-91.3 -89.8 

-90.0 -88.8 

0.36 0.61 

-91.0 -90.7 

-87.9 -87.4 

3.1 3.3 

8.6 5.4 

C 

p.n.d. 

p.n.d. 
p.n.d. 
0.084 

0.193 

0.239 

p.n.d. 
0.059 

0.141 

0.252 

0.136 

0.156 

0.163 

0.212 

0.097 

0.128 

0.086 

p.n.d. 

0.068 

0.148 

0.142 

0.211 

n/a 

2.039 

0.097 

0.148 

0.038 

0.059 

0.252 

0.193 

5.1 

i 
I 

I 

d 

-63.7 

-60.5 

-60.8 

-62.5 

-58.8 

-60.6 

-59.0 

-57.5 

-61.2 

-58.6 

-60.4 

-63.3 

-63.1 

-61.1 

-61.5 

-60.1 

-58.4 

-60.3 

-58.1 

-65.2 

-59.3 

-59.7 

-58.4 

n/a 

-55.5 

-60.6 

1.25 

-65.2 

-57.5 

7.8 

6.2 

(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 Is (4) - df. SE= range Is 

nla - not applicable; p.n.d. - peak not distinguishable; n.m. - parameter not measurable 
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e 

-45.1 

-42.6 

-43.0 

n.m. 

-44.7 

-44.1 

-41.0 

-42.5 

-42.6 

-44.3 

-45.0 

-44.8 

-44.7 

-44.7 

-45.1 

-44.8 

-44.9 

-45.1 

-45.2 

-47.2 

-44.8 

-44.8 

-42.6 

n/a 

-42.7 

-44.3 

0.44 

-47.2 

-41.0 

6.2 

14.1 



Table A8b. {DTMA} parameters - II. 

tanmax cS (CIIR-a) /T ltanmax6 (CIIR-ll)jtanmax cS (CIIR-ll)j INT(tan 6 (BR-a)dT J &T (E'-E" cross-overs) 

sample [-] ' rc1 I [-] i [arb) ! [°CJ I ! I 

f ' g I h i i j 

G1 1.239 i -27.4 I 1.581 : 
I 

p.n.d. 46.1 

G2 1.168 -27.3 ' 1.513 p.n.d. 49.5 

G3 1.173 -27.7 1.510 0.04 47.8 

G4 n.m. -28.3 ' 1.399 0.21 48.8 
-

GS 1.037 -33.1 1.113 I 0.68 43.0 

G6 0.974 -30.6 1.258 I, 1.31 50.8 I 

G7 1.158 -24.7 I 1.534 I 
p.n.d. 51.5 

GB 1.129 -27.1 1.344 I 0.15 50.7 

G9 1.106 -29.8 1.230 0.55 51.9 

G10 0.967 -36.2 1.030 1.31 46.6 

G11 1.065 I -30.2 1.248 0.36 48.0 

G12 1.170 -29.3 1.324 0.50 53.4 

G13 1.202 
I 

-32.2 1.333 0.31 54.4 

G14 1.095 
I 

-34.0 1.151 1.03 43.6 

G15 1.144 -32.4 1.356 I 0.36 47.6 

G16 1.128 -30.3 1.324 0.43 50.4 

G17 1.123 -29.5 1.422 0.23 50.0 

G18 1.147 I -27.7 1.586 p.n.d. 49.3 

G19 0.989 I -24.0 ' 1.545 0.00 48.3 

G20 1.208 I -33.5 : 1.306 I 0.44 52.8 ' 
' 

G21 1.078 -31.6 1.248 0.57 48.9 

G22 1.018 -31.2 1.136 
', 

1.00 44.4 ' ' 
C 1.143 -28.3 1.591 : 

n/a 50.0 

B10 n/a n/a I n/a nla n/a 

M 1.097 : -23.7 1.545 : 0.17 I 53.1 

avg (1)(3) 1.110 -29.9 ; 1.340 : 0.53 49.0 

s(2) 0.049 i 1.36 0.098 0.269 2.72 

min (3) 0.967 : -36.2 1.030 0.00 43.0 : 

max (3) 1.239 I -24.0 1.586 1.31 54.4 

range (3) 0.272 12.2 ' 0.556 i 
I 

1.31 11.4 

SE (4) 5.6 8.9 I 5.7 I 4.9 4.2 I I i 

(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', Ng and wb.g, 

chemical composition; wb and wb.h, as well as parameters characterizing some of the potential 

interferences such as PD/ and vinyl (wt°/o) 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 App Via and App Vlb) for all combinations of relevant parameters. 

A summary of the correlations expressed by t-Ratio 1 values is given in Table AppVI. Several 

detected interrelations are interpreted below, based on prediction profiles and corresponding 

t-Ratios. 

(a) Interrelation M/IIN! 

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 Ni and M/ . This is due to highly preferential combinations 

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

1 
- 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 App VIa, top square in the left 

column). 

(b) Interrelations wb.g/lM/ and wb.g/lN: 

These interrelations, (which are not statistically significant at 95% confidence level) reflect 

an analytical relation existing between the branch content, wb.g and the principal branching 

parameters (wb.g ~ M/ • Nf', cf. also equation 3-7), valid for comb-type molecules based on a 

common (identical MWD) backbone. 

( c) Inte"elation wb,h IIM/ 

Strong, positive interrelation between M/ and wb,h (t-Ratio=+7.75, Prob>ltl<0.0001) is a 

result of rapidly decreasing effectiveness of uncoupled BR removal with increasing branch 

prepolymer MW. This results in rapidly increasing wb.h content with increasing branch 

length. The relative strength of correlation between any rheological parameter and wb,h or M/ 
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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( d) Interrelation wb /IM/ 

Due to the extremely strong correlation between wbll wb.g, which reflects the simple fact that 

the majority of reactive, branch prepolymer molecules actually grafted onto CUR. Separation 

of effects coming from branch length and graft chemical composition, wb can be difficult. 

Branching number, N f', 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 App VI. Interrelations between structural and compositional parameters: 
t-Ratio table. 

t-Bati.a. 'l.a.Lues Mb 
p 

NP g 
Wb,g Wb,b Wb POI vinyl 

Mb 
p 

NP g 

Wb,g + + 

Wb,h +7.75 + 

Wb +3.04 0 

PDI 0 0 0 0 

vinyl 0 -2.58 + 

values oft-Ratio given for statistically significant correlations only 

·-· - negative, non-significant correlation with lt-Ratiol values below 2.50 (95% conf. intervaQ 

'+' - positive, non-significant correlation with lt-Ratiol values below 2.50 (95% conf. interval) 

·o•- It-Ratio! values below 1.00 
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Figure App Via. Prediction profiles for interrelations between structural 
and compositional parameters - I. 
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Figure App Vlb. Prediction profiles for interrelations between structural 
and compositional parameters - II. 
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IMAGE EVALUATION 
TEST TARGET (QA-3) 
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