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A R CO- 1 Frifuoctional R-45M fraction prepared by ARCO (M~ 
5001)) 

CFPB 

DDI 

DÍA, DiB, OiC, 
and DiD 

in 

fw 

G PC 

HMDI 

HTPB 

Mn 

Mw 

NCO 

R-45M 

Teiagen-HT- 
516AM-20 

TDI 

TPMTI 

TriB and TriC 

Carboxy terminated polybutadiene 

Long chain aliphatic diisocyanate from General Mills 

Difunctional fractions prepared by fractional precipita¬ 
tion of R-45M (M~ 1 800) 

Number average functionality = £njfj, where n = mole 
fraction 

Weight average (or effective) functionality = En^fj^/Enjíj 

Gel Permeation Chromatography 

Hexamethylene diisocyanate 

Hydroxy terminated polybutadiene 

Number average molecular weight 

Weight average molecular weight 

Isocyanate 

ARCO free radical initiated HTPB 

Approximately difunctional Telagen-HT fraction pre¬ 
pared by Aerojet (M~4000) 

Toluene diisocyanate 

Triphenyl methane triisocyanate 

Trifunctional fraction prepared by fractional precipitation 
of R-45M (M-6000) 
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SECTION 1 

INTRODUCTION 

The carboxyl and hydroxyl terminated polybutadiene prepolymer* 
(CTPB HT PB) that have come into uae for the manufacture of solid propel- 
latir vary in detailed »truc.ure, molecular weigh, di.tribution and uncUon- 
alitv distribution as a result of differences in the prepolymer manufacturing 
processes. These differences translate into differences in propellant pro- 
cessibility potlife, cure behavior, mechanical properties and aging char¬ 
acteristic^ Moreover, it is not uncommon to experience batch-to-batch 
variability that, in turn, translates into propellant and motor quality con 

problems. 

The problem reflects the fact that it is as yet difficult to fully char¬ 
acterise prepolymers and to relate changes in prepolymer structure and 
composition to resulting changes in propellant behavior. 

With the increasing emphasis that is being placed upon "V°tor 8*rV^e 
life as well as ability to withstand severe temperature cycling, this pr°ble^ 
arek has received much attention during the past years. This resulted in the 
development or application of techniques for fractionating prepolymers, at 
?east on a Sboratory scale, either by molecular weight (e.g.. gel permeation 
chromatography) orby functionality (e.g., fractionation over sihcagel ^ 
columns) both for the purpose of arriving at more stringent quality con 
and at a better definition of the relationship between polymer structure and 

propellant behavior (Ref. 1-5). 

As part of this effort, the Air Force in 1969 initiated two Pr°8ram8 
dealine with the fractionation of HTPB prepolymers for determining the 
effects of changes in molecular weight and functionality distribution. One 
nroc ram assigned "o Aerojet, was to fractionate HT-Telagen (containing 
secondary hydroxyls) and emphasize the effect upon propellant behavior of 
the'functionality range M.T-lo «Ref. 6). A parallel program ^...gned to 
Lockheed Propulsion Company was to fractionate ARCO s R-45M HTPB 
prepolymer, and emphasize the functionality range 2.0-2.3 in evaluating the 

individual fractions in propellants. 

The R-45M prepolymer is produced via a peroxide initiated free 
radical polymer iza Jn, and" it results in material that contains the hydroxyl 
crouDS in allylic form. The material, as presently marketed, Has an 
average molecular weight of approximately 3000 and an average hydroxy 
functionality of approximately 2.3,. Used as a propellant binder gedient, 
the R-45M HTPB prepolymer exhibits somewhat unusual behavior in so far 
as good cure is generally achieved quite rapidly at isocyanate to Hydroxyl 
ratios below one, even in the absence of the usual cure catalysts. According 
to the manufacturer this behavior is caused by the presence of relatively l w 
molecular weight trifunctional material. This assessment received further 
support from data obtained upon fractionating R-45M oyer silica gel columns, 
which indicated that R-45M was composed of comparatively low molecular 

-1- 
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weicht «MW 2000> T^nC^^^rrlite .iTecuuíweícM oVÄ (Ref. 4). 
(lifunctional material havmn an average 

These early ‘"’^‘^VracVinole^uVr weight might produce 
la;:i,t“arh:iir..mrl Hoseií ditunçdiona. 

r.Utid^a “ÄÄhTpC and h.so ,o perforn, -he «o,lowing: 

,«ri rharacterize di and triíunctional fractions (1 ) Esso to prepare and characterize » 
of R-45M in sufficient qualities to allow 

SSSSSSSSir' 
above 2. 0. 
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SFC XION 11 

SUMMARY 

Sea le-up of the silica gel fractionation of R-46M HT PB prepolymer 
gave erratic results indicating structural changes if the material is con¬ 
tacted for any length of time with active SiO¿. 

Scale-up fractionation of R-45M (MW U)00, functionality 2.3) by 
oreoarative gel permeation chromatography and by solvent precipitation 
techniques produces fractions wherein the average functionality increases 
with average molecular weight. The data indicate that R-4 M contains 
30-SO weight percent polymer that has an average functionality of close to 
,1, and an average molecular weigh, of ¿000. Thi. ma.er.al admixed 
with polymer having a significantly higher molecular weight and higher 

functionality. 

The difunctional material (MW 2000) was shown to cure quite rapidly 
in the absence of cure catalysts at NCO/OH equivalence ratios below one-to- 
one and swelling tests performed with both gumstock and propellant indicate 
“hat'a ero.*linked network it, produced at NCO/OH ratios of 0.8. Stnce both 
gel oermeation chromatography and solvent precipitation techniques separate 
according to molecular weight rather than functionahty differences it is 
concluded that the low molecular weight fraction (MW = 2000, f- 2.0) still 
contains material having higher functionality and acting as an effective 

crosslinker. 

Unexpectedly, cure inhibition at NCO/OH equivalence ratios of 0.8 
was experienced when a higher molecular weight fraction [MW 6000, f ~3 
was recombined with the MW 2000 material. Raising the NCO/OH equivalence 
ratio to 1.0 effected cure. Some of these studies were performed without 
adding antioxidants. To rule out oxidative crosslinking as a possible explana¬ 
tion for the cure behavior of the MW 2000 material, R-45M was heated in the 
oresence of AP at 140°F for periods up to two weeks; there was no indication 
of a change in the GPC elution curves. This does not as yet rule out lesser 
degrees of oxidative chain interaction such as might be critical in the cure 

system. 

The effect of the low M difunctional R-45M fractions upon propellant 
mechanical behavior was compared against R-45M itself and against an 
HT-Telagen fraction (M = 4000, functionality ~2) obtained from Aerojet. 
Minithin uniaxial tensile properties were measured, as wer® 
bilities and analog motor thermal cycling capability, using 84 percent solids 
with DDI as isocyanate and no bonding agent. Results were as follows. 

• At -65®F the low M fractions produced lower strain and higher 
modulus at -65°F than did R-45M itself. At 70 and 140”F the 
low M fractions were at least as effective as R-45M itselt. 
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• Tear re*iatance with the low M fractions is probably superior 
to R-45M at 70*Fand differences at -f>5*F were not clear cut. 

• The Telaren fraction (M ~4U00) offers no advantages over R-45M 
in terms of uniaxial tensile behavior. It's tear resistance is 
inferior to that of the R-45M fractions. 

• At equivalent ambient initial modulus, the temperature cycling 
capability (-80° F to lf>0°F) with the lov M fractions is as good 
as that with the parent R-4ciM. 
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SECTION III 

RESULTS AND DISCUSSION 

1. PREPARA PION OF R-4SM FRACTIONS 

a. Silica Cîel Fractionation 

In their functionality program, Esso Research and Engineering 
had fractionated three different lots of R-45M on an analytical scale (1 gram 
quantities) over silica gel columns (Ref. 4), and had obtained two distinct 
peaks consisting essentially of difunctional material (MW 4000) and tri¬ 
functional material (MW ¿000), the difunctional fraction accounting for 40-50 
percent of the initial sample weight. rhese data supported the manufacturer's 
contention that the higher functionality material was present in a lower mole¬ 
cular weight fraction. 

Against this background this program started with the scale-up 
»if the R-45M HFPB fractionation over silica gel columns using 4-5 inch dia¬ 
meter columns at 50-60 gram prepolymer loading while otherwise maintain¬ 
ing closely similar conditions (SiO¿/polymer ratios, selection of solvents) 
as were used during the analytical work. 

The results, summarized in detail in Appendix A, were un¬ 
satisfactory in so far as the scale-up fractionation did not succeed in dupli¬ 
cating the analytical separation of the R-45M into predominantly di and 
trifunctional fractions. Since repeat silica gel column treatments of the 
same material additionally provided evidence that the material was being 
changed chemically upon prolonged contact with silica gel, the attempt of 
preparing the desired difunctional prepolymer by silica gel fractionation^ 
of R-45M was abandoned. 

Similarly unsuccessful was an attempt to fractionate R-45M by 
admixing the material with varying weights of silica gel followed by solvent 
extraction of the slurry using CCI4/CH2CI2 solvent mixtures in varying 
ratios. 

b. Fractionation by Gel Permeation Chromatography 

Paralleling the early fractionation and polymer characteriza¬ 
tion efforts at Esso, LPC analyzed the R-45M HTPB prepolymer by gel 
permeation chromatography, both at an analytical and a preparative scale 
(Water Associates "Anaprep" GPC). The data that were obtained were in 
contradiction to the results of the silica gel fractionation in so far as they 
showed that hydroxyl functionality in the R-45M tends to increase with 
molecular weight. 

K Other workers (Ref. 5) nave since reported similarly negative results 
in attempting to fractionate HTPB prepolymers of active silica gel. Improve¬ 
ments in the silica gel fractionation method can be effected by partially de¬ 
activating the SÍO2 with alcohols; this, however, is not expected to alleviate all 
the scale-up problems. 
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R K rt’N PION V Ö [Al Mt! IN COUNTS UN. R EASING MOLECULAR WEIGHT—» 
1 COUN T - 5 MILLITERS 

Figure 1 G PC Cumulative Plots (Analytical Mode) 

TABLE I 

SCALED-UP GPC FRACTIONATION 
,(1,2) OF R-45M (LOT 80^201 )' 

Fraction Wt % Mr £a: wt In 
Relativ« 

Reaction Rate 

A78-28-3 

-4 

-5 

.6 

-7 

-8 

-9 

8.7 

20.5 

22.9 

19.7 

14.5 

9.0 

4.7 

10640 

4420 

2840 

2530 

2190 

2200 

2270 

2390 

1810 

1350 

1230 

1150 

1060 

! 120 

4.45 

2.44 

2.10 

2.06 

1.91 

2.08 

2.03 

A78.31.1 
(CombineH 5, 6, 
7 above) 

(57.1) 2550 1270 2.01 2.4'î> 

¡U rortJ t#tal a* t«n percent R-45 injection concentration in CHCh 
(21 See Table XIV footnote* for definition of propertie* listed and Append) 
analytical method*. Appendix B for description of 

(3) Defintion of point of incipient gelation imprecise for this sample. 
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Fitmre 2 Precipitation of R-45M, Lot 008281, by Addition of Methanol to a 
F B 10.0 Wt % Solution of R-45M in Methylene Chloride at Ambient 

Tpmnerature 
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TABLE II 

FRACTIONATION OF R-45M, LOT 008¿8l BY 

PRECIPITATION AT AMBIENT TEMPERATURE 

Fraction Wt % of Fr iction Total Wt % Eg. Wt (Mn)o 

II (1) 

III 

IV 

V 

VI 

(1) 

VII (2) 

8.88 

16.17 

7.32 

7.35 

9.47 

13.57 

33.28 

8.88 

¿5.05 

32.37 

39.72 

49.19 

62.76 

96.04 

¿219 

¿059 

1950 

1882 

1845 

1643 

848 

6700 

6100 

5760 

5400 

4170 

1700 

(1) Combined and designated TriA. 
(2) Remainder, not precipitated out. Designated DiA. 

Functionality 

3.02 

2.96 

2.95 

2.93 

2.54 

2.0 

TABLE III 

SCALED-UP PRECIPITATION FRACTIONATION OF R-45M, 

LOT 008281 

Wt % of Cumulative 
Fraction Fraction_Wt % 

l(l> 

„(2) 

III 

IV 

V 

VI 

VII 

VIII 

4.68 

12.58 

16.37 

9.95 

9.23 

6.83 

5.71 

3.43 

IX (diB)(î) 33.11 

4.68 

17.26 

33.63 

43.58 

48.81 

55.64 

61.35 

64.78 

97.89 

Functionality 
Eq- Wt (Mn)o_[(Malfl/Eai.W?] 

2233 7100 3.18 

785 1600 2.04 

(1) Dealgnaterl TriB1 
(2) DetignateO TriB 
(3t Remainder in solution 
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(1 ) Analytical Studies 

Several samples were examined using the analytical mude 
of the GPC, and typical results are shown in Figure 1 as cumulative weight 
percent plots. This figure includes data for two fractions derived from the 
silica gel fractionation studies that according to analysis had higher average 
molecular weight (Fraction 18-1 MW 4650, Fraction 17-1 MW 4¿50) than the 
starting material (R-45M, Lot 805¿01, MW ¿900). The GPC data adequately 
reflected these analytical (vapor phase osmometer) differences, which 
prompted the evaluation of the GPC's preparative mode for the purpose of 
obtaining sufficient material for functionality determinations. 

(2) Preparative Fractionation 

The above experiments indicated that GPC fractionation 
potentially might produce the discrete functionality fractions desired for the 
program. However, the conventional one percent injection concentration is 
definitely marginal for preparation of the 1-2 pound of difunctional material 
desired. Consequently, the feasibility of obtaining good functionality separa¬ 
tion of R-45 at a ten-fold greater concentration was investigated. Forty-four 
grams of two different lots were fractionated into seven fractions each, using 
four column injections at ten percent concentration. Table I summarizes the 
results for Lot 805201, which indicate that removal of the high M, high f 
species (approximately 30% of the material), and perhaps the lower ten per¬ 
cent, should provide the desired difunctional prepolymer. Refractionation of 
the first cut would be necessary for preparation of trifunctional prepolymer. 
Above all the data provided evidence that R-45M increases in functionality as 
molecular weight increases. 

c. Fractional Precipitation of R-45M 

In view of the functionality separation achieved with GPC it 
appeared likely that similar success might result using conventional frac¬ 
tional precipitation methods, and the latter could well provide a better 
avenue for scale-up. 

The initial experiment employed a ten percent solution of Lot 
008281 (100 g) in methylene chloride at room temperature. Methanol was 
added incrementally and after each increment the system was warmed to 
redissolve the precipitated prepolymer (actually coacérvate). After cooling 
and equilibrating for 24 hours, the precipitated fraction was separated (see 
Figure 2 for representative precipitation profile). 

The precipitation was terminated after six fractions totaling 63 
weight percent had been collected. The polymer remaining in solution was 
designated Fraction VII. Analyses of the seven fractions (Table II) indicate 
qualitative agreement with GPC fractionation in that functionality increases 
with molecular weight and essentially difunctional material can be produced. 

Subsequently the precipitation fractionation was scaled up by 
simultaneously processing three one-pound samples of Lot 008281. Corres¬ 
ponding fractions from the three samples were combined prior to characteri¬ 
zation analyses. The final results, summarized in Table III, are consistent 
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with the first experiment (Table II); this is also demonstrated by the plot of 
functionality versus molecular weight shown in Figure 3. Fraction IX in 
Table III was available in approximately 1-pound quantity and was designated 
DiB. 

Two additional three-pound samples were fractionated to yield 
two one-pound difunctional fractions. These were each redissolved separately 
and approximately ten percent of each precipitated by addition of methanol. 
The resultant fractions were designated DiC and DiD, 

From the various scaled-up fractionations, three approximately 
trifunctional fractions were isolated in one-half pound quantities. These were 
designated TriB', TriB, and TriC. TriB' and TriB were the first and second 
cuts from the fractionation producing DiB (Table III) while TriC was the second 
cut from the fractionation producing DiC. 

Detailed characterization of these fractions is described in the 
following section. 

2. CHARACTERIZATION OF PRECIPITATION FRACTIONS 

Table IV summarizes the analytical data obtained upon the precipita¬ 
tion fractions and upon two additional fractions, one from Aerojet (HT-Telagen) 
and one from ARCO. Characterization of these fractionr is discussed in the 
following sections. 

a. Infrared Spectra 

Figures 4-7 present the 2.5-12 micron region of the infrared 
spectra for several fractions and their parent lot of R-45M. The higher con¬ 
centration of hydroxyls in DiB and DiC, due to their low equivalent weight, is 
evident in the three micron region, as is a small increase in carbonyl (5.9- 
6 micron). 

b. Molecular Size and Functionality 

(1) Gel Permeation Chromatography 

Figure 8 shows the cumulative size distributions as 
determined by analytical GPC (1% solution in CHCI3) for DiB, DiC, TriB 
and their parent R-45M. The difference are qualitatively as expected, 
although the high molecular weight ends are not strongly differentiated be¬ 
cause of the relatively low exclusion limit (6000) of the Styragel columns 
employed. 

(2) Elution from Deactivated Silica Gel 

The functionality distribution of two of the fractions (DiB 
and TriB) was measured by fractional elution from deactivated silica gel. 
Partial deactivation of the silica was achieved by preparing the silica gel 
columns with CH2CI2/CH3OH mixtures. 
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□ LOT 008281 . 
O LOT 008281 FRACTIONS (100 G SCALE! r 
A LOT 008281 FRACTIONS (3 LB SCALE) 

¿¿‘¿A 1 M 1 4000 1 ” 6ÕÕÕ 7Õ00 

NUMBER AVERAGE MOLECULAR WEIGHT 

I , J.. iX 

Figure 3 Dependence of Functionality on Molecular Weight for R-45M 
Lot 008281, and Precipitation Fraction« 
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FA 13 LL rV 

CHARACTERIZATION OF FRACTIONS 

F raítion 

HiH 
(41 

DiC ,(4( 

DiD (41 

Laboratory Mn* * 1 

Esso 1600 

LPC 1H40 

ARCO 1800 

Esso 1600 

LI’C 1800 

ARCO 1800 

Esso 16(0 

,,. % NCO Reacted 
Eq ■ W t. Tn _at Gel Point * 

78t' t .04 9(-04 ¿.\ 

940°1 1.96 

89¾^1 J.0I 

I 1.96 99-100 ¿.00-.!.ü¿ 

881 ¿.04 

840 2.14 

1.98 98.6-100 ¿.00-¿.0( 

Fela^en-H F- 
316AM-20 (7) 

FriB 
(10) 

TriC (11) 

ARCO-1 (12) 

LPC 

Aerojet 

Esso 

Esso 

Esso 

LPC 

ARCO 

44(0 

(980(8) 

6000 

6200 

5400 

5320 

5200 

1940 2.2 9 
(9) 

2080* ' 1.91 

2205 2.72 

2300 2.70 

1890 ¿.86 

1690 3.16 

¿090 2.48 

71-74 2.85-2.98 

71-72 2.9.-2.98 

71.5-73.2 2.84-2.96 

R-45, Lot 
805201 

Esso 2900 1200 2.38 

LPC 2900 2.6 

R-45, Lot 
008281 

Esso 

LPC 

3025 

2980 

1297 

1280 

2.34 

2.33 

2.42 

(1) VPO measurements 
(2) Mn/Eq. Wt. 
(3) From Stockmayer equation using ‘"o NCO reacted at gel point (Ref. 7). 
(4) Last cut from fractional precipitation. 
(5) Toluene sulfonyl isocyanate procedure. 
(6) Infrared 
(7) Prepared by General Tire & Rubber using silica gel elution (Ref. 6). 
(8) VPO 
(9) Infrared 
(10) Cut 2 from fractional precipitation. 
(1 1 )Cut 2 from fractional precipitation 
(121 Prepared by ARCO using a proprietary procedure. 
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WAVUINGIH MtCKONS 

3 10 12 

Figure 4 Infrared Spectrum of R-45 HTPB Lot No. 008281 (film thickness: 
0.015 and 0.100 MM) 

wavelength microns 

3 6 7 8 9 10 12 15 

Figure 5 Infrared Spectrum of DiB (film thickness: 0.015 and 0.100 MM) 
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1000 

Figure fe Infrared Spectrum of DiC (film thicknesa: 0.015 and 0.100 MM) 

WAVfclENGTH MICRONS 

Figure 7 Infrared Spectrum of TriB (film thickne..: 0.015 and 0.100 MM) 
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Figure 8 Cumulative Size Distributions 
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Two runa were conducted upon DiB. The first employed an 
initial CHiClj/CH^OH mixture of 98/¿ (by volume) and subsequently eluted 
with that same composition. The second employed an initial composition of 
99/1 and ultimately required a ratio of 97/1 to elute the final fraction, fhe 
elution profile for the former run is illustrated in Figure 9 and Tables V and 
VI summarize analytical data for the fractions. 

On the basis of these two fractionations, it appears that 
DiB contains a very small amount of monofunctional and some trifunctional 
prepolymer. However, it is difficult to further quantitize the mono- and tri 
functional level since analyses of all fractions show only slight, if any, 
deviation from a nominal difunctional polymer. 

From the GPC data the breadth of the molecular weight 
distribution is characterized by a Mw/Mn ratio of 1.11; a value of 1.14 results 
from the combined silica elution data of Tables V and VI. The latter data 
also yield a calculated 7w/7n ratio of 2.00/1.99 = 1.00. 

The silica gel for the TriB characterization was initially 
deactivated with a 99.5/0.5 CH2CI2/CH3OH mixture. The elution profile is 
given in Figure 10 and the analytical data are summarized below: 

Fraction 

1 

2 

3 

4 

Cumulative 
Wt % 

8.83 

22.89 

81.54 

95.7 

Eg. Wt Mn Jn_ 
3800 9200 2.42 

3080 7600 2.47 

2420 7100 2.93 

1010 2950 2.92 

Since TriB is an early cut (No. 2) in the precipitation frac¬ 
tionation, it is not surprising to see that it contains a wide range of molecular 
weight and functionality species. Interestingly, however, the data, along with 
those in Tables I, II, III, V, indicate that R-45M possesses both di- and tri¬ 
functional species covering a wide range in molecular weight. 

(3) Mn» fn» and fw 

The following comments summarize the data of Section 2b: 

• The precipitation fractions, DiB, DiC, and DiD, are of 
relatively low molecular weight (1600-1800) and are very 
nearly difunctional. The fact that they do indeed gel with 
DDI (and TDI) indicates some effective polyfunctionality 
in the polymer fraction, the diisocyanate, or both.2 DiB 
presumably contains slightly more polyfunctional species 
than do the other two (7W values plus the added precipita¬ 
tion step in preparing DiC and DiD). 

T.—Figure 32 in Appendix B shows that HMDI and DDI result in the same fw 
value for a lot of R-45M. This might be taken as evidence that polyfunctionality 
is in DiB, C, and D rather than in DDI; otherwise both HMDI and DDI must 
possess the same degree of polyfunctionality (homopolymerization). 
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Figure 9 Fractionation of DiB by Column Chromatography using Partially 
Deactivated Silica Gel (98/2 CH2Cl2/CH3OH). Run 499-68 

TABLE V 

FRACTIONATION OF DiB ON PARTIALLY 

DEACTIVATED SILICA GEL* 

Run 499-68 

Wt ‘"o of Cumulative 
Fraction Fraction Wt % 

Equivalent _ 
Weight_Mn_Functionality 

II 

III 

IV 

5.32 

39.23 

5.32 

44.55 

43.50 88.05 

1 1.58 99.63 

1094 I *°98 2140 

895 
860 

521 
517 

877 

519 

1760 

1085 

1.95 

2.0 

2.09 

deactivated with 98/2 CH¿C1¿/CH40H 
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AFHPL-TR-71-1¿ < 
436-K 

TA B Lt: V L 

FRACTIONATION OF DIB ON PARTIALLY 

DEACTIVATED SILICA CEL* 

Run 499-70 

Wt «i CuiuuUitivc 

Fract ion Fraction_w 1 'u 

7.4 í 7.4Í 

-,7.47 (,4.00 

li.-,.! 78.42 

10.J4 07.87 

1-i|UivaU-nl _ 
Weight Mn Fun, t lona I it y 

¿208 4000 I-hi 

11(,0 2 <70 2.04 

740 ) >(.0 2.10 

I 

II 

111 

IV 

deactivated with 00/1 CHt l¿/(.H<C)H 

Figure 10 Fractionation of TriB by Column 
Deactivated Silica Gel (99.5/0.5 to 98/2 CH2CI2/CH3OH). 

Pun 499-76 

Partially 
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The precipitation fractions, TriB and TriC, are much 
higher in molecular weight and approach trifunctionality. 
However, they do contain appreciable quantities of 
difunctional material. 

All of the data provide a good illustration of the diffi¬ 
culties in establishing fn and of the value in obtaining 
an independent measure of effective functionality such 
as given by ?w. Obviously, there is a great need for 
continued interlaboratory comparisons and standardiza¬ 
tion. 

c. Reactivity with Isocyanates 

Table VII summarizes the results of reaction profiles measured 
at 80°F, while Figure 11 illustrates the entire profile for several samples. 
The following points are noteworthy: 

• At the five percent level, AP does not influence the reactivity 
of DiB. 

• As expected, TDI initially reacts more rapidly than does DDI 
but subsequently slows down. Quantitiative treatment of the 
TDI data is not warranted because the absorptivity of TDI 
changes due to preferential reaction of the less infrared 
active para isocyanate group. 

• DiD reacts far more rapidly than do DiB and DiC although 
the differences appear to lessen as the reaction progresses. 

• With the exception of DiD, the difference in reactivity 
between the di and trifunctional precipitation fractions and 
their parent R>45M (Lot 008281) is qualitatively consistent 
with differences in reactive group concentration, as in¬ 
dicated by the comparison in Table VIII, 

3. EVALUATION OF FRACTIONS IN PROPELLANT 

a. General Comments 

It is generally accepted within the industry that binder pre- 
polymers must fall in the molecular weight range of approximately 3000- 
5000 in order to provide an acceptable balance between propellant proces- 
sibility and mechanical behavior. The precipitation fractions DiB, C, and 
D obviously fall well below this range and would be expected to impart un¬ 
acceptable mechanical properties to propellant. On the other hand, the 
widespread use of uniaxial tensile properties as performance criteria is 
becoming increasingly suspect. Thus it appeared worthwhile to compare 
the performance of propellants containing R-45M or its precipitation frac¬ 
tions, using uniaxial tensile properties as well as other properties believed 
to be potentially more meaningful. The latter included tear susceptibility at 
-65 and 70*F plus analog motor temperature cycling. In addition, propel¬ 
lant was characterized by sol/gel and degree of swelling. 

AFRPL-TR-71 -12 3 

-19- 

eOMPANY 



A FR PL-T R-71 -1¿3 436-F 

TABLE VII 

REACTIVITY WITH ISOCYANATES 

Sample 

Reactivity (80*F) “'o N CO Reacted 
Isocyanate Half Life (IlrsK^ Gel~ Finie (Hrs )f^ at Cel PointO ) 

DiB DDI (with or H> 
without 5% API 

mi 6 

rPNin 

105-115 95-94 

50-90 80-87(4> 

<1.5 - 

DiC 

DID 

TriB 

TriC 

ARCO-I 

R-45, Lot 
805¿01 

R-45, Lot 
008281 

DDI 

DDI 

DDI 

DDI 

DDI 

DDI 

HMDI 

DDI 

DDI + 0.75^0 
Ethyl 736 

16 

<1 

28 

28 

75 

17 

12 

24 

28 

240-2.50 

74-80 

62-69 

59-66 

175-210 

61 

50 

62-71 

120-126 

99-100 

99-100 

71-74 

71- 72 

72- 74 

80.4 

80.6 

79 

84 

(1) Time to 50% NCO reaction. 
(2) Time to incipient gelation. 
(3) Infrared absorbance at 4.42 micron using the 3.4 micron band as internal reference. 
(4) Apparent value only. Effective TDI absorptivity changes during reaction. 
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Fieure 11 Reaction Profile of Tri and Difunctional R-45M Fractions with 
DDI at 80®F (Reaction was monitored by infrared measurements 
of isocyanate band at 4.42 micron. ) 

TABLE VIII 

REACTIVITY AND HYDROXYL CONCENTRATION 

DiB 

R-45M 

TriB 

Relative 
Reactivity''- 

1.5 

1.0 

0.86 

Relative OH 
Concentration5"' 

1.5 

1.0 

0.60 

* Relative values of reciprocal half-life (Table VII) 
«= Relative values of Density/Equivalent Weight 
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One of the original program goals had been to establish guide¬ 
lines for an optimum binder composition in terms of prepolymer function¬ 
ality, i. e., di/tri ratio, and of trifunctional prepolymer versus trifunctional 
isocyanate as crosslinker. This goal was dropped because of the molecular 
weight differential introduced with the difunctional fractions and because of 
the surprising cure of DiB, C, and D in the absence of added trifunctional 
species. 

A limited number of propellant mixes was evaluated using the 
Telagen-HT-3l6M-20 fraction supplied by Aerojet. This possessed the more 
desired molecular weight in the 4000 range but also contained significant 
amounts of trifunctional species. Preliminary tests at ARCO had also in¬ 
dicated an ability to prepare a difunctional R-45M fraction in that same range. 
Scale-up to the one-pound scale produced the ARCO-1 fraction, which proved 
to be more nearly trifunctional, however. 

The propellant formulation employed throughout the program is 
given in Table IX. To emphasize differences arising from the prepolymer 
samples, bonding agents were deliberately excluded from the formulation. 
Similarly DDI was emphasized to obviate complications due to unequal 
reactivities of isocyanate groups. A solids level of 84 percent was selected 
to preclude any possible processing problems. Except for the preparation 
of analog motors, all mixes were 200 gram in size and performed in an ARC 
conical mixer. Propellant was cured at 140*F for ten days, those conditions 
having been established as yielding approximately steady state Rex hardness. 

b. Uniaxial Behavior 

Table X summarizes the uniaxial tensile properties (minithin 
specimens) for R-45M and several fractions at various NCO/OH, using DDI 
as the sole isocyanate. The values of *rn, «m* Änd E§ec vm) are plotted 
against the degree of propellant swelling in Figures 12 (70*F) and 13 (-65°F).3 
To clarify the data comparison, lines have been drawn through the R-45M 
data. The region of primary interest is presumed to be between swell values 
of 20-30, corresponding to an initial modulus range of approximately 1000- 
300 psi. Within that region the following conclusions are warranted: 

e In all cases, at least partial cure of propellants containing 
the fractions was achieved, even at NCO/OH = 0.8. This 
point will be examined further in Section 3e. 

e At 70*F DiB propellant possesses significantly greater 
strain capability than any of the other systems. This is 
further reflected in a lower modulus for DiB. 

e At 70*F the Telagen propellant is significantly harder than 
the others. 

X The degree of swell should be inversely proportional to binder crosslink 
density. It therefore provides a rational basis for comparison of properties 
among systems varying in binder composition. 
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TABLK IX 

PROPELLANT FORMULATION 

Prepolymer + Curative 

Ethyl 736 

AP, Type II, Size 1 

AP, +48 Mesh 

AP, 8 micron 

Al, Valley H-100 

Weight Percent 

15.94 

0.06 

34.00 

17.00 

17.00 

16.00 

TABLE X 

PROPELLANT UNIAXIAL PROPERTIES WITH DDI(1) 

Polymer 

R-45M, Lot 
008281 

Nominal SolU) 
NCO/OH (%) Swell(3> .»'F • 65*F 

0.80 42 

0.85<5) 42 

0.90 20 

1.0 12 

28 530/440 

38 610/400 

19 500/370 

13 540/400 

65/49 59/57 

71/71 54/51 

106/98 95/95 

130/130 116/116 

12/23 44/66 

11/26 39/71 

13/24 18/22 

13/24 9/24 

DIB 

DiC 

DID 

0.80 53 

0.90 11 

1.0 9 
...J5) 6 

0.80 33 

0.90 15 

1.0 12 

0.80(5) 49 

28 720/720 

17 720/724 

14 800/800 

11 630/500 

27 890/890 

16 690/690 

15 810/810 

32 670/640 

69/69 58/54 

130/120 108/108 

140/130 120/120 

130/130 110/110 

108/94 72/72 

136/136 104/104 

140/140 106/106 

89/93 67/64 

8/8 116/116 

8/8 18/23 

10/10 16/18 

10/16 9/9 

6/6 35/48 

6/6 16/16 

7/7 15/18 

9/14 57/69 

TeUgen.HT* 
316AM-20 

0.80 18 

0.90 11 

1.0 6 

28 540/500 

24 610/330 

24 550/330 

130/120 97/97 

150/150 114/101 

160/160 125/125 

10/17 37/47 

12/19 19/19 

17/27 14/14 

(1) Mlnlthlna (eee Appendix). Duplicate or triplicate «amplea. Strain rate 0.54 in/ln/min. 
(2) Weight percent of prepolymer 4 curative which ia aoluble in toluene at ambient temperature, 
aamplea. 
(3) Grama of toluene aorbed per gram of binder gel at ambient temperature. Duplicate aamplea. 
(4) Maximum atreaa/break atreaa. 
(5) Uaed in analog motora. 

140*F 

50/54 

44/53 

18/18 

10/10 

109/130 

17/17 

12/12 

7/7 

42/42 

13/13 

13/13 

71/76 

31/31 

22/27 

10/10 

Duplicate 

23 
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Figure 13 Uniaxial Tensile Properties at -65*F (Minithin Specimens) 
(Flagged symbols: propellant used in analog motors) 
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At -6S*F all the K-45M frac tions have poorer strain cap¬ 
ability (approximately S0%) and greater modulus than the 
relaeen system or the K-45M itself. Ihis would seem to 
be the consequence of the greater concentration of curative 
linkages using the low molecular weight fractions with 
resultant increases in hydrogen bonding, i. , effec tively 
greater crosslinking at low temperature. The identity of 
maximum and rupture values for the K-45M fractions, in 
contrast to the R-4SM and the Felagen fraction, is consis¬ 

tent with this view. 

Thus, on the basis of uniaxial behavior one must conclude that 
the low molecular weight R-45M fractions result in propellant l^ri“r t0 
R-45M itself, particularly at low temperature. Furthermore, the Tel g 
fraction offers no advantages over U-4SM. 

c. Tear Behavior 

Tear propagation susceptibility is potentially a more meaningful 

terion (Ref. 8). 

While similar tests at constant load or constant strain 
Itimatelv orove more informative than a constant strain rate test, the last 

wa "selected for this proBram because of its convenience and cheapne,.. 
However rates of tear growth were measured in addition to the critical 
" re s (e„) and strain M at growth initiation .Tests were per ortned a two 
strain rates at -65*F and 70*F upon btaxjal s rips 1 x 2, x 0.1 
ing initial cuts (0.16" at 70*F; 0.16" and 0.50" at -65 F). 

For comparison purposes relative "tear energies" were cal- 

ScVsIsl'SncUoroMeg^of'sw^uVor a^O'.'initiU centePr cut\U.C.6P5 a^l 

. . , j. D_4ÇM fractions are certainly not inferior to K 45M 

and may"be superior, Parfa'nd^uWaiem afvO*F^o 
Telagen fraction appears to be inferior at -os * ana eM 

the R-45M fractions. 

Turning to the tear rate data, average rates ofteir were cal- 
cuiated from the change in crack length between^c = 0 
relatively uncertain region between Ac = 0 to 0.1. (Rate nata were nu 
It -65»F with the 0.16 initial cut due to failure at the propellant/wood bond. ) 

»—SñSSSSs 
region. APgain. the Telagen fraction is inferior to the R-45M fractions. 
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Figure 14 "Tear Energy" at -65*F (0.16 Inch initial center cut) 

10 

0 k 

0.'..: IN/IN/M1N O R-46M 
O rue 
A DIB 
O wo 
J TELAOtN-HT- 

0.0.12 IN/1N/MIN 

□ 

D O 

10 10 10 
SWELL 

Figure 1 5 "Tear Energy" at 70*F (0,16 inch initial center cut) (Flagged 
symbols: propellant used in analog motors) 
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Figure 16 "Tear Energy" at -65*F (0.5 inch initial center cut) (Fla uged 
symbols: propellant used in analog motors) 
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Figure 17 

Figure 18 
Tear Rate at 70»F (0.16 inch initial cut) (Flagged symbols: 
propellant used in analog motors) 
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d. reniperature Cycling of Analog Motors 

As a more definitive test of propellant mechanical capability, 
analog motors were prepared in duplicate from 1 500 gram mixes, using 
R-45M Pill, and PiD. The standard K4 percent solids formulation I Table 
IX) was employed with an NC'O/OH ratio of approximately 0.8 the aim being 
a comparison of tempe rature cycling capability of propellants having approxi- 
mately* equivalfnt uniaxial proper,ieS a, TOT. The Dili prope Ian, prove,I to 
he very har,I, pre.un.aMy due to a weiyh-out error, and therefore n,olor» 
were also prepared uains the Dili fraction. Uniaxial tensile ami h.ax.al leer 
properties were also measured upon the same propellant batches (flagged 

symbols in Figures 12-18). 

Propellant was cast into six-inch long by two-inch I. D. steel 
tubes containing a 0.38-inch 0.1). steel cyclindrical mandrel After a ten 
dav cure at 140° F the mandrel was pulled and X-rays taken. Cycling vas 
conducted in twenty-four hour cycles, eight hours in a 160“ F box and sixteen 
hours in the cold (-21, -40, -60, -80°F)box. At each cold and hot cycle the 
inner bore diameter was measured with a strain gage; after each three cycles, 

X-rays were taken. 

Table XI summarizes the cycling results for duplicate motors 
of each formulation. The R-45M and DiD motors all developed bore cracks 
sometime during the three cycles to -80#F. The DiB motors 
after cooling to ambient from the cure temperature. A Cumulative Strain 
calculated from the sum of the products of maximum strain at a given low 
temperature and number of cycles to that temperature; this is equivalent to the 
total strain employed by Aerojet as a measure of propellant cycling capability 

(Ref. 6). 

As shown in Table XII the available parameters in general are 
qualitatively consistent with the analog motor cycling behavior. The data 
are too limited, however, to permit any quantitative conclusions or to select 
any one propellant parameter as a critical index of cycling capability. One 
possible exception to these statements is the negative correlation between 
cycling behavior for DiD and R-45M and their low temperature uniaxial 
strains (see Figure 13 for -65°F strain comparison). 

Thus an overall conclusion of the program is that the low mole¬ 
cular weight difunctional fractions can be formulated to yield propellant which 
is apparently equivalent in effective mechanical performance to propellant 
made with R-45M itself. It is possible that this is a reflection of the fact 
that these low molecular weight species constitute such a major portion of 

the R-45M. 

e. Effect of Prepolymer upon Propellant/Binder Cure 

The propellant studies described in the preceding sections 
demonstrated that at least partial cure was obtained at NCO/OH ratios w ell 
below' one when using the essentially difunctional R-45M fractions (DiB, DiC 
DiD) It was also discovered that addition of small quantities of the lri” 
functional fractions, TriB or TriC, inhibited propellant cure. Table XIII 
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collects the results of rather scattered experiments which bear upon the 
influence of various prepolynier/curative compositions upon cure. 

While the data are by no means fully consistent, it seems 
clear that the high molecular weight trifunctional species in R-45M do tend 
to inhibit cure unless the NC'O/OIl or tri/di ratio is relatively high. This is 
in distinct contrast to the effect of trifunctional R-4SM fractions upon the 
Pelagen-HT fraction. The following speculative explanation of these find¬ 
ings is offered: 

(1) The low molecular weight (<¿000) difunctional R-45M frac¬ 
tions contain small quantities of low molecular weight tri¬ 
functional species, which function as the crosslinker in 
diisocyanate/difunctional fraction systems - and may in 
fact constitute the main crosslinking principle in R-45M 
itself. 

(2) The high molecular weight trifunctional species are rela¬ 
tively ineffective as crosslinkers. This is due partly to 
rate effects arising from high molecular weight and low 
hydroxyl concentration (see Figure 1 1 ) relative to the low 
molecular weight species. In addition it is suspected that 
the trifunctional species may possess one hydroxyl that is 
non-allylic and/or secondary, thus less reactive. 

• NMR measurements by ARCO demonstrate that R-45M 
hydroxyls are at least 95 percent primary.4 This does 
not rule out the possibility that some five percent of 
the hydroxyls are secondary. Based upon a trifunc¬ 
tional species content of approximately 50 weight per¬ 
cent (~30 equivalent percent), a major fraction of the 
third hydroxyls present in trifunctional species might 
therefore be secondary. 

(3) At low- NCO/OH, substitution of some trifunctional fraction 
for difunctional both slows the cure process and inhibits 
final cure due to (a) a lower total OH concentration, (b) a 
lowering of effective crosslinker concentration, and (c) a 
consumption of NCO by rapid reaction with primary allylic 
OH, leaving only a very low NCO concentration for the 
latter crosslinking process. 

(4) This inhibition does not occur with the difunctional Telagen 
fraction because (a) it contains more trifunctional species 
than do the R-45M difunctional fractions, (b) its own hydroxyls 
are secondary and less reactive and thus do not overpower 
the crosslinker in the R-45M fraction, and (c) no concentra¬ 
tion reduction occurs since its equivalent weight (>-4000/2) 
is nearly identical with that of the R-45M trifunctional 
fractions (-6000/3). 

Ti Private communication, P. W. Ryan, A RCO Chemical Co. 
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An entirely different mechanism may also contribute to the 
crosslinking of the difunctional R-45M fractions, namely the free radical 
processes discussed by UTC (Ref. 9). It is difficult to see, however, hov 
The high molecular weight trifunctional fractions could inhibit such processes. 
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S F. C PION IV 

SUMMARY OF RESULTS AND CONCLUSIONS 

1. RESULTS 

The program has produced the following results: 

(1) R-45M Fractionation 

• Even very short term contact of R-45M with activated 
silica gel results in irreversible and non-reproducible 
structural changes in the prepolymer. 

• Both C.PC and fractional precipitation provide acceptable 
means of fractionating R-4SM on a molecular weight basis, 
and thus on a functionality basis since functionality in¬ 
creases with greater molecular weight. R-45M appears 
to contain 30-50 weight percent (~60 mole percent) di¬ 
functional species, the remainder being primarily tri¬ 
functional but probably with small amounts of mono and 
tetrafunctional material also present. 

• Fractional precipitation yields a prepolymer fraction which 
is at least 95 mole percent difunctional and may contain 
small amounts of both mono and trifunctional species. An 
approximately trifunctional fraction has also been isolated. 

• The difunctional fraction has a molecular weight below 
2000 while the trifunctional fraction molecular weight is 
6000. The difunctional fraction molecular weight is well 
below the level conventionally regarded as desirable for 
propellant binders (<2000 versus >4000). 

(2) R-45M/Isocyanate Cure 

• Difunctional fractions (M < 2000) cure with DDI at NCO/OH 
<1. The presence of trifunctional R-45M fractions (M = 
6000) inhibits that cure but doe* not interfere with cure 
when used with a Telagen-HT "difunctional" fraction. 

• Cure of the difunctional R-45M fractions and of R-45M 
itself is believed to be accomplished by a small quantity of 
low molecular weight trifunctional species. 

• Cure inhibition by the high molecular weight trifunctional 
fractions is due to the effectively lower reaction rate of the 
latter. This in turn is due to concentration effects plus the 
possible presence of some secondary hydroxyls on the tri¬ 
functional molecules. 
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(3) Effect of Fractions Upon Propellant Mechanical behavior 

• The Telaren fraction (M~4000) offers no advantages over 
R-45M in terms of uniaxial tensile behavior. It's tear 
resistance is inferior to that of the R-45M fractions. 

• The low M difunctional fractions result in decreased uni¬ 
axial strain capability and higher modulus at -65° F, pre¬ 
sumably due to greater secondary intermolecular bonding. 

• On the basis of tear energy and tear rate criteria, the low 
M fractions are at least as good as R-45M itself at 70#F. 
Conclusions for the -65°F behavior are not clear cut. 

• The low M difunctional fractions can be formulated in pro¬ 
pellant simultaneously possessing temperature cycling 
behavior and high temperature tensile properties which 
are at least as good as those with R-45M itself. 

Z. CONCLUSIONS AND PRACTICAL IMPLICATIONS 

Propellant application experience shows that the R-45M HTPB pre¬ 
polymer affords desirably low mix viscosity and enables attainment of very 
high solids loading. The propellants have good ambient and high temperature 
uniaxial tensile properties, but are deficient in low temperature uniaxial 
strain capability. Comparatively high cure rates, even in the absence of 
catalysts, may pose potlife problems. 

The disadvantages can be associated with the material's high con¬ 
tent of comparatively low molecular weight material. A high content of low 
molecular weight materia], in combination with the reactive nature of the 
a Hylic end groups, enhances NCO/OH reaction rates, thus tends to shorten 
potlife. It also tends to increase the number of secondary (hydrogen) bonds 
and thus may have an adverse effect upon low temperature mechanical properties. 

Changes in the manufacturing process to effect a shift in molecular 
weight distribution toward higher values without a commensurate increase in 
the product's functionality can be expected to afford a better binder material, 
especially if it could be accomplished without excessive increase in the 
material's viscosity. 

Areas that remain clouded are (1) definition of parameters which 
truly and distinctively describe the temperature cycling capability of pro¬ 
pellant and (2) the effect of prepolymer structure upon those properties. It 
is evident that these areas require further work. 
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A P PK N DIX A 

SILICA GEL FRACTIONATION OF R-45M 

1. ELUTION CHROMATOGRAPHY 

In their functionality program Esso fractionated three different lots 
of R-4SM and a single lot of R-ISM on a one-gram scale by elution from 
silica gel with methylene chloride followed by methylene chloride/acetonitrile 
mixtures (Ref. 4). In general, two discrete peaks were obtained which con¬ 
sisted essentially of difunctional material in the first peak and trifunctional 
in the second. Characterization of the fractions from all three R-45M lots 
consistently indicated that difunctional content was approximately 40-45 weight 
percent with a nominal molecular weight of 4000, the remainder being tri¬ 
functional with a nomin> 1 molecular weight of 2000. Results for the single 
R-15M lot were approximately the same. 

On this basis the present program began by similarly fractionating 
one of the same R-45M lots (805201) using 4-5 inch diameter columns with 
60-gram polymer loadings. Several composite fractions were prepared in 
over 100-gram quantity by combining analogous cuts from several such silica 
gel elution runs. Figure 19 presents typical elution profiles in which the cuts 
I and III were expected to approximate di and trifunctional fractions, respect¬ 
ively. The first cuts (I) were eluted using the- initial solvent, CHzClZi while 
the third cuts (III) were eluted using CH2Cl2/CH3CN mixtures. Figure 20 
schematically summarizes the preparation of the various composite fractions. 

Each of the four composite "difunctional" fractions subsequently 
was refractionated by one or more procedures either to establish their 
molecular weight (M) and functionality (fn) composition or to achieve further 
purification. Figure 21, for example, is the silica gel elution profile 
(analytical scale) of fraction 18-1; the data for the subfractions are given in 
Tablé XIV (Item (c)). 5 Figures 22-25 illustrate the various post treatments. 

The following comments summarize the silica gel elution results: 

• None of the composite fractions was regarded as suitable for 
the program without further purification. 

- Functionality data for 18-1 are not entirely consistent but 
its effective functionality (fw) is high and its reaction rate 
abnormally fast (Items (b) and (c) of Table XIV and Figure 
22). 

Fraction 17-1 contains major amounts of very high func¬ 
tionality species (Items (d) and (e) of Table XIV and Figure 
23), consistent with its high viscosity. It has also suffered 

Details of the various characterization methods are given in Appendix B. 
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6. 

S 

4 

l 

Figure 1 9 Elution Profile for R-45M, Lot 805201, by Stepwise Elution from 
Silica Gel (Silica gel/polymer ratio: 38/1. Solid line: Run 496-3, 
column diameter = 10 cm, Cut I •* 47.8 wt %• Dotted line. Run 
496-4, column diameter = 12.5cm, Cut I = 44.5 wt %. ) 

R.45 (LOT 805101) 

2900/2.38tl* 

1 
CH2C12 

"Difunction»!" fraction»: 

(Composite» from »ever»! 
elution run») 

• 17-1 (100 g) 

• 18-1 (100 g) 

SiO, 

CH2C12 
$.10% CHjCN 

DUcard 

20% CH3 CN 

"Trifunction»!" fraction: 

(Compoaite from »ever»! 
elution run») 

• III (1-30) (700 g) 

• I (1 3-19) (500 |) 

,• I (40-68) (500 g) i 
I-I- 
Variou» post treatment» 
on Si02 or by GPC 
(see Figure* 4-7) 

d) Rn/Tn 

Figure 20 Schematic of Silica Gel Preparation of 
Composite R-45M Fractions 
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Figure 21 Elution Profile For R-45M Fraction 496-18-1 (from 5" column) by 
Stepwise Elution from Silica Gel (Silica gel/polymer ratio: 56/1, 
Run 496-31) 
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TABLE XIV 

ANALYTICAL DATA SUMMARY: SILICA GEL FRACTIONATION 

Sample_ 

tá) H-45M (805¿01) 

(b) IB-ll6' 

(c) Silica i|el elution of 
18-1(7) 

•1 
• II 
•III 
-IV 

(d) 17-li6' 

Amount 
wTTãl 5 

>100 

is 
60 
u 

7 

>100 

le) G PC fractionation of 
17-1(8) 

-1 
• II 
•III 
-IV 
-V 

(f) I (1î-î9)(8) 500 

(g) Silica gel elution of 
1(13-39)(7) 

•1 
•II 
-III 
-IV 
-V 

(h) Rechromatograph 
(eilica gel) 1(13-39). 
First peak into two 
cuts(7) 

-la 
-lb 

(i) Rechromatograph 
(silica gel) 1(13.39) 
using 70/30 CCI«/ 
CH2C12 in initial CCI4. 
First cut (I) in hot 
solvent front 

•I 
-III 

(j) I (40.68)(8) J00 

(k) Re chromatograph 
(silica get) I (40- 
68)") 

•1' 

(l) Rechromatograph 
(silica gel) above 
fraction l(7) 

-1" 

(m) III (1-30)(9) 700 

¿8 
49 

8 
7 

¿2 
47 

9 
13 

9 

39 
13 

69 
22 

78 

91 

2 900 

4650 

1220 

2455 

ID 

2.38 

1.90 

2.6 

2.6 

Relative 
Reaction 
Rate)') 

1 

50 

Relative RôIâïTvë 
V iecoeity(41 Association 

Infrared) 
Relative 

42 

76 

Carbonyl 

1 

4 

6300 2710 
4800 2430 
3600 1680 
3200 1360 

4250 1870 

2.32 
1.98 
2.14 
2.35 

2.34 3.1 4 296 5 

7670 1570 4.90 
4510 1660 2.73 
2700 1240 2.17 
2370 1210 1.97 

3 
3 
3 

>3 

5 
5 

>5 
>5 

4950 2000 2.48 2 2 

5900 2670 2.21 
5400 2325 2.32 
4100 1905 2.15 
3100 1480 2.09 
2600 1215 2.14 

2 
2 
2 
3 
3 

2 
2 
2 
2 
5 

6000 2270 2.64 
4800 1920 2.50 

8000 1910 4.2 
3540 1600 2.2 

5600 2112 2.6 -2.6 

5 

2 2 

6250 2390 2.61 

5400 2208 2.45 

1900 705 2.70 -2.7 1 5 3 

m-Mn/Eq. wt- 
(2) Stockmayer equation 
(3) Relative time to 50% NCO conversion. DDI at ambient without catalyst. 
(4) Brookfield with B spindle at ambient. 
15) Relative Association: qualitative fromIRat-3.0/2.7p. Higher numbers reprsent more association. Relative car¬ 
bonyl: qualitative from IR at 5.9/6.Op. Higher numbers represent more carbonyl. 
(6) Composite fraction from silica gel elution of Lot 805201. First cut using CH2CI2 in initial CH2CI2 column solvent. 
See Figure 19. 
(7) Initial column solvent CH2CI2. First cut CH2Cl2 with subsequent enrichment with CHjCN. See Figure 21. 
(8) Styragel packing. CHCD solvent. 1% Injection concentration. Ten injections total. 
(9) Composite fraction from silica gel elution of Lot 805201. Third cut using 80/20 CH2CI2/CH3CN. See Figure 19. 
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K.-l 'M (tX)l 80r..;0i ) 

J KHI/J. 'H Il I 

' iO.<, ( H.í( I.' 

llljll.. 

1 (15%) 
6100/2.32 

KHACIION 15-1 I 50"'») 

4Í.1Ü/ I .‘»O 

■~r 
t IIjCI. 

Sil). 

II (60%) 
4800/I.08 

CH¿C1¿ 
6% ai ¡es 

I 
III (12%) 
1600/2.14 

CH¿C1¿ 
I 0% CH }CN 

IV (7%) 
1200/2.16 

Oí M„ („ 

Figure Preparation and Rechromatography 
of Silica Gel Fraction 18-1 

n 
I (28%) 

7670/4.90 

R.4SM (LOT 806201) 

2900/2.IS1" 

Si02l CH2C1¿ 

FRACTION 17-1 (-50%) 

4250/2.34 

G PC 

II ()9%) 
4510/2.73 

III (8%) IV (2%) 
2700/2.17 2370/1.97 

V (2%) 

III M„/in 

Figure 23 Preparation and Rechromatography 
of Silica Gel Fraction 17-1 
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(IAH H'IS.'UI I 
;or~ :'íiui < 

SiO.», ( 

KHAt I ION I (I O <‘*1 I 50'u) 

4(*S0/¿.4H 

r SiO¿ 
CH¿Cl> 

1 
SiO¿ 

73., i» CHit’l > CHjcl. 
S-10% CHll.N ¿or, CHtCN 

V cni i« i'1»''«) 

t HiC l > CH.CI, CHiCI,. - , -, 
It I S.IO%CHlC 

1 1 1 
I II 147^1 til 14%) IV ll 1%I 

S40i),7.JI 4400/2.17 4100/2.14 1100/2.04 2600/2.14 6000/2.64 4600/2.40 

(TiTOT 

í:F\^ CCI CC14 CH¿(.1, 
tor. ch2ci¿ i 10% CH¿C1¿ 10% CH2C1¿ i 

lb(l)%l (0%) lint Solvent II li%) III 
)440/2.21 front 

1 (49%) 
HOUU/4.2 

Figure 24 Preparation and Rechromatography of Silica Gel Fraction I (13-39) 

R-45 (LOT 80S20I) 

2900/2.3811 * 

SiOz 

CHzClz 

FRACTION I (40-68) (-50%) 

5660/2.68 

Si02 

CHzC12 

r (78%) 

6250/2.61 

sio2 
CH2C12 

I" (91%) 

5400/2.45 

(1) Mn/7n 

Figure 25 Preparation and Rechromatography of 
Silica Gel Fraction I (40-68) 
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s on if rle^ rc-e 1,1 oxidation, as evidenced by carbonyl absorp¬ 
tion (5.9-6.0 micron) in infrared. (Compare Kinures ¿6, ¿7, 
28) 

1 (1 )9) and 1 (40-6K) both have functionalities well above 
2 (Items (f) and (j ) of Fable XI\ ). 

Ill (1-39) must contain significant quantities of difunctional 
material and hence is not suitable as a trifunctional sample 
(Item (m) of Fable XFV ). 

• Re chromatographing the cut 1 fractions using silica gel does not 
satisfactorily improve their functionality. 

Fhe first elution peak produced upon rechromatographing 
I (1 )-39) was cut into two portions whose fn values were 
2.64 and 2.50 (Item (h) of Table XFV and Figure 24). 

The first elution peak produced upon rechromatographing I 
(40-68) possessed an fn of 2.6 and subsequent rechromato¬ 
graphing of that first peak yielded another first peak whose 
fn was 2.45 (Items (k) and (l) of Table XFV and Figure 25). 

• Lengthy contact (hours) with silica gel may be causing structural 
changes in R-45 as indicated by: 

General increase in carbonyl content. 

Absence of distinct functionality pattern upon silica gel 
refractionation. 

Material having high M, f, and carbonyl content was pro¬ 
duced in the hot solvent front present when eluting with 
70/30 CCI4/CH2CI2 from column originally containing only 
CCI4 (Item (i) of Table XFV and Figure 24). 

2. BATCH EXTRACTION OF R-45M FROM SILICA GEL 

In view of the indications above that the lengthy contact times with 
silica gel may be causing prepolymer structure changes, another method has 
been briefly explored which employs much shorter exposure times. Specifi¬ 
cally, this method involves the following steps. 

• Silica gel is stirred with a portion of the solvent before any 
polymer is added to the gel. This allows for dissipation of any 
heat of adsorption in the absence of the polymer. 

• The polymer is subsequently added in solution to the silica gel 
slurry. The type of solvent will affect the amount of polymer 
that is sorbed by the gel. 
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Figure 26 IR Spectrum of 496-17-1 
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I J JOÜO ?VlO >UOO 200Ü ISOO I. 

WAVELENGTH 

Figure 27 IR Spectrum of 496-18-1 
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436-F 

ISOO 1' 

WAVELENGTH 

Figure 28 IR Spectrum of R-45M. Lot 805201 
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# rhe silica gel-polymer-solvent system ». Htirred for fifteen 
minute* and the extract removed hy rapid filtration. 

. Additional solvent is added to the «el, stirred and the extract 
anain removed and added to the original filtrate. 

Fieure ¿9 shows the amount of polymer unsorbed as a function of 
«ffi of the solvent and at two different silica nel/polymer ratios 

are given below: 

Silica Gel/ 
Polymer Ratio 

10/1 

10/1 

10/1 

20/1 

Solvent 

40/60 CCI4/CH2CI2 

100% CH2Cl2 

100% CCI4 

100% CCI4 

Wt~% 

31.1 

31.6 

25.8 

12.2 

Un.orbed Polymer 
(Mníõ Eq. Wt Functionality 

5600 

5500 

7400 

9800 

2010 

1900 

2.79 

2.89 

The hish functionalities (2.79 and 2.89) of the first extracts at the 
10/1 silica Bel/polymer ratios are unexpected in vie» of the short contact 

time (1 5 minutes). 

A second lot (008281) of R-45M was also examiced hriefly^ Twenty 
cuts were obtained by the procedure illustrated in Figure 30. These wer 
combined into seven fractions with the results shown in Table XV. 

Thu. it appears that the silica gel sorption fractionation method 
offer, no improvement over the silica gel elution procedure in term, 
producing fraction, of distinctive functionality. 
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FUure 29 Weight Percent Polymer Extracted a. a Function of CH2C12 
*in the Extracting Solvent 

Figure 20 Accumulated Sorption Profile of R-45M Prepolymer from 
Silica Gel 
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TA H LL XV 

CONTINUOUS SORPTION FRACTIONATION |U)I 

Fraction_Wt % 

1 7.7 

1 11.0 

3 10.1 

4 13.0 

5 11.9 

6 15.5 

7 15.0 

Mn_Eg. Wt 

8200 3415 

7400 3380 

5600 2212 

4700 2028 

4100 1540 

2600 1053 

2400 658 
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008281) 

_in. 

2.40 

2.17 

2.53 

2.32 

2.66 

2.47 

3.65 
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APPENDIX Fi 

1. ANALYTICAL METHODS 

a. Molecular Weight 

At LPC, number average molecular weights (Mn) were "iea" 
sured using the Hewlett Packard Vapor Phase Osmometer at 37 C in M- 
dichloroethane. Measurements were performed at three to concentra- 
tions (below 60 g/1) and Mn calculated from the zero concentration int«rceP 
of 1/M apparent. The solvent calibration constant was determined with 
ben/U for Hie molecular range below 1000 and with polypropylene glycol, 
molecular weight 3900, for higher values. Figure 31 gives a representa¬ 
tive concentration plot. 

Procedures at Esso and ARCO were similar to the above with 

the following exceptions: 

• Esso employed chloroform as solvent and benzil as the 
sole calibration material. 

• ARCO employed ethyl acetate as solvent and pentaerythri- 
tol tetralaurate as the sole calibration material. 

In general only one determination was performed at each labo¬ 
ratory and the accuracy of the Kin value is approximately +5 percent. 

b. Equivalent Weight 

Equivalent weights were determined at Esso and LPC by re¬ 
acting the polymer with excess p-toluenesulfonyl isocyanate in dilute chloro- 
formgsoludony(Ref. 4). Consumption of isocyanate is measured ^rom i"[rared 
absorption at 2245 cm-* after standing (sealed from alr) ov®r"l®ht‘f .*?**' 
surements were performed in dupUcate with an average deviation of less 

than Í 5 percent. 

At ARCO, equivalent weights were determined by the conven¬ 
tional acetylation method or by IR. 

c. Number Average Functionality 

Number average functionalities <f„) are calculated the 
ratio of Mn to equivalent »eight and are therefore accurate to approximately 
15 percent. 
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Figure 31 Typical Determinations of Molecular Weight by Vapor Phase 
Osmometry 
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d. Weight Average (" Kífective" ) Functionality (fw) 

These were calculated from Stockmayer's equation (Kef. 7) for the 

degree of reaction. at incipient gelation 

^PNCO^el X r TÏÏJ^O • 1TT(VÕhTTT 

where r U the eqy en, »So otNCO of 
average functionalities. ^“,7 Strecker and French have 

reasonable .^.„ales ol CTPB and HTPB 

weisht average, or effective, functionallttes (Ref.101. 

Strecker and French established the point of loelpient kelation 

(PNCO)gel by monitoring both We hTve foond » 
that of the C-ll »-a-«;, quantities, to determine incipient 

g'eUHrbTSrinrf pit at iini- 

^r. errors In ^^NCO.gel^Soweverî 1 uncertainty in ,Û.O„ «« P-bably 

no better than iO.05. 

Ficure 11 in the body of the report illustrates the procedure 

^Ä^&5«l,Äan™.nAUhough0mu 

cltdRÄc^aUty. aïé es.enfully in rf^o“^1^ 

HMD1, i Aa‘teew nedAghre!miit'bTre^ tactionalitie. with DDI and HMDI 
«to dU.ocyana.es are not homopolymeriaing to greatly 

differing extents, if at all. 

e. Sol/Gel and Swell 

r. , / i ^ of swell were determined simultaneously 
Sol/gel and deSr . extracting /swelling the material m 

lue " fi* I ■ o IV e at "m ta m p 1c cLio o, ,00d) A‘"rac.io;.ime of 96^ 

^útrsVouT.'Tex.r^lo^re^^a.c'.ated from the ratio of solvent 

taken up to gel content for material. 

Weight of Solvent 
Swell = weight of Gef“ 

Gel is determined from the ratio of weight for non.extractible binder (pre- 
polymer "curative) to initial binder weight, corrections. 
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Figure 32 Reaction Profile for R-45M (Lot 805201) with DDI and HMDI 
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VV ein ht *>t Insolublf Cîi‘1 i í.,| 
,'tí c;ri initial VVv i^ht oi Hin'k;r 

Sample si/.e is approximately U. > «ram of numstuck or 5 «ram 
of propellant, and in either case the sample is chopped into pieces <1 cm per 

aide before extraction. 

>. MINITHIN FENSILK SPECIMENS 

These are illustrated in the fiBure below and are prepared by stamp- 
inB the propellant from 0.1-inch propellant sections (microtomed) and sub- 

sequently bonding to wood tabs. 
^.Wood tabs 

XV\X\ 

7 
r in 
fM 00 

ni J 

0.25" 

xvvw 

A comparison of minithin and JANNAF tensile properties for R-45M 
propellant indicates very similar values, e.g., 

70*F_ 
JANNAF 

• 80#F 

“m 

‘m 

En 

Minithin- 

540 

40 

8900 

JANNAF 

620 

42 

9300 

Minithin" 

102 

40 

340 

129 

46 

270 
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12. SPONSORING MILITARY ACTIVITY 

Air Force Rocket Propulsion Laboratory 
Edvards, California 

1,) A..TRACT The R.45M hydroxyl terminated polybutadiene prepolymer as produ^uLbr' " 
Afte&ia composed of material covering a range of molecular v eights, and the dif¬ 
ferent molecular v eight fractions v-ere suspected to vary in functionality. This pro- 
gram sTught to scale'up the fractionation of the R-45M HTPB prepolymer so that 
fractions having more narrov molecular v eight distribution besides being more 
strictly di- and trifunctional could be tested in propellants to determine related 
effects upon cure and mechanical properties. \ 

Scale-up fractionation over silica gel v as found to *ause nonreproducible 
structural changes and thus vas concluded to be impractical. \ 
vent precipitation produced material having an average molecular veight 2000 
average functionality of tv o, and trifunctional material of average molecular veight 

6000.^ 
i Cure studies suggest that the 2000 molecular veight fraction still contains 

some lov molecular ue!Sht trlfunctlonal material that effect. cro..ll„ltmg andjhe 
resulting propellant vas found to have poor tensile properties at -65 F. Fov eve , 
tear resistance at 708 F vas improved. 

Temperature cycling capability of analog motors containing lov molecular 
w-ight difunctional fractions vas compared v ith those containing the Parent 
At approximately the same initial modulus at 70'F. the cycling behavior (-80 F to 
160*F) of the two systems was not significantly different. 
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