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EFFECT OF COMPOUNDING AND MIXING VARIABLES ON THE PHYSICAL PROPERTIES

.
- LT
. e

‘ OF ELASTOMERIC TANK PAD FORMULATIONS :':
'0
i

‘ 1. INTRODUCTION :
0 3
N . 1. Subject. This report details investigations conducted and results obtained in efforts to determine A
. the extent to which the ultimate physical properties (static and dynamic) of typical tank pad formulations are :.
affected by variations in mixing procedures, accuracy of weighing of ingredients, overloading and under- +

. Y loading of a Banbury mixer, substitution with different forms of certain chemicals, and other compounding Y
’ and mixing variables. i
gt
:: 2. Background. Historically, performance in the field of elastomeric components of track assemblies 5
' of vehicles such as the M-60 tank and M-1 tank has been poor, with service life expectancy for the M-60 tank -
K limited to as high as 2000 to 3000 mi on pavement and as low as 300 to 400 mi in off-the-road service, £
%: whereupon replacement is necessary. The M-1 track has an average life ranging from 600 to 1000 mi. Since :
i these vehicles must be capable of deployment and movement over all types of terrain and environmental condi- \
o tions, the rubber track shoes are exposed to factors which significantly accelerate wear. The configuration of a
g ) ) . o . o ) N
. typical track assembly is an obvious factor contributing to the accelerated degradation. Unlike tires, wherein a
f continuous band of rubber, theoretically, has line contact with the terrain (usually smooth), tank track pads ’\
- are designed for total contact with the ground but actually encounter varying degrees of intermittent contact y
N with terrains ranging from relatively smooth to broken and irregular, often containing rocks, hard and soft soil N
jl‘ agglomerates, organic debris, and other penetrating objects. Therefore, performance characteristics for a tank ¢
2 track pad are significantly different from those of a tire. In the track pad, a high degree of resistance to abra- "
;i sion, heat build-up, tearing, chunking, and chipping of rubber is requisite. 3
¢
S Optimization of the above dynamic properties as well as the usual basic properties (tensile strength, ::.:
: elongation, hardness, etc.) can only be achieved through the choice of the quantity and type of compounding ‘f.‘,
K ingredients used with the base polymer or polymers and must be closely adjusted and controlled. Likewise, %
: processing (such as the mixing of the ingredients) must be monitored to insure compound uniformity and 1
‘E absence of any deterrent to proper vulcanization of the entire volume of rubber contained in the pads. o,
:“: The results of TACOM-sponsored investigations conducted by Virginia Polytechnic Institute (VPI)! .‘
K have suggested that dispersion of compounding ingredients in the Banbury mixing cycle may have a signifi- A
, cant effect on the ultimate performance of typical tank pad vulcanizates. Examination of cross-sections of ;
- tank pads which had failed in the field using a Scanning Electron Microscope (SEM) and Energy Dispersive 3
2 X-Ray Analysis (EDAX) revealed areas of agglomerates of zinc oxide and sulfur. Whether, and to what degree, i,
N . ss s . . . . . . . N
o these ohserved inequities in dispersion have any influence on vulcanizate properties and ultimate end item per- t
K formance was not fully established. Likewise, no recommendations were furnished regarding corrective !
measures to_be taken in future procurements. Therefore, TACOM desired to investigate all processing factors -
) which may contribute to reducing the expected service life of tank pads with the eventual objective of improv- X
ing end item quality assurance. They requested the assistance of the Rubber/Coated Fabrics Group; Materials, 0
Fuels and Lubricants Laboratory; U.S. Army Belvoir Research and Development Center; Fort Belvoir. -
Virginia, where complete facilities for conducting bench-scale compounding, vulcanization, and physical )

testing are available. .
. 3
¥ "' Dwight. David W. and MeGrath. James E.. “Formation and Failure of Elastomer Networks Via Thermal. Mechanical and Surface Characterization™ VPI. H
N TACOM Report 12498, December 1979, "
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II. INVESTIGATION

3. Scope. Generally, the base formulations for compounds used to fabricate tank track pads
employ styrene-butadiene rubber (SBR) or natural rubber (NR). Blends of these elastomers with polybutadiene
rubber (PBD) are known to have been used. However, no blends were included in this work. An evaluation
plan designed to study the effects of mixing procedures, i.e., accuracy of weighing of ingredients, overloading
and underloading of a Banbury mixer, use of alternate forms of certain chemicals, and variation in mixing
cycles, was established. Physical tests were conducted on the cured compounds. Visual observations were per-
formed and correlated with the test results to provide an index of the effect of the variables on vulcanizate
peformance.

4. Compound Preparation and Tests Conducted.

a. Compound Preparation. The formulations shown in Tables 1 and 2 selected for preparation of
the SBR and NR compounds, while perhaps not totally typical of those used in current tank track pad produc-
tion, had been studied earlier* and were considered sufficiently representative in terms of the type and quanti-
ty of ingredients used and mixing procedure employed. The standard mixing procedures adapted for the 15
SBR-1 and 15 NAT-1 compounds, and in cases where only ingredient changes were made, are detailed as
follows:

STYRENE BUTADIENE RUBBER (SBR) STANDARD MIXING PROCEDURE
The rubber is mixed in a Banbury mixer followed by a final mill mix as follows:
1. Banbury mixing procedure:
a. The Banbury mixer is run on low speed (77 ¢/m) with ambient cooling water turned on full.
h. Mixing cycles:

i1) Charge the mixing chamber with the rubber, lower the ram, and run the Banbury mixer
for 1 min to masticate the rubber.

{2) Raise the ram and add all the zinc oxide, sulfur, stearic acid, accelerators, and antioxidants
which had been previously blended. Then, add carbon black, sweep the orifice, lower the ram, and allow the
bateh to mix for 2 min.

'3) Stop the Banbury mixer, raise the ram, scrape, return all ingredients from ram to Banbury
mixer. sweep. lower ram, and mix for 5 min hefore dumping the contents. Batch temperature should not exceed
220 degrees F during mixing.

2 Bergstrom. E.. “Development of Wear-Resistant Elastomers for Track Pads,” Weapons Command. Rock Istand. L. October 1972,
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Mill mixing procedure:
a. The mill shall be at room temperature when first adding the rubber from the Banbury mixer.
b. Pass the rubber through the mill at 0.020-in. opening onée, then twice at 0.125-in. opening.
c. Pass the rolled batch endwise through the mill six times at a roll separation of .032 in.

d. Then, sheet off the compound at a setting of 0.085 to .100 in. after allowing the stock to band
between the rolls for 30 s to obtain the effects of mill direction.

NATURAL RUBBER (NR) STANDARD MIXING PROCEDURE
The rubber is mixed in a Banbury mixer followed by a final mill mix as follows:
1. Banbury mixing procedure:
a. The Banbury mixer is run on low speed (77 ¢/m) with ambient cooling water turned on full.
b. Mixing cycles:

(1) Charge the mixing chamber with the rubber, lower the ram, and run the Banbury mixer
for 1 min to break down the rubber.

(2) Raise the ram and add all the zinc oxide, stearic acid, antiozonants, and antioxidants which
had been weighed and blended in a separate container. Then, add the carbon black, sweep the orifice, lower
the ram, and mix for 2 min.

(3) Stop the Banbury mixer, raise the ram, scrape, return all ingredients from pan to Banbury
mixer, sweep, lower ram, and run for another 4 min and dump the contents. Do not allow the rubber to exceed
220 degrees F during mixing.

2. Mill mixing procedure:

a. The mill shall be cold with ambient cooling water running and the nip set at 0.060 in.

b. Cool the rubber by passing rubber stock from Banbury mixer through mill three times without
allowing to band on the rolls.

c. Band the stock, add accelerators and sulfur.
d. Pass the rolled batch endwise through the mill five times at a roll separation of .032 in.

e. Sheet off to desired thickness of 0.085 to 0.100 in. after allowing the stock to band
between rolls for 30 s to obtain the effects of mill direction.
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Variations in the standard mixing procedure, as noted in Tables 1 and 2, are detailed below. Each

'
::‘ numbered procedure correlates with the last two digits of the compound number except for procedure 18 (15 E
:" SBR-26) where the polymer, rather than the black, is changed. Firestone had discontinued production of 't
A SBR-1500. Thus, the Copolymer Rubber Co. version of this elastomer was inserted in the program. i

PROCESSING STUDY PROCEDURES

- .

TRRELRN

1. . Control or standard mixing procedure is as detailed above. Three 1000-g batches were mixed 3 ’:
it for each formulation to provide sufficient cured compound for all testing and some degree of replication in :
« both processing and testing.

t . j
y \
:’ 2. Same as Procedure 1, except that the batch size shall be increased to 1200 g to simulate .
! overloading the Banbury mixer.

: s

3. Same as Procedure 1, except that the batch size shall be reduced to 800 g to simulate
W underloading the Banbury mixer. '
¥ 0
) "
gk 4. Same as Procedure 1, except that the 1-min masticating or breakdown cycle in the Banbury '
::E mixer will be eliminated, and all the rubber and other ingredients will be added at the start. '
5. Same as Procedure 1, except that the masticating or breakdown cycle will be extended 3 min. )
v \
Y
Q'?\ 6. Same as Procedure 1, except that the final time for the Banbury mixing cycle shall be ;
f: reduced to 5 min for SBR and 2% min for NR. )
b '
N 7. Same as Procedure 1, except that the final mix time for the Banbury mixing cycles shall be
.: increased to 15 min for SBR and 8 min for NR. §
W [
. .
4"){ 8. Same as Procedure 1, except that the temperature of the mix shall be permitted to rise ]
" uncontrolled over 220 degrees F. '"
‘:g 9. Same as Procedure 1, but use treated zinc oxide from Akrochem. :
X |
) .
::l 10. Same as Procedure 1, but use 85 percent zinc oxide dispersed in 15 percent SBR binder !
88 (Poly-Dispersion SZD-85). !
-,: 11. Same as Procedure 1, but use Spider brand sulfur in lieu of rubber makers. <N
Ly ;
‘ )

! 12. Same as Procedure 1, but use sulfur-polymer S (SS-75) and Santocure-Polydox S (SA-75) in N
:‘1: SBR binder in lieu of rubber makers’ sulfur and Santocure. :

H

;::: 13. Same as Procedure 1, except reduce the amount of Santocure to 1 for SBR and 0.4 for NR

but use same cure conditions, time, and temperature as for Procedure 1.

'::o' 14. Same as Procedure 1, except reduce the amount of sulfur to 1.5 for both SBR and NR and
keep the cure conditions the same as Procedure 1.

H
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,, 15. Same as Procedure 1, except increase sulfur content to 5 and maintain same cure conditions
;:.‘, as Procedure 1.

5,

L)

f:;f 16. Same as Procedure 1, except use ISAF (N220) black in lieu of N110.

“:::‘. 17. Same as Procedure 1, except change mill mixing to:

i

e . a. For SBR:

e

o (1) In step 3, pass the rubber endwise through mill three times at a roll separation of 0.032.

.'|‘.'

s

;;:" (2) In step 4, allow to band for 5 s.

35

o)

i b. For NR:

KA

o (1) In step 4, pass the rubber endwise through the mill twice at a roll separation of 0.032 in.
0

) '.l

::'! (2) In step 5, allow to band for 5 s.

i ) P

Ry

el 18. For NR, same as Procedure 1, except use N234 black in lieu of N110. For SBR (compounds
% i 15SBR-26) Copolymer’s SBR 1500 is to be substituted, using Procedure 1.

%

o b. Physical/Mechanical Testing. Table 3 gives all tests conducted on cured samples of all
I compounds prepared according to the processing study procedures. Current specifications, such as MIL-
K T-11891, for track shoe assemblies may still reference certain tests conducted according to Federal Test
" Method Standard 601. These have all been superseded by the ASTM methods in Table 3. As mentioned
:.:i' earlier, three batches were prepared and vulcanized for each compound. Thus, specimens used in each test con-
)

tain duplicates, since_several were taken from each batch to provide the required number and to give a

‘s;
R representative cross-section relative to reproducibility of processing and test results. All compounds were cured
?.{ under the same conditions of time and temperature as determined from rheometer curves for the standard com-
pound No. 1, regardless of what alternatives might be interpreted from curves for compounds No. 2 through
:.:: No. 18. Also, compression set buttons and flex specimens were cured 5 min longer than ASTM test slabs to
:;'.:: compensate for increased thickness.
W
w
-::'; Three of the tests conducted—trouser tear, compressibility, and dispersion rating—have no direct
- ASTM or FTMS 601 equivalent. The typical tear test specimen is not designed to overcome two serious defi-
) - ciencies—leg extension (modulus effect) during extension and development of knatty, irreguiar tears. The
::" modified trouyser tear,® using a specimen as shown in Figure 1, attempts to overcome these shortcomings
:9: through fabric reinforcement of the legs, thus providing a path of least resistance along the groove for tear pro-
::" . pagation. The molded specimen groove dimensions in Figure 1 are slightly different than those cited in the
_ reference to facilitate machining of the mold.
£ |
.::E 3 Hewitt, N. L.. “Compounding With Silica for Tear Strength and Low Heat Build-Up." PPG Indumries, Pittsburgh, Pennsylvania, Rubber World :
" June 1982,
,'l'q
T
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Table 3. Properties and Test Methods

v‘c,

K ‘l‘

nﬂ' .‘."I
'a ' N

1'5\ t

Test Test Method
1. Mooney viscosity and curve ASTM D1646
2. Rheometer data and curve ASTM D2084

3. Properties of cured rubber run at room temperature:

METCMTR MO Q0T

. Specific gravity

. Tensile strength

. Elongation

. 100 and 200 percent modulus
. Hardnegs, IRHD

. Resilience, Bashore Rebound

. Tear strength, Die C

. Trouser tear with fabric insert

Abrasion, Taber

Abrasion, Pico

. Compressibility

Dispersion rating as observed under a 60-power microscope

4. Properties on cured material run at 250 °F and 300 °F:

a.
b.

C.

Tear strength, Die C
Trouser tear with fabric insert
Compressibility

5. Flex fatigue tests:

a.
b.

DeMattia cut growth unaged & after aging 70 h at 212 °F
Goodrich flex at 122 °F

ASTM D297, Para 15
ASTM D412

ASTM D412

ASTM D412

ASTM D1415

ASTM D2632

ASTM D624

ASTM D3389
ASTM D2228

ASTM D624

ASTM D813

ASTM D623, Method A using
a 0.175 in. stroke and 141.6
Ib/in.2 for determining heat
build-up
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Figure 1. Modified Trouser Tear Specimen
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Compressibility, unaged, after 4 and 70 h at 250 degrees F, and after a combined 4 h at both
1 250 degrees F and 300 degrees F, was determined using ASTM D395, Method B compression set buttons
2 (1.129 in. in diameter and 0.5 in. thick). The buttons, for initial testing or after aging, were compressed 10, 20,
w and 40 percent, using an Instron 1123 Universal Testing Machine. Aged specimens were compressed within
’ the attached chamber with all determinations run at a fixed crosshead speed of 0.2 in./min.

_...,‘
2 - ‘.ﬂ’\‘
3J = e 4

SR PSP PP NP |

::.; The effectiveness of compound mixing procedures which can have an ultimate effect upon the
.:;: strength and dynamic properties of end items were ascertained visually by rating ingredient dispersion within

i the rubber matrix with the aid of a stereo microscope at 60X magnification. ASTM Method D2663 details a
' similar procedure. For this determmatlon, a sharp %-in. cut was made in a 1 x 2 x 0.070-in. section of the un-

o cured compound. By grasping each portion of the cut sheet in one hand between the thumb and index finger .

Ko and pulling apart rapidly in a direction opposite the line_of the cut, an even torn surface suitable for viewing

was produced. This torn area was observed and rated according to a scale of 1 to 10 (poor to excellent), as

w shown in Figure 2.

o 5. Results. Rheological data, obtained by the Monsanto rheometer and by Mooney Viscometer methods
:c:: and numerical equivalents of visual dispersion ratings, are located in Table 4 for SBR compounds and in
o Table 5 for NR compounds. A representative Monsanto rheometer curve (Figure 3) is included here to clarify

o interpretation of tabular data. Original physical properties for all SBR compounds—tensile strength, 100 per-
e cent and 200 percent modulus, elongation, IRHD hardness, Bashore Rebound, and both Taber and Pico abra-
"o sion—are shown in Table 6. Similar results for the NR compounds are contained in Table 7. Die C and
o modified trouser tear properties, both original and after 10 min aging at 250 degrees F for each rubber type,
W are contained in Tables 8_and 9, respectively. Tables 10 and 11 summarize flex fatigue resnlts, according to
"ft:: the DeMattia and Goodrich procedures. The DeMattia flex results also include rate of crack growth for
2 specimens that had been aged 70 h_at 100 degrees C. All Goodrich flex data (i.e., change in temperature after
. 25 min initial rate of temperature change, static and dynamic compression, and permanent set) are included.
) Compressibility properties of the SBR and NR compounds, unaged and after each of three heat-aging periods,
< % are compiled in Tables 12 and 13, respectively.

Tables 14 and 15 contain a summarization of the effects of procedural and chemical modifications
on_various properties of the SBR and NR compounds, respectively, the relative degree of any increment or

A decrement being indicated by positive or negative signs. Figures 4 through 18 comprise a series of bar graphs
o included to highlight property trends or contrasts between or within the two polymer types used in the pro-

o gram. Photographs taken from the SEM, depicting dispersion of compounding ingredients, appear in Appen-
s‘:z dix A of this report.
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Figure 2. Dispersion Rating
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TABLE 5
RHEOLOGY AND DISPERSION PROPERTIES OF NATURAL RUBBER COMPOUNDS
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TORQUE
M My
dn.m
or 20
1b-in
0 4 } 4
20 30
TIME - MIN
1. ML -~ Minimum torque
2. My - Maximum or equilibrium torque
3. Tgl - Time to 1 1bxIn., rise above My,
4. T(90) - Time to 907% of maximum torque
5. T(50) - Time to 50% of maximum torque
6. CRI - Cure Rate Iadex - 100
; T(90)-Ts1
3 Figure 3. Typical Monsanto Rheometer Curve
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Table 8. Tear Strength Properties of SBR Compounds

Tear Strength (lb/in.)

ASTM, Die C Trouser
Compound 10 min 10 min
ID Unaged at 250 °F Unaged at 250 °F
15SBR-1A 319 181 67 90
15SBR-1B 296 157 103 90
15SBR-1C 297 158 84 (1
Average 304 165 85 90
15SBR-2A 247 125 89 23
15SBR-2B 291 76 17 *
15SBR-2C 176 89 79 12
Average 238 97 84 17
15SBR-3A 286 176 73 (1)
15SBR-3B 287 161 95 (1)
15SBR-3C 299 175 67 56
Average 291 171 78 56
15SBR-4A 316 145 68 51
15SBR-4B 338 145 68 60
15SBR-4C 346 127 62 43
Average 333 139 66 51
15SBR-5A 325 171 67 57
15SBR-5B 321 118 63 63
15SBR-5C 313 128 71 48
Average 320 139 67 56
15SBR-6A 368 158 74 52
15SBR-6B 323 187 89 40
15SBR-6C 349 160 78 37
Average 347 168 80 43 )
15SBR-7A 295 118 63 34
15SBR-7B 231 128 90 17
15SBR-7C 312 167 98 28
Average 279 138 84 26
15SBR-8A 339 157 88 66
15SBR-8B 321 164 74 52
15SBR-8C 335 162 90 62
Average 332 161 84 60
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Table 8. Tear Strength Properties of SBR Compounds (continued)

Tear Strength (1b/in.)

ASTM, Die C Trouser
.
Compound 10 min 10 min '~;
ID Unaged at 250 °F Unaged at 250 °F sa
' b
!
15SBR-9A 316 130 79 79 B
15SBR-9B 319 119 71 68 Y
) 15SBR-9C 321 151 79 61 s
Average 319 133 76 69 3
'
15SBR-10A 340 142 66 47 >
15SBR-10B 330 147 66 46
15SBR-10C 340 159 83 89
Average 337 149 72 61
15SBR-11A 320 145 84 55
15SBR-11B 310 127 90 53
15SBR-11C 324 166 78 65
Average 318 146 84 58
15SBR-12A 337 145 97 43
15SBR-12B 324 154 67 48
15SBR-12C 330 154 80 66
Average 330 151 81 52
15SBR-13A 308 136 98 52
15SBR-13B 293 158 102 63
15SBR-13C 292 158 83 55
Average 298 151 94 57
15SBR-14A 325 151 129 55
15SBR-14B 303 147 123 58
15SBR-14C 317 153 119 61
Average 315 150 124 58
15SBR-15A 246 124 35 -
15SBR-15B 241 90 24 2
15SBR-15C 231 99 23 - i
Average 239 104 27 - 3
15SBR-16A 239 159 64 62 N
15SBR-16B 341 160 60 53
15SBR-16C 300 144 76 85
Average 293 154 67 67 A
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Table 8. Tear Strength Properties of SBR Compounds (continued)

Tear Strength (Ib/in.)

ASTM, Die C Trouser

f Compound 10 min 10 min
o ID Unaged at 250 °F Unaged at 250 °F
“ :
"' 15SBR-17A 276 164 55 65
4 15SBR-17B 308 135 85 66
Z:{: 15SBR-17C 303 143 52 85
::‘f Average 296 147 64 72
0‘.'
) L]
& 15SBR-26 315 141 96 79

3)

Note: (1) Sample tore apant while in jaws.
(2) Sample tore to the side and not along groove.
(3) All three batches of compound 1558BR-26 were mixed into one hatch.
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&
a;t: Table 9. Tear Strength Properties of NR Compounds
f‘ Tear Strength (Ib/in.)
Wi
. ASTM., Die C Trouser
KN
;;1 Compound 10 min 10 min
! {. ID Unaged at 250 °F Unaged at 250 °F
) }[ *
B ISNAT-1A 576 290 174 222
" 15NAT-1B 520 302 128 270
SR 15NAT-1C 690 295 138 156
: “§ Average 595 296 147 216
)
Wy
S 15NAT-2A 489 281 275 256
- 15NAT-2B 549 258 207 267
R 15NAT-2C 476 290 176 211
et Average 505 276 219 245
i
et 15NAT-3A 624 327 201 169
» 15NAT-3B 632 331 211 253
S t 15NAT-3C 654 309 160 257
. : Average 637 322 191 226
[/
x> 15NAT-4A 576 259 261 203
15NAT-4B 563 286 250 178
5% 15NAT-4C 558 284 151 153
: Average 566 276 221 178
)
3.. ¥ 15NAT-5A 504 350 162 185
15NAT-5B 575 361 114 184
w 15NAT-5C 618 276 237 180
;;E Average 566 329 171 183
gl
E.‘:‘.E 15NAT-6A 639 295 199 236
B 15NAT-6B 566 273 202 232
s 15NAT-6C 555 253 178 243
4 :; Average 587 274 193 237
ol
Ll
RIS I5NAT-TA 490 297 228 216
LY I5NAT-7B 481 265 156 215
A 15NAT-7C 602 289 198 206
I X Average 524 284 194 212
. 15NAT-8A 604 276 280 195
SN ISNAT-8B 621 288 226 193
-— 15NAT-8C 531 308 147 215
5.$ Average 585 291 218 201
R,
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Table 9. Tear Strength Properties of NR Compounds (continued)

Tear Strength (Ib/in.)

ASTM, Die C Trouser
Compound 10 min 10 min
ID Unaged at 250 °F Unaged at 250 °F

1SNAT-9A 533 268 162 196
15NAT-9B 510 284 88 189 .
15NAT-9C 505 284 116 252
Average s516 279 122 212
1SNAT-10A 551 282 266 251
1SNAT-10B 502 274 227 201
1SNAT-10C 484 286 177 174
Average 512 281 223 209
1SNAT-11A 594 297 232 208
15NAT-11B 602 308 207 224
15NAT-11C 478 262 164 163
Average 558 289 201 198
15NAT-12A 536 313 151 211
15NAT-12B 460 273 264 223
15NAT-12C 542 280 171 214
Average 513 289 195 216
15NAT-13A 534 331 172 254
15NAT-13B 631 313 156 224
15NAT-13C 713 313 240 223
Average 626 319 189 234
15NAT-14A 628 293 243 308
1SNAT-14B 706 351 261 381
15NAT-14C 703 273 184 268 -
Average 679 306 229 319
15NAT-15A 415 239 127 118 -
15NAT-15B 392 257 123 157
15NAT-15C 453 244 105 229
Average 420 247 118 168
15NAT-16A 452 284 216 135
15NAT-16B 461 255 165 232
15NAT-16C 429 217 213 184
Average 447 252 198 184
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N Table 9. Tear Strength Properties of NR Compounds (continued) 3
Ly g
% Tear Strength (Ib/in.) ‘.
:‘ v
ASTM. Die C Trouser e
44 : [} ,
B Compound 10 min 10 min ._
j . ID Unaged at 250 °F Unaged at 250 °F Y
1 i "
< 15NAT-17A 473 307 187 196 »
- 15NAT-17B 558 255 182 159
: 15NAT-17C 543 288 173 267 ::
4 Average 525 283 181 207 =
X
15NAT-18A 500 305 189 114
[y 15NAT-18B 490 258 192 294 ‘
ISNAT-18C 546 304 204 222 >
K Average 512 289 195 210 3
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Figure 5. Tensile Strength and Elongation—NR
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Figure 18. Compressibility of NR Compounds; 40% Compression

P
-
»

s &

ROOM TEMPERATURE

Lol
Wy ¥ % 3

-
%

%t

1 234 5 6 7 8 910111213141516 17 18

‘

5 . t

i

. . - R . R . N R N N X N N b

[ ¢ + + + + + + + + ¢ ‘- + -+ X

- o > o o o o o o ;
¢ > > = ) S S S S
¢ fo] foa] 0 ~ Vel wy B 4 o~

- —

n &
p
a
-

t

*SAT-A0M0d FATSSTHIROD

L'

2 63 ,
L ‘
r. !

. LV 1 L e L W L A e -
"'b"'l‘-)“' .‘ t, H‘.':', ‘| *, "'3}\- _;, t‘“.'l‘ b .. ‘. :: :‘ %‘;:'::::‘M : ’ _‘ §_ Mf"f\- T ‘\x\\ . '\‘g ;x
A 2:~-" '. R Ry R T R Ty



T S R
i

v v’ N3

1I1. DISCUSSION

6. Rheology and Dispersion. Rheological data for the 18 SBR compounds, as summarized in
Table 4, indicate that overloading of a Banbury mixer has the most significant effect on processability, while
other formulation or procedural variables evidenced negligible to slight influences. Compound 2 (overloading)
displayed a Mooney viscosity in excess of 200, the lowest T, and highest M, in the Monsanto rheometer and
the poorest dispersion. Compound 7, wherein the mix cycle was extended to-15 min, showed a similar trend,
but final dispersion was observed to be significantly better. When the Santocure level was reduced to 1 phr, as
in compound 13, the T,, and T, were somewhat higher than noted for the control. However, properties
measured on the Mooney viscometer were normal, and dispersion was judged good. Increasing the sulfur con-
tent as in compound 15, or using an alternate ISAF carbon black (N220) in lieu of SAF-N110 as in compound
16, resulted in expected reductions in the Mooney scorch time.

Examination of the rheological data for the NR compounds (Table 5) reveals that processing is
less subject to formulation and procedural variations than observed for the SBR compounds. While compound
2 again displayed low T, and high M, readings, Mooney viscometer data was essentially equivalent tq that
for the control. Compounds 13-15, wherein curative content was changed, evidenced higher Mooney scorch
values and, except for compound 14, Ty, (in minutes) was also greater than noted for others. Monsanto
rheometer curves as depicted in Figures 19 through 21 more vividly highlight differences within batches of the
same compound and among the compounding variables selected in this program than is evident from the data
of Tables 4 and 5. When the three batches of compound 15SBR-2 were individually mixed (Figure 19), two
cure curves (A & C) were practically superimposed while the third (B) displayed a slightly lower initiation rate
but a higher profile. Curves for the NR equivalent—15NAT-2 (Figure 20) were noticeably different in all
aspects. Here, the differences were not unexpected since the effect of overloading the Banbury mixer was being
studied. Although the mix cycle was shortened for compound 15SBR-6, all three curves showed close agree-
ment as demonstrated in Figure 21. The fact that all but one compound (15SBR-2) received a dispersion rating
of six or better underscores the efficiency of Banbury mixing even under the poorest process control conditions.

To augment the evaluation and analysis of dispersion_of compounding ingredients, photographs
appearing in Appendix A were taken from the SEM with magnification being approximately the same as used
in the stereo microscope; i.e., 60 X. Since the SEM provided better illumination and depth of field, a more
critical study was possible. Photograph B in Group 5 clearly shows the difference between torn and cut sur-
faces for compound 15SBR-10. The left one-third of the view contains a portion of the hand-made cut, while
the remainder highlights the torn surface.

The photos of compound 15NAT-1, the control contained in Group 1, illustrate good distributive and
dispersive mixing, the minor constituents are adequately randomized, and agglomerates have been broken
down sufficiently to negate any tendency to concentrate in certain areas. Insufficient dispersive mixing is evi-
dent in Group 2 photos of compound 15SBR-2. Overloading of the Banbury mixer restricted breakdown
resulting in a final mixture that evidenced widely varying properties. Increasing the mixing time as shown in
Group 3 photos for compound 15SBR-7 produced a more even appearing torn surface area, but the presence of
pinholes lowered the overall rating.
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When allowing the mixing temperature to rise above 220 degrees F as in compound 15NAT-8
and shown in Group 4 photos, the critical shear rate/viscosity/temperature relationship is disrupted and disper-
sion is restricted. If curing ingredients are present in the mix, as was the case with all SBR compounds, partial
cross-linking can occur, further inhibiting dispersion. Use of predispersed ingredients, such as zinc oxide in
compound 15SBR-10 (Group 5 photos), does not substantially alter visual interpretation of dispersion; ap-
pearance was essentially similar to that of the control. Intentional inclusion of excess sulfur, as in compound
15SBR-15 (Group 6 photos, Appendix A), resulted in relatively good dispersion, but this is nullified by the
large number of pinholes on the torn surface—more than any other compound. .

Compounds 155BR-16 and 15NAT-16, wherein ISAF black (N220) was substituted for the N110 used
elsewhere, are depicted in the final two groups of SEM photes—7 and 8. Considering that the particle size is .
coarser, dispersion is good, but adjustment in the mixing cycle is advisable. The SEM photographs do not pro-
vide any readily distinguishable difference in dispersion between SBR and NR compounds. Visual observa-
tions must be correlated with physical data to obtain a meaningful interpretation of performance potential.

7. Tensile Strength and Elongation. Tensile strength and elongation data for the 18 SBR and
NR compounds contained in Tables 6 and 7 are represented graphically in Figures 4 and 5. It is evident here
that, particularly in the case of SBR compounds, these property values correlate with rheological profiles.
Compounds 15SBR-2, -7, and -15 displayed significantly lower tensile strength and elongation, again
demonstrating the effect of Banbury mixer overloading, extended mixing cycle, and increased sulfur content,
respectively. Reduction of the mixing cycle (15SBR-6) resulted in a noticeable lowering of tensile strength, but
elongation was only slightly reduced. Compound 15SBR-14 (lower sulfur content) produced the highest
ultimate elongation—566 percent, as opposed to 493 percent for the control. Other variations in properties evi-
dent in Figure 4 are not sufficiently significant to correlate with real effects of the respective mixing or
chemical factors.

4

Similar data for the equivalent NR compounds, depicted in Figure 5, clearly shows that the
mixing and curing of this rubber is more consistent with ultimate properties less affected by the variables in-
serted in this program. Extended mixing of compound 13NAT-7 did produce a noticeable lessening in tensile
strength, but elongation was only marginally affected. Even overloading of the Banbury mixer (15NAT-2) did
not substantially influence these properties, Changing the sulfur or Santocure level as in compounds
ISNAT-13 through -15 resulted in values which are perhaps statistically significant. but as stated earlier. op-
timum cure selection based on individual rheorgeter curves was not employed here.

8. Abrasion Testing. Data accumulated in abrasion testing using the Pico method are graphically
displayed in Figure 6. The obviously more consistent index values for the NR compounds can be attributed
primarily to the fact that curatives were added during final mill mixing and not during the Banbury mixer cy-
cle, as was the case with the SBR formulations. Significantly higher indices as computed from lower abrasion
losses were observed for 155SBR-2, 15SBR-7, and 15SBR-15, continuing the trend shown by these compounds
in earlier comments on tensile strength and elongation. Other variations, such as substituting alternate in-
gredients and lesser amounts of curative and accelerator, resulted in lower ratings than obtained for the stan-
dard 15SBR-1. All Pico ratings for the NR variants equalleG or exceeded that of the control. indicating that

delayed addition of the curatives. combined with the inherent better mixing qualities of NR. minimized any !
ultimate impact on abrasion resistance.
!
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The corresponding bar graph (Figure 7), depicting abrasion losses for SBR and NR according
to the Taber procedure, highlights the across-the-board, better performance of the former series of compounds.
All losses for the SBR compounds were equal to or lower than that of the control and particularly noticeable in
the cases of 15SBR-2 (Banbury mixer overloading), 15SBR-8 (uncontrolled temperature rise), 15SBR-11 (spider
sulfur), 15SBR-14 (reduced sulfur), and 15SBR-15 (increased sulfur). Effects noted in the last three instances
tend to indicate that type and level of sulfur can influence abrasion properties, although the high-low sulfur
comparison (155BR-14 and -15) appears to be an unexplainable anomaly, Cessation of production of
Firestone’s SBR-1500 mandated establishment of another source. Further work with Copolymer’s equivalent
will be necessary to validate whether this material does produce lower abrasion losses (15SBR-1 vs. 15SBR-26).
Cursory inspection of the NR data of Figure 7 would give the impression that the compounding and mixing
- factors relative to compounds 15NAT-3 through 15NAT-14 all contributed to an improvement in abrasion

resistance of the respective compound. However, these changes have had no significant favorable impact on
tensile properties, and data are inadequate for final judgment. Effects on other properties must also be con-
sidered. It is apparent that Banbury mixer overloading, high sulfur, and use of alternate blacks (15NAT-2, -15,
-16, and -18, respectively) have a negative effect on abrasion resistance. In comparing the Taber procedure ver-
sus the Pico method, the former is more discriminating and to be favored but only as a comparative index of
performance on relatively smooth surfaces. Agreement with susceptibility to cutting, chunking, and chipping
is not possible, but recent field performance studies on tires have shown that correlation with Taber results ob-
tained in the laboratory is more favorable than with Pico results.

9. Tear Strength. Good tear strength, a property considered important in tank pad compounds,
has traditionally been measured according to the so-called ASTM Die C procedure. In this work, a modified
trouser tear test as detailed earlier, was included to ascertain potential merit in establishing additional perfor-
mance criteria. Data generated from the two tests as contained in Tables 8 and 9 are shown graphically in
Figures 8 through 11 to emphasize observations. Room temperature or_initial values and results after heat
aging 10 min at 250 degrees F appear side-by-side for each rubberf/test combination. When the Die C results
for SBR and NR compounds are viewed simultaneously, ignoring the difference in magnitude of the initial
values, it is quite apparent that the relative effect of heat aging is essentially and proportionately the same for
both rubbers. Among the SBR formulations, compounds 15SBR-2, -7, and -15 displayed noticeably lower room
temperature values, but only compounds 2 and 15 continued to show this tendency after the heat aging. Com-
pounds 15NAT-3, -13, and -14 evidenced Die C room temperature values higher than the control, and those for
I5NAT-2, -15, and -16 were significantly lower. However, after heat aging, all compounds displayed losses
that were confined to a narrow range.

The inherently better tear resistance of NR is again evident when the modified trouser tear test
results are compared side-by-side as in Figure 10 and 11. The test procedure not only highlights effects of
previously referenced procedural or chemical variations, but also focuses on what could either he anomalies or
real effects not previously encountered. Here, the most noticeable is the significantly higher retention of NR
tear strength after heat aging for 10 min at 250 degrees F. Particularly, 15NAT-14 (reduced sulfur content)
and problem compounds 2, 7, and 15 all performed as well as or better than their room-temperature counter-
parts. Low initial values for the NR control (15NAT-1) and the variant containing treated zinc oxide
(15NAT-9) warrant further investigation. Among the SBR compounds, 15SBR-1, the control, appeared unaf-
fected by the heat treatment, and the reduced sulfur variant, 15SBR-14, gave an unusually high initial value.
(therwise, the pattern displayed by the group SBR-2. -7, and -15 was as expected. while results for others were

inconclusive.
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Obviously. the future merit of the modified trouser tear test cannot be decided here. However,
it is apparent that in order for Die C and trouser tear tests to be effective, they must be monitored closely and
that further work is necessary to clarify causeleffect relationships when conducting studies of this nature. For
example, three instances are cited in Table 8 where either due to the nature of the trouser tear specimen or the
250 degrees F test temperature, it was impossible to obtain all replicate results for certain SBR compounds. A
future program to resolve these tear test issues is not planned.
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10. DeMattia Flex. Data for the DeMattia flex test, wherein crack length growth after 6000 ¢ (20 min
running time) is plotted for SBR and NR in Figure 12 and clearly show the extreme contrast in performance
between the two base polymers. The consistently low crack growth rate of the NR compounds appears relative-
ly unaffected by procedural or chemical modifications, while the higher SBR values fluctuate significantly -
dependent upon the nature of the specific variant. Values for compounds 155BR-2, -3, -7, and -15 increased
and decreased batch size, increased mixing time and higher sulfur, respectively, reached the limit of the test.

Those for 15SBR-12, -13, -14, and -26, predispersed curatives, reduced Santocure, reduced sulfur, and alter-
nate Copolymer SBR 1500, respectively, were equal to or less than that of the control. To further illustrate the
relationship between DeMattia flex and processing factors, Figures 13 and 14 compare this property with
T, 1 or the time to reach a 1-lb/in. rise in Monsanto rheometer torque—an indication of the scorch rate of a
compound. Here, the known parallel relationship between the two measures of potential performance is quite
distinguishable. In the case of SBR, high crack growth values correspond with faster scorch rates (particularly
compounds 15SBR-2, -7, and -15), while all NR compounds evidenced favorable performance and processing
safety characteristics. -
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Referring back to Tables 10 and 11, values for the rate of crack growth after heat-aging 70 h
at 212 degrees F, underscore performance differences between compounds of the two elastomers. Slight in-
creases displayed by the NR compounds were overshadowed by tremendously accelerated growth rates for the
SBR compounds, none of which survived the normally-specified 6000 c. DeMattia flex and scorch tendency
are obviously related to quantity and nature of the curative/accelerator system. It is apparent that NR com-
pounds offer some inherent advantages in this regard and that stricter controls are necessary when working
with SBR compounds.
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11. Goodrich Flexometer. Two parameters derived from the Goodrich Flexometer test data of Tables 10
and 11, temperature rise after 25 min running time and dynamic compression, were compared for all com-
pounds in Figures 15 and 16, respectively. As evident in Figure 15, the temperature rise of the NR compounds
is noticeably less than that of the SBR compounds’ counterparts. This correlates with the known better heat
build-up resistance of the former. For both polymer types, temperature rise was the least in specimens of the ex- '
cess sulfur-containing compounds 15SBR-15 and 15NAT-15, while greatest for low curative compounds
15SBR-13 and -14. Other variants displaying lower heat rise were the excess volume 15SBR-2 and 15NAT-2 "0
containing predispersed curatives. Also, in the one case where the alternate Copolymer SBR 1500 was )
substituted for Firestone’s equivalent. the change in temperature was noticeably greater than that of the con-
trol (15SBR-26 vs. 15SBR-1).

-

In general, differences in dynamic compression. as shown in Figure 16, were not as significant between
polymer types as was temperature rise. Patterns relative to compound variants (high and low values) were '
almost identical to those cited from Figure 15, and no extreme values worthy of comment were observed. Field :
evaluation of tank pads has evolved documentation of heat build-up exceeding 250 degrees F. Thus, deter- l
mination of blowout time. also derived from the Goodrich test, is proposed for inclusion in future work.
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S‘; 12. Compressibility. Examination of the compressibility data as contained in Tables 12 and 13 :
. reveals some interesting and contrasting profiles for the SBR and NR compounds, particularly when deter- !
:f: minations were made after the three heat-aging periods. Room temperature values and those obtained after 4-h ;
R aging at 250 degrees F are quite similar for both rubbers, with the slightly lower results for NR compounds '
i after aging indicating a greater tendency toward softening and lowered resistance to compressive forces.
;:o:: Results after the 70-h exposure were higher than those after 4 h for both rubbers, the comparative rise in com- ),
i pressive force being significantly greater for all SBR compounds. This would imply that both series had en- ’
:,,. . countered a post-curing effect which was somewhat inhibited in the case of the NR compounds. The forces re-
Y quired to reach 40 percent compression at room temperature and after 70 h at 250 degrees F are compared
graphically in Figure 17 for SBR and in Figure 18 for NR. Initially and after heat aging, lower curative levels
;:: - (compounds 13 and 14) produced generally lower values, and excess sulfur (compound 15) produced the ;
;:: highest values. Here, curative level had the most influential effect on compressibility. When the test was ¢
.::‘ repeated after the short-term combined 250-degrees-F and 300-degrees-F aging (on new specimens), values for !
W] the SBR compounds were essentially comparable to those obtained after 4 h at 250 degrees F, while those for {
NR demonstrated a continuation of the effects of softening or reversion, more severe than was evident after the
e other two aging periods. Thermocouple measurements taken in the field have documented heat build-up in :
::' tank pads to even exceed the test temperature used here. If compressibility was the prime or only property X
;:v. being considered, SBR would be favored. Alternate curing systems, particularly for NR which could reduce
:::: reversion and negative effects on compressibility and improve abrasion resistance, are being considered for in- 4
é" clusion in future studies. It is possible, as has been the subject of other investigations, that blends combining ‘
Y the best features of both rubbers are to be preferred when optimum overall tank-pad performance is the ob-
E ‘2" vious objective. N
': 13. Composite Data Analysis. To facilitate interpretation and analysis of the large quantity of data :
" generated in this program, Tables 14 and 15 for SBR and NR compounds, respectively, were prepared. Here, ¢
n the improvement or decrement in each of 15 of the properties evaluated was rated and assigned a symbol \
2 defined in the legend accompanying each table. The positive and negative symbols do not necessarily correlate J
) with an increase or decrease in property values. For example, noticeably lower abrasion losses in the Taber test )
ﬁ would receive a positive rating. Thus, the effect of a chemical or procedural change is placed in proper )
b perspective, relative to desired performance. '
;:;:o Analysis of Tables 14 and 15 confirms observations noted earlier; namely, that the factors \
! having the most significant influence on final compound properties are: overloading the Banbury mixer. ex- .
p tended Banbury mix time, and raising or lowering of curative and accelerator levels (compounds 2, 7, and 13 Y
\ ,_: through 15. respectively). The negative effect of Banbury mixer overloading and extended mix time is more ap-
. parent in the case of SBR. While increasing the sulfur content produces some favorable property improvements ;
! in both rubbers; these are offset by declines in other characteristics such as tear strength. Reduction of the San- :
. tocure content in either rubber effected mixed changes which appear slightly more detrimental to the perfor- :
b mance of NR. Interestingly and particularly apparent in the case of NR. a reduction in sulfur content N
» (158BR-14 and 15NAT-14) produced enough positive changes to indicate that the sulfur/Santocure ratio ]
4 chosen for this investigation was not necessarily an optimum in terms of eliciting the best overall performance ’
:::' from either elastomer. An investigation of the effectiveness of alternate curative/accelerator ratios appears war- )
:0. ranted. Consideration of entirely different vulcanization systems is a separate phase of this program and is 1
.I: purposely excluded from this report, !
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The influence of incorporating alternate forms of certain compounding ingredients does not
manifest itself as readily as the factors already discussed. However, NR compounds 15NAT-9 (treated zinc
oxide) and 15NAT-10 (predispersed zinc oxide) displayed significantly improved Taber and Pico abrasion
values, with the latter also evidencing higher trouser tear results. Although not conclusive, these trends are suf-
ficient to justify further evaluation of predispersed or treated additives where deemed applicable and advan-
tageous.

IV. CONCLUSIONS

It is concluded that:

a. The performance characteristics of tank track pads can be significantly affected by extreme varia-
tions in mixing and processing as well as the type, quantity, and quality of compounding ingredients
employed in their fabrication.

b. The relative effect on final physical properties of procedural deviations or changes in
quality or amounts of compounding ingredients is less for NR than for SBR. This is essentially a manifestation
of the chemical structure and. inherently, better processing characteristics of the former and the more reactive
copolymer structure of the latter.

¢. Compound mixing control variables and qualitative or quantitative formulation alternations may
induce incremental or decremental changes in vulcanizate properties. True optimization of desired perfor-
mance may necessitate a compromise and a trade-off of negative influences.

d. Ultimate vulcanizate properties are most significantly affected by overloading of a Banbury
mixer, shortened or extended mixing cycles, and excessive temperature rise during mastication and manifested
as ohservable characteristic surface deficiencies.

e. Use of excessive or inadequate amounts of curative and accelerator (sulfur and Santocure) results
in mixed influence on specific ultimate properties of SBR and NR vulcanizates but, generally, a negative effect
in terms of overall performance optimization.

f. Evidence is sufficient to justify further investigation into inclusion of predispersed or treated
compounding additives to facilitate dispersion for optimizing dynamic properties. This can be done under con-
trolled conditions: i.e.. using experimental design and computerized analysis techniques. Isolation of those
additives offering the best potential performance enhancement would then be possible.

g. Visual interpretation of ingredient dispersion and compound integrity, as ascertained from

torn surface examination with a stereo microscope and recorded photographically by SEM techniques, cor-
relates well with conclusions derived from physical testing of vulcanizates.
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h. Within the scope of this investigation, SBR compounds exhibited better abrasion resistance
than those of NR. However, use of alternate filler systems could reduce or nullify this deficiency in the latter.

_i. Initial or room temperature Die C tear resistance is substantially better for NR compounds.
Reduction in tear resistance at 250 degrees F is proportionately the same for both elastomers, relative to the
initial values.

j- Future merit of the modified trouser tear test, based on preliminary data, is inconclusive.
The highly irregular pattern displayed by NR compounds at 250 degrees F warrants further investigation.

k. SBR compounds display better tensile retention and stress relaxation properties at elevated
temperatures. Further enhancement of these characteristics in both elastomers through use of alternate curing
systems is possible.

. The sulfur/Santocure vulcanization system employed in this investigation may not be eliciting
the best overall performance from either elastomer. The high temperatures evolved in tank pads during opera-
tion in the field necessitate an investigation of curing systems formulated specifically to preclude reversion and
other tendencies toward chemical and physical breakdown and deterioration.

m. The observed differences in properties (i.e., SBR compounds having better abrasion resistance,
while NR counterparts displayed higher tear strength) justifies reconsideration of studies encompassing blends
of the two elastomers or possibly so-called tri-blends with, perhaps. cis 1-4 polybutadiene as the third consti-
tuent. While it is probable that these blends would not draw out the best properties from each component, a
highly acceptable compromise candidate is feasible.

n. Further processing studies warrant the inclusion of additional variables such as vulcanization
pressure and temperature and controlled overcuring and undercuring of compounds containing currently used
and alternate vulecanization systems. The objective would be to define the limits of processing safety and op-
timize vulcanization efficiency.

o. Additional studies could investigate more fully the use of compounding ingredients—zinc oxide,
accelerators, antioxidants, and curatives, which when predispersed on an inert filler or binder are purported to
facilitate mixing.

p- A minimum of four batches of a typical tank pad formulation could bhe mixed under
controlled factory conditions to give varying degrees of ingredient dispersion, Concurrent with fabrication and
field evaluation of tank pads fabricated from these batches, laboratory inspection and testing of samples taken
from the production lots could be conducted. Here. the objective would be to correlate production. field and
laboratory evaluations of dispersion/performance factors.
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q. Other more meaningful and effective procedures for determining the degree and quality of
ingredient dispersion in rubber compounds could be investigated. Possible alternates to the stereo microscope
and SEM analyses would be_ electrical resistance measurements and a system employing a Dark Field
Reflected Light Microscope in conjunction with a TV camera, waveform monitor, and an auxiliary automatic
exposure photo camera. The latter system could overcome the subjectivity of existing methods through
statistical analysis of resultant data.

r. Compounding studies could be conducted to evaluate known alternate curing systems purported to
reduce or eliminate the reversion tendencies of NR vulcanizates. Likewise, the observed deficiencies of SBR
compounds could possibly be overcome through use of similar, more specific and exotic curing mechanisms.

s. Alternate antioxidant/antiozonant systems could be evaluated relative to their potential to
optimize the heat build-up and flex cracking resistance of SBR and NR compounds.

t. Investigations of alternate filler systems could also include the non-black or silica types,
perhaps with silane coupling agents. These systems are known to be used in off-the-road tire compounds.
When incorporated at the proper level, they have demonstrated ability to enhance properties, such as heat
build-up resistance. which are desired in optimum tank pad formulation.

u. Ongoing studies directed toward compromise of the advantages of SBR, NR, and possibly polybuta-
diene through blending of two or all three of these elastomers could be continued. Individually, none possess
all of the qualities desired in an optimum tank pad compound, Development of better, compatible, co-
vuleanizing systems for such blends could reduce negative effects usually resulting from such compromise.

74

)‘t

esad e mag

R R *"?3} R R
) ; N ’ : "

LY
l ) .\Jf‘ e
[ .‘. ) |"."““"l " ;:... 4 '.l ‘l ! ... N Q‘V‘ N, ‘\ s, » fﬁ“ S ."\.‘.“ A ‘.',‘. .’ Q ‘ ) )

K}




A -

X e X a " al

APPENDIX A
SEM PHOTOGRAPHS

oy G-y "

Sfaruiel

EFS

L)

)

‘

o

) 75 "

W fl

i "

\
- e \"'-'."\"' OGS "’\"‘. L h G Rt R TS RO, RN R AN
Q% "-.)n"r .‘. ..'\$ i "v " > N §$ - t ;. ‘ \:_4-_\. .) .)". _‘ * .e,.i,‘q-\a\ _,.‘x“\;
' \) " ', LY n, v
| '.' ."a-:!'.- »‘:‘f‘-'.'."' Ol "‘-:.."a“': e, -‘ L X l .‘ A A 4 ‘:i ' Nt h‘n‘t’:l SO ‘l’ I AN




4
-
5 Group 1
-

Whh ﬁ‘e."-l\“-.",“.‘&’\_‘"\ A=, )'3\}4?‘ LA . \; e oA Bt N B
SRS CA TR RN . oy MRS Rt
?‘"; RSSO AN «.57.«. ' :}:, :%:: s N A "-_u::.‘v'"-i\ ‘\:t"
R 250 T AN AT BT 0 )‘1:‘, RS LSt N



s 15—-SBR—2C
A 3 7
B 7

-
V.!

R AL RNy -“’{J'Q-:'.?r
Y: tﬁﬁ 0 1)‘:‘ ;‘é"l:..!":‘

e o
(N 4.4. .1“‘ . v.\‘ 't.l 2 A a‘l.,

I*Q"‘-u e '-I&”"‘ *""”:P-, »'« t' A 23;-;‘ *25 SRS NAC \5 *2" o ?“.
\ "v:
AR R A TR 'V’ AT w yevt

(Y
.l”_!b' _l‘




el bl TR W W W T T T S TG

Group 3

Lxfn

15—-SBR-7A

-

o all s "l s

e

15—SBR-17C

78

‘f: ‘::'M'.":; '3! (t I ; ,/’/ Wi 3 ;; ".-" n" ‘-SJ‘ %‘ ANE “f""'}-" " \}‘t.{.& 'x’\\ *-"'ﬁ:: ‘\.\"\"\“\"x"{\ _{"{. E .}k
y ‘ 't N .‘h M h‘;‘" "‘*\'C.\'C "l.‘ “ iob.““obi o WYy I‘» 4N, ‘- Y, s:' 4, '- A l" '. " [P {t{ }h.

Q.i,i“‘, 0“0‘. \Q ld‘l. “..‘. \



X: \
()
R ;
N‘ K ,‘
i )
: ;
' b
N
| \}
" q
%E X
,.ﬁ j
12, - -
]
3 :
N i:
15—NAT-8A :
\:: ":
0 ]
s:: b
W )
& k3
& '
k)
‘ 4
: ;
"0
Y
» ‘
AN
o
- N
l »
b -
1
i :
e ::
.l
» \
c-:' =‘
» B
" t
l .
: i
" ’
¢ '
9 ]
el !
1
" 3
¥ { \
5 15—NAT-8C .
A
3 19 :‘
1 ¥
n" “,’
3 :
W)

l

v‘.'::ii i ". wi? "'i f
sty -'-l'-.!v c‘ Y f{ Wl .,n '.t' u"\' u‘q». AR

R

‘: ’k'} 4




l
\Fis‘vi'l ‘.l.

15—-SBR-10C

80

) i e

RO
N

'. n’l’ "h.‘,' "l‘ 'l‘,“ ~ ' MO ? ’.‘,‘";"Q ‘5'.




!' " -
. 13
@ g
M) 2
h ;
2
L
3 Xt
¥,
x.‘ ¢
3 i
r:;; )
b .
b ot
= d
¥
4 ’;t
P y
{' w
‘ 3|
()
AR 4
3 "
A Ay
x
5 . .3
.(
& !
:: .:
% %
N i\
+ T
¥ X
(]
: ¥
: ¢
i .0,
é b
), ‘L '
N * -_
3} 1]
1) [1
l: ¢ :
) b
N !
Fat
I at
5 \
: 20 ¥
:‘ ]
N ,:
! )
W
¢ v
z; - <
i o
. N
K b
: 15
9 ny
2‘ X .t
N) {]
y SO\ S P
) A - s . Lo it
g o » L. . ')
15—SBR—15C
. 3
V] s
i 81 9
; M
, N
- \ »
(%
y’ P> AR " RV I Y \\\ ~ "'L\ Wy v‘\\“': '-"\- Ak “
Q;;E:A w\ (Agh0ues 3 R (R v O R R e k “ .,:d."s
{q X O ) Y A
N ’" 4 A“h‘g'l AR ( lr ..'h a"‘.‘ ?.a- ‘\‘.GL ” ‘. ..?.?'.‘ " .'9 JA l ..l ,l’»“ (1% .'s‘n A 5‘ ". A ‘ A Y fg 9y \.




4
¢
Ad
»
*
»
*

' W
u"'

bt
!.‘Q

g A

Sy
’ .l ‘x 3"‘"".'

'
’;“ ;’0

')53
'-’

X3l i‘t "a DY

RO
[ "‘l’ t'a

I .\‘. |‘a l’r. h

Group 7

82

NAVSAY) (1,

\1»“)5 2L

y y L H‘»f

RN

!-

‘\Q 6?(‘!’ o

EAN)

d

C N
- -

WA MY . |

1
O3 X

" LU § 4 ST e e [

-

- R PRI | .
* ,..r«"’"‘

A

i ,); e
o' O'I:"t“‘l » \“h‘.

‘t‘t oY tf"



TR TR T TR

-
-
-

S

L

-
-
Ly

15—NAT—16C

y 83

‘ Fand
’:\: :?M ;:‘.. A"o. ‘ ‘3..". 'I't '. ““ "‘l“'
'.'t' ‘4' he, "‘ i' " |"‘ “ \" *" \f' " ('b

"t s,,\ .,c"n u' a‘

3‘




e T T T W T N O YN T X TURYT

Lol Ao in She S2e Shs Ste A B A- g S Sy Al S2F 2.9 3

APPENDIX B
CONVERSION TABLE
U.S. to SI

1 Ib/in.? = 6.894757 kPa
Ib (Avoir) = 0.4536 kg

°F = 95(° + 32)
8q in. (in.?) = 6.4516 cm?
lb/in. = 175.1268 N/m
in. = 25.4 millimeters
mil = 0254 millimeters
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