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FOKEWORD

Corbat footwear generally weighs 28 ounces per boct (size 9R),
with at least fifty percent of this weight concentrated in the heel
anj sole., The minimum and maximum specific gravity of all tvpes of
301:d outscles currently being used on military foctwear is between
1.l and 1.3« The reduction of the specific gravity of outsoles to
between 0.5 and 0,6 using polyurethanes is considered to be both
practical and feasible, using current technology, and should result
in a reduction in weight per outscle of at least 6 to & ounces.

Based uporn. existing data, it i estimated that an 0.6 specific gravity
expanded polyurethane outsole may possess wear capability superior to
that of the zo0lid rubber outsoles being used, and will provide at
least an estimated 50% reduction in the weight of the cutsole. It

has been established that the excellent abrasion resistance of the
solid polyurethanes can be reflected in the performance of their
cellular products.

This report describes the work performed during the 20 month
period from 24 June 1971, to 17 February 1973. i'nder the supervision
of Project Officer Joseph E. Assaf, U.S. Army Natick Laboratories,
the materials and processing studies and the development of fabrica-
tion procedures culminating in the fabrication of fifty pair of
combat footwear with an expanded polyurethane outsole were performed
by Uniroyal Inc., Middlebury, Connecticut under Project keference
13662713DJ40 through ceontract no. DAAG17-71-C-01%2.

The Project Offlicer wishes to acknowledge Dr. Malcolm C. Henry,
Deputy Director of the Clothing and Personal Life Suppcrt Equipment
Laboratory (C&PLSEL), for his valued suggestions and the aid and

-quicdance of Mr. Angus F. Wilson, Head, Rubber Techvnology Group at

NLABS, relative to physical) property reguirements.
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f i A compound formulation having good abrasion resistance and
i g flex crack resistance was developed for a combat boot outsole.
g g The lightweight polyurethane has a specific gravity of 0.55,
3 ) \\_.
; To fabricate the outsole, liquid injection wolding equipment S
; i was used. _ N
! k5
: 2 In an attempt to improve flex cracking resistance a modified
¢hevron outsole was desigyned.
; £ To facilitate quality control, a Polyair flex tester was
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The work described in this report wes performed bLv Uniyvoyal, Tr.
The goal of the work wa. to develcp a 0.5 specific gravity closed-ceii
footwear outsol2 from licuid plyurathane polyrer syctems, while rela’n-
ing cther reaquirai physical propertuie s such as cbraslion res!stance and
flex crack resistance. It was desira™le thalt the devel ped oulsole i
capapnle of being directly ioldea onto ~oibat boot wpers .

$ G o L BB

T achlwe a significant redu:tion iu weijht of the combat peot
outsole, it w.s necessary tc make {ull - .,e of receat advanies made in
polywethane roan te:-hnclogya

r S E AR P AR
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The program was divided into two phases: the first phase in lved
the compounding and processing studles of pol urethaw: fcam sy:*ens and
the fabrication of four pair of prctotypes. Juring the firs* phase,
twenty additional opair of leather combal boots were fabricated for wear
test by Natick Laboratories, under Contract Mcdification No. LCAAG17-71-C-
(152-P00003. The second phase was the fabrication of S0 rair of light-
weight leather combat boots.

= RN A I N

Initial compound and processing studies during phase ore invelved
the use of casting prepolymer tyre compounds with a Mateer metering/mixing
wchine, Because the outsoles made with this method had poor flex-crack
resistance, studies were undertaken to evaluate injection mwolded quasi-
prepolymer type compounds on a Polyair liquid-injection-molding machina.

Of significant note were the development of a new outsole design, the
d=velopment of a means ¢f eliminating flex cracking of the outscie, the
use of a Polyalr flex tester as a means of quality control, and the fabri-
cation of an abrasion-resistant, lightweight polyurethane sole.
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ng Polyvretiane Foan

ive ingredients of a polyursthane foam system
inrlac2 en isocyanate, a hydroxyl-terminated resin,
wrozo-linkling ugent. T addition, flexible foam systems
“xoan expanding asent as a source of gas rcr blowing.

we Dsap’ng methods can Le 2nploved Lo make flexible foam.
metrode are (1) the “one-shot! method, (2) “‘he prepolymer
Hnad, and (3) che quasi-prepolymer method. In the one-shot
~thet, all the components (polvol, izocysnate, surfactant,

— el agent and catalyst?) ro comt:ined at one time to

am, and th2 reaction 1s completed in "one-shot"

YIS B

=3

-
3

The orepuuymer methed -volves the ruaction of the
conpound {polyel) with an excess of isocyanate to
ianrranate~torminated prepelvmer. The prenolymer

e omixad with the cross-linking agent, surfactant
xnt, and catalyst to make a "two-shot" foam. Ore
o the prepolymer method is the necessity for

2 “-aq since the weight ratio of the prepolymer
stroam Yo the curative streew can be as low as 100 to 10.

e metering would creats inconsistent and poor quality

‘ne gquasi-prepolymer method ¢ a compination of the prepolymer
ar.t the one-shot techni-ques. Some of the polyol component is
rrereanted with excess_isccyanate to form one of the comonents.

: 'gent, surfactant, expanding agent, and catalyst

rents are maxmd, usually in equal ¢uantities to
ibtle, good quality foam.

the prepolymer wmethod and the quasi-prepalymer method
to develep the proper outsole foam material and to
the palyurethane outsoles.

B, Cast-nslded Prepolymer Sysiems
To prenare a castable polyureithane polymer expanded with

methy e rloride,; a Vibrathane B-602 nrepolymer based compound
WES uSer itialiy. The compound is listed in Table T as

slati Satisfactory unit outsoles were made with this
s hut attempts to make direct molded outsoles or
resulted in foam collapse. The primary reason for
; cllapse was the condensation of methvlene chloride
refore compound gelaticn and modulus buildup. To alleviate the
rroblem of Foam collapse, an improved compound was sought having

o

(&
oF

ollcwing characteristics:

rner reaction exotherm for more extensive vaporization of
lens chiocside.

BEST AVAILABLE CCPY

™}
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2. Paster gel tiwe and quicker modulus buildup after gelation.

3. Higher modulus elastomers to better withstand the differen-
tial precsure on the cell walls after methylene chloride
condensation.

The first attempt at making an improved compound was to use
a4 system based on Vibrathane B-600 prepolymer, a system demonstra—
bly superior in the above mentioned areas. The compound can be .
found in Table I as formulaticn #2. Several unit outsoles, panels,
and a polr of combat boots were made successfully without any
processing problems. Cn flexing the foawed compound, however, a
slight flex crack developed at 15,000 cycles. The flex Ffallure
is presumably due to the low molacular weight polytetramethylene
other glvcol spine in the compound,

In order to retain most of the good characteristics cof
Vibrathane B~602, especislly flex crack resistance, a slight
addition of toluene diisocyanate was thought tc be sufficient for
idgher reaction exotherm and increased modulus. fThe conpound, zs
listed in Table I as formulation #3, was tried but resulis were
inconclusive. Machine temperature settings were apparently too
high causing overbiowing of the compound. Fresblown sanples were
cverexpanding rollowed by foam collapse. No attempts were made to
mcke test slabs or 'unit outsoles.

As another attempt to increase reaction exotherm, a prepclymer
which exhibits a high r=action exctherm was blended with Vibrathane
B-602. In the firs® trial Vibrathane B-605 was blended with
Vibrathanz 8-602., The formilation, as listed in Table I as formula-
tion #4, processed well with rapid expansion and a short gel time.
The mixture of these prepolymerz, however, resulted in a compcsition
with very low modulus causing the freeblown samples to collapse.

For this reason, no test :labs or unit outsoles were made with this
formulation. [n the second blerding trial, a formulation of
Vibrathane B-€02 and Vibrathane B-60C was tried (see formulation #5
in Takle I). The compoind processed well with proper expansion and
g:i time. Test slabs, unit outsoles. and two palr of boots were
mide with formulation #5. Physical test data for this formulation
can be found in Table I. Four outsces wers f£lexed on the Uniroyal
vutsole .lex testers. “he !.irst twu Jutsole: showed no sign of flex
cracking until 350,000 cycles and 870.000 cycles respectively.

how aver, two outsoles mad:e a week ° ter of the same formulation
saowed cigns of flex cracking afler 1,000 cycles and 60,000 cycles
raspect.ively. (The stindare ‘or z nuality cutsole is 200,000 cycles
without any flex cracks.) Tre cause “oar the inconsistent flex
cracking data was beli wed :o be th: inconsistent mixing and meter-
i 3 of the compound by the I azer »achine.
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TABLE 1

g FORMULATIONS AND PHYSICAL DATA
: M

(Hateer Machine)

iy e s

Ingredients L/ 2 $. # 5 )
3 Vibrathace B-602 100 - 100 75 75

’ Vibrathane B-6C5

s - - 25 -
3 ¥i{brathane B-600 - 100 - - 25
. Toluane Diisocyanage - . 0.6 - -
9 Methylene Chloride 10 10 10 10 10
. M 4.1 5.0 4.0 4.1 4.0
) SF1079 Surfactant 1.0 2.0 1.9 1.0 2.0
: Santicizer 5-169) 4.1 2.8 3.6 4.1 3.8
3 3041 Bleck 2.0 2.0 2.0 2.0 2.0
5?;
% Physical Test
; ). Uniroyal Flex Tester 420,000 15,000 - - 350,000 cycles (sole 1)
8 cycies . cycles 870,000 cycles (10le 2)
. 10,000 cycles (sole 3)
% 60,900 cycles (sole 4)
ﬂ 2. Ross Flex RT_ After 70 hrs. @212¢F
} (KC to Cut Growth) - - - - 100% 2.3 3.5
] 200% 3.8 5.5
; 300% 4.8 7.5
. 400% 5.8 9.0
50C% 7.0 10.5

: 3. Compression Deflection
; 25% (PS1) @ RT - - - - 120
: after steam autoclave

]
]
]
]
[
o

4. Compression set %
(24 hrs. @R!) at RT
af.er steam /utoclave

L |
Q0
0~
&S wm

5. /.brasion, NBS index

at kT - - - - 32
after 70 hra. @ 21%0p - - - - 60
6. 8pecific Gravity - - - - 0.6
1. 8hore A Hardness at R? - - T - - 60
after aging 70 hes, @ 2120- - - - 55
at Oop - - - - 78
4

: o s it s 2 T
Siadl G B S T S e S kg e N e R O R G S bt v S i Bl b e 3
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The Hateer metering/mixing machine mentioned is a laboratory-
size, three-componént, polyursthane casting machine. By incorpo-
rating the prepolymer method, the Mateer machine was used to
evaluate the compounds for processing and to make the sumples for
testing. The three components whicn are mixed and metered by
the machine are (1) prepolymer, (2) curative and (3) additives,
which include expanding sgent and colorant. Figure 1 illustrates
the essential parts of the Mateer and diagrams the paths of the
components to the mixing head..

It was noted that thu outsoles and the slabs made on the
Mateer had poor resistance to flex’ cracking. The reason for the
poor flex cracking resistance can be found in (a) the: chemistry,
(b) the processing and/or (c) the outsole design. If the diamine
(curing agent) concentrations vary beyond the 1.00 - 1.10 mole
ratio range, flex life is markedly decreased. If the mixing/meter-
ing machine cannot meter or mix the proper ingredient.ratios
consistently, the flex life will vary from outscle to outsole.:

If the outsole design is such that many stress areas can be found
in the outsole, the flex life of the outselc will be poor.

Initially it was thought that flex cracking would be
minimized by controlling the mole ratio and the skin thickness of
the outsole material. However, outsoles made on the Mateer machine,
in which these were regulated, have shown poor flex cracking resist-
ance. The problem, again, is the inconsistent metering and mixing
of the Mateer machine. The problem is not aided by the fact that
the prepolymer curing agent ratio of 110 parts to 10 parts is
diffienlt to meter with the necessary precision.

The two major areas of concern at this time were (1) finding
a quicker flex test for screening compounds and (2) eliminating
the flex cracking of the outsole. It was felt that the major cause
of poor flex cracking resistance was the use of the prepolymer
system and the lack of accurate metering of ingredients. By using
the quasi-prepolymer system on a Polyair liquid-injection-molding
machine, the ing.edient ratios would be in the range of 100/100
to 100/50 all of which helps improve the accuracy and the uniformity
of mixing and metering. Formulations tried on a Polyair LIM will -
be discussed later. :

e A -,;.."-«' ,. e '-‘;..-_v E. 1 "-.i.;ﬁ ﬂg.;..‘—‘-
s A S e et e e e U i St e L ML L R s RS
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C. Flexing

One of the most importart properties of compounds for
potential outsole use 1s flex life. Two standard tests presently
exist for determinirg flex life of slab materials ~ the DeMattia
flex test and the Ross flex test. Both of these tests are
rather mild and are nct very sensitive to compounding variables
in foam systers. UniRoyal Footwear has been using a flexer of
their own design for the quality control of fiiashed shoe parts
requiring a degree of flex crack resistance. This particular
flexer was also used in this work to determine the optimum f¢ -mu~
lation for outsole compounds to be used in combat boots. A
driwing of the flexer is shown in Figure 2. A sample 1" X 4" .
%" cut through the middle parallel to the flex axis is clamped
in the flexer jaws. The jaws open ‘and close at a rate of 100
times/minute, Maximum distance when open is 2 inches which is
reduced to % inch when the jaws are closed-

Samples are measured for percent cut growth after a deaignated
number of cycles. The test has beer found to be sensitive to s
2% variation in mole ratlo and takes about five hours to complete.
Poor compounds usually fall within the first hour.

For a specific formulation of 2000 molecular weight PTMG/TDI
(tolylene diisocyanate)/MPDA (meta phenylene diamine), the flex
life 1s best at a'l.05 ratio (less than 10% crack growth at
(50,000 cycles); decreases slightly at a 1.08 mole ratis (150%
crack growth), and decreases sharply below 1.02 mole ratio (greater
than 200% crack growth @ 50,0C0 cycles). Figure 3 illustrates
these results,

The Polyair flex tester, a quick and accurate flex test, can
also be used for screening compounds. This instrument (illustrated
in Figure 4) tests the resistance against further tearing of an
already existing cut when gibjected to impact at the moment of
maximum bending strain. The outsole slab sample to be tested is
e5 mm X 250 mm X 6 mm and 1s held in place between two clamps
which bend the material 110°. At the moment of iaximum bending
strain, the sample is thrown against a pivoted hammer. The material
must undergo impact bending stress 6,000 times per hour. The

~ material is tested for 100% (5 mm) tear propagation. If less than
© 5,000 bends produce a growth of more than 100%, the matorial must
be further tested .for total break (25 mm).

If the number of bends leading to-total break is less than
15,000 the tested mater!al has failed the te.:t. The total time
for the test is less than three hours. This .2-x test has been
used to evaluate all formulations tried on the Poiyair LIM and
the best prepolymer type formulations tried on the Mateer.
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cal i _ DRIVE SHAPT
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e ta———— £ R0

52 : Sample

4 1 . [

g | ) ) 1¥" Stroke :

3 | » o o o o o 6 6 o © o o .[4

: \ S B e S S RE S " = -
ojfolJ]olojolo]leijealo]leoe] o
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b

% Speed: 100 Cycles/Min.

1 Stroke: 1% In. .

: Clearance at Closed Position = 2 X Serple Thickness N !

é’ Sample Size: 1" X 4" X 1/4" ‘ : l

4 A 1/4" cut extending ‘i:hroﬁgh--the sanpls is made in center of v )

sample parallel to flex axis prior to flexing.

Figure 2 - UniRoyal Reciprocating Flexer - Top View _
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LYAIR PLEX TEST INE - FIGURE &
SCALE '~ APPROX. }" = 1"

WEIGHT
(Idle Position)
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FIG. 4A - TOP VIEW - HAMMER® AND WEIGHTS
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During initial screening of prepolymer type compounds for
combat boot outsoles, it was nbserved that the abrasion resistance
of expanded p:’'yurethane compounds can be substantially increased
by forming a .iigh density layer (skin) at the outsole wear surface.
With cheml~zally expanded formulaticns, this ran be readily accom-
plished by contral of the mold temperature. Figure 5 is & plot of
sxin thickness versus mold temperature for a 0.4 specific gravity
PTMG/TDT/mPDA/Nitro an--blown system. Skin thickness from 0 to
1/8 inch can be readily obtained by varying the mold temperature
from 230° to 100°F. rlmilar relationships exists for other
chemical blowing systuws. The temperature for no skin formation
is usually the boiling point of the solvent blowing agent (i.e,
180°F for methylene chloride) or the decomposition ter erature
of the chemical blowing :qent (i.e. 230°F for Nitrosan).

Several outsoles were cast in a mold having a sharp-cleat
outsole design (Panama outso'e). Even though the formulation was
optimized according to the f.lex-test results of core samples
(samples having the outer skin removed leaving uniform densit:-
material) early failure (at 10,000 cycles) wac encourtered at the
cleat-base area on a UniRoyal cutsole flexer. This machine flexes
an outsole 90° at the rate of alwut 50 cycles per minute. No
outsole cracking in 200,000 cycles is coasidered standard for
UniRoyal cominercial products. .

A study was made to determine the relationship of skin thick-
ness to crack resistance. The results are shown in Figure 6. As
can be seen, good flexing can be obtained with high skin thickress
outsoles or uniform density (no skin) ouatsoles. The moderate skin
thickness outsoles are the most susceptible to flex cracking.. . These
results can be explained by observing the cross section of skin
formation aroun: sharp corners,

Figure 7 shows three skin thicknesses for a Panama outsole
desiyn. The moderate skin thicknzss is well defined in cleat
areas pbut tends to thin out around sharp =orners. During flexing
action, m:st of the hending stress is concentrated in this reduced
hardness, lower modulus area resulting in early failures. With
heavy skin or nc skin outsoles, the surface integrity is malintained
and no severe stress .ress are developed.

12
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E. Injected Quasi-prepolymer systems

The second approach to the compound studies involved the use !
c¢f the quasi-rrepolymer method in making the outsole. A Polyair
liquid-injection-molding mechine was used to evaluale compounds for
processing and to make samples for testing. The Fclyair LIM is a
six-station, three-component, polyurethane injz»ction machine. As
illustrated in Figure 3, the three components which are mixed and
metered by the machine are (1) quasi-prepolymer, (2) curative ’
{polycl and crossliniing agent) and (3) pigment. The weight ratio
of the mixture is h=l¢ constant siace the drive of the component
pumps are synclronized via chain gears to maintain the ratio of
the mixture. With the weight ratio being constant, the necessity A
of a pre-shot of off-ratio compound prior to injection is eliminated.
The componerts are mixed in a mixing head, whose screw is driven
at 18,000 KPM, which provides better mixing than the Mateer mixing
head. The compounds evaluvated were basically (1} polyester/MDT :
quasi-prepolymers cured with pclyester pclyol/1l,4 butanedicl and 3
(2) polyether/MDI quasi-prepolymers cured with polyether polyol/ %
1,4 butanediol. All compounds evaluated were exparded with water ;
incorporuted in the curative. ]

Formulztions using the prepolymer method and tried on the
Mateer machine were discussed in Section I,B. For reference, two
comr »unds made on the Mateer, formulations Ne. 1 and No. 2, have
bee v included in Table II. The methylere chloride blown compound
(#1) had good avrasion resistance (NBS index - 95), but the outscle
had a poor tlex life, when tested on the UniRoyal flexer. The

Nitrosan blown compound (#2) had less abirasion resistance (NBS index - ]
40), hut had excellent flex life. . 1

The remairing formulations in Teble Ir {No. 3 - No. 12)
ivwcorporated the quasi-prepolymer method and were expanded wi.h
water. These formulations wer~ all made on the Polyair LTM. A
volyester polyol from Mobay Cremical was used in formulations. No.
3 and No. 43 MDI (isocyanate) aud 1,4 butanediol were used in all
formulations on the LIM. The first trlal with the Mobay polyester
polyol (formulation No. 3) failed when the outsole material did not
pass the flex test on the Polyair flex tester described earlier.
The second trial (formulation No. 4) rassed the flex test, but the
N3S abrasion index was only S2.

No. 5 is a formulaticn developed by the UniPoyal Chemical
D rislens 7t 1s also a polyester--based, water~blown system. This
‘uomad.ation nassed the Poliyal - flex test and the outsole material |
tad au NG abrasion index of 3. HNo. 6 1s a formulation currently ]
Yeing used by UniRoyal on Pol air equipment in Spain. The flex
iife of ‘he outsdie material is not opiimum, but the abrasion
resistance is excellent (NBS abrasion index -~ 268),
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Formulations No. 3 - No. 6 represent the type of compounding
that was known to process well on the Polyair LIM. Realizing that
a polyester~based outsole material may have limitations if used as
combat boot soling material, formulation No. 7 was ~.1 attempt to use
a PTMG polyether-based compound in the LIM, Formulation No. 7 fail-
ed at 4900 bends on the Polyalr flexer based on a standard of 15,000
bends. A second trial (#8) using the 2TMG nolyether polyol It
modifying the processing, showed improved flex life, however, the
compound failed at 700 bends. A polypropylene glycol (pol,ether)
was used in formulation No. 9. The compound processed well and
passed the flex test. This coupound, however, has not shown consist-
ent results in other trials, samples of which have failed prematurely
on the flexer. Tne cause of the inconsistent flex data is not known
and the more involved studies necersary to determine the cause would
have gone beyond the timetable of this contract.

Formulation No. 10 involved using polyether polyol in the
quasi-prepolymer anr polyester polyol in the hardemvr. Although it
is generally accept.d that a pocr compound results fiom combining
a polyether and a polyester in the same compound, #1( processed well
with good cream time (20 seconds) and good cure time (5 minutes).

On the flex tester, however, the compound failed at 3,000 bends. 1In
an attempt to improve the processing of formulation #4, two polyester
polyols were used (#11). The 2000 type polyester is solid at room
temperature while at the same temperature the 2001 type polyester is
a viscous liquid. The ccmpound dic process better than #4, and

showed no signs of cut~-growth at 5,000 bends or 15,000 bends on the
Polyair flexer.

To use technology developed for a white lightweight insulated
boet to the best advantage, #1? was formulated to incorporate PTMG
and hydrogenated MDPI to make an outsocle with a hardness of 60 Shore
A. Compound #12 was hand-cast ir..o molds set-up on the Polyair LIM
and samples failed on Polyair fiever at 2300 bends. The compound
falled the flex test because hand-cast samples tend to be poorly
mixed and not representative of machine-made samples. The samples
were hand-cast because the LIM was not equipped to meter the 100 to
22 weight ratio needed.

20

TRV AT IR Y TN L el SR i

HRERS oo e

ot e et i

< = 2 2 ERewy T ¥ 0 ey i gl Sl b oy & o=
ki AR i 227 o A ¢ S S i o s I B i L LB AR S e AN KR i SES - 2




L

'f_‘:.

e

ACLE

R R

o

T b s i S B

FEETTTIIEY M Wt on A o

i s as e -

Of the twelve formulations evaluated, formulations #4 and
#11 were judged the best overall considering physical properties
and ease of processing. Formulation #11, however, did exhibit
the best flex life and #11, therefore, was used in fabrication
of wear test boots.

As proof that outsole material made from formulation #11 is
indeced closed-cell foam, photographs were taben of foam samples
using a scanning electron microscope. Wigure 9a illustrates the
type of cell structure achieved using formu'ation #l. This
methylene chloride expanded compound has a non-urdform, predom=-
iritely open-cell (ruptured) structure. Figure 9b illustrates the
type of cell structure achieved using formulaticn #11. This water-

expanded (COp generated) compound has a uniform, fine closed-cell
structure,
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; § Fig. 9a - Formulation #1

: ; METHYLENE CHLORIDE EXPANDED
1
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.

5 {60x)

A
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: Fig. 9% = Formulation #11,

] WATER EXPANDED

A (60x)

1

/

Figure 9 - SCANNING ELECTRON MICROSCOPE PHOTOGRAPHS OF OUTSOLE MATERIALS
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The fabrication of combat boot outsoles and test slabs on the ‘@
Mateer machine was done using two metal molds furrished by U.S. Army 3
Natick Laboratories. The molds incorporated (1) a Panama design

outsole and (2) a chevron design outsole. These outsole designs are
illustrated in Pigures 10 and 11 respectively.

T R

As previcusly mentioned, one reason for the poor flex craciing
resistance of the outsole compounds can be found in the outsole design.
In an attempt to eliminate the high s*tress areas in the outsole, the
Design Center at UniRoyal's .augatuck Footwear Plant designed a varia-

tion of the chevron outsole design. The modified design is illustrated
in Figure 12.

TR
O L N VA i e

A s

To use the Panama type molds or the modified chevron type molds
on the Polyalr LIM, it was necessary to modify mold halves and lasts
to fit on the Polyair turntable. To inject compound, an injection port
was drilled in the toe portion of each mold.
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PROTOTYPES

Prototyve pairs of boots were made at various times during the
contract. The formulations used are ygiven below. Using the prepclymer
method, Lhe Mateer meteriir,rixing machine was used to fabricate protc~
type pair #1 and prototype pair #2. Both prototypes were made by cast-
ing material into the Panama type outsole molds and placing the lasted
upper onto the closed outsole mold rings. The first prototype was ex~
panded with a halocarbon, methylene chloride, and the second prototype
was expanded with a chemical blowing agent, Nitrosan. The following
formulations apply to these prototypes:

Formulation

# #2
Vibrathane B-602 100.0 parts 10C.0 parts
Methylene Chloride 10.0 —
mPDA 4,1 4.0
SF1079 Silicone Surfactant 1.9 0.5
Santicizer S-160 4,1 5.5
Nitrosan - 0.6
3041 Black 2.0 2.9
US-15N - 0.3
Prepolymer temp. 160°F 240°F
Curative temp. 225°F 190°F
Additive temp. RT RT
Mold temp. 195°F 230°F
Praeshot time 2 sec 2 sec
Demold time 5 min. 5 min.
Post Cure 2 hrs. at 2C0°F 2 hrs. at 200°F
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The third prototype pai. was fabricated on the rolyair LIM usiny
the quasi-prepolymer technique. The compound was injected into the
assembled Panama~-type outsole mold. The following formulation which

iz the same as formulation #11 in Table II applies to preototype pair T

#3: )

3 T
! Formulation ’
3 Multrathane R14 22.5 parts |
P Multrathane F222 77.5 ;
MDY 40.0 |
1,4 butanediol 10.0
: Water 0.2 ‘ i
? Dabco catalyst 0.4 ;
5 T-9 catalyst 0.1 !
DC193 0.3 §

“‘ 3041 Black 2.C i
t? Quasi-prepolymer temp. 120°F ;
1 Curative temp. 120°F :
£ Additive temp. RT i
: Mold temp. 110°F %
:; reshot time none i
fE Demcld time 5 rin, i
1 Post cure 24 ws. at RT i
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IV. SERVICE TESTS

A total of five pair of combat boots were fabricatnd for forced
wear-testing. Information regarding the boots can be found in Table
III, Forced wear testing of the boots was conducted by U.S. Army
Natick Laboratories., The forced wear test involved construction
workers in the Boston area who wore the boots or asphalt and gravel
surfaces. Results indlcated that pair #3 had the best wearing (flex
life and abrasion resistance) c.mpound. Forced-wear testing conducted
by UniRoyal at the Naugatuck Footwear Plant substantiated those results.
The UniRoyal forced wear test involved test boots bei: g worn under
controlled conditions over a prescribe route of paved and concrete
walkways.

B B 1 e ﬂmhﬂ-mﬁptmm

: V. EAIRS FOR WEAR TESTS

... Twenty Pair

Under Contract Modification Number DAAG17-71-C-0152-P00003, :
3 . twenty pailr of combat boot: were fabricated using formulation #5 - ]
: listed in Table I. Ten pair were made with the Panama design
i

14
: outsole and ten palr were made with the chevron design outsole. 1
3 All twenty pair were made using the Mateer metering/mixing machiue. !
3 & Data pertaining to the twenty pair can be found in Table IV. é
: Extensive wear testing of the boots conducted by the U.S. Army o
: Natick Laboratories indicated that many of the boots had poor flex &
- life and abrasion resistance. As a result of this testing, use of ]
. the quasi-prepolymer method on the Polyair LIM to rake the outsoles %
3 become the prime objective. The poor and inconsistent wear properties A

of the twenty palr were mainly caused by improper iwetering and mi-zing
of the Mateer machine.

B

; B. Fifty Palr (Phase II)

During Phase 1II, fifty pair of combat boots were fabricated on
the Polyair LIM using the mcdified chevron cutsnle mold. As indicated
i in Table V, twenty-five pair were wade with an outsole compound having

a specific gravity of 0.70 and twenty-five palr having a specific
gravity of 0.55. The compound fcr all the fifty pair is the same as
& the zompound used for prototype pair #3. Test slabs, made after
every second pair of boots, were used as a means of quality control
during boot fabrication. The Polyair flex test was performed on the
test slakbs and the data generated was applicable to the two pairs of
bcots fabricated prior to the making of the “est slab. This time
period for maklng each group of twe piirs and one test slub was approx-
imately 25 minutes. The palrs of boots, as listad in Table V, dc not
X represent the orider cf fabrication bacause severwul palrs were re-
placed due to Ilncomplete filling nr poor alignment of the outsoles.

UiggacadChio M oonctes b

e T s DA G B il R R

%

bl e

29




B S T TN T T PR S, A T I R T L R R e T e T S i s g i

PO s
ST e R ST i

A TRENATL . Sy
-
e A s R LR DR R

*Bgec ‘#1zT ‘SiLe Fad C8/1mm/9506a1 YRVEVE SO110 hi: )
&
w g 131 8922 *%69¢ A o'u/10W/9S060T  °ATRD"GOW 30110 E¥, o 3A1d IV
w %619 ‘e 826y 1T oln/1aW/ ea1s3 VHVNVE totto 1014
<
m ‘2529 3812 -8z0y 11 o%u/1a0/um1sE NGIATHD E0l10 LIz Nod ¥Ivd
; g . ;
E w 2029 "3g12 “820% 11 ol u/1aw/¥RISE VRVEVd @0110 InoTy s 3
& 2 3
w ¢ ‘3099 “Synz 391y 14 O'H/1ONWILSE  AZED AM ROTIC L%l &4l NIV ;
; : s
{ £ ‘328 3081 ‘Szov o1 o%H/¥s153/4an1z VIVNVd £OT10 11 -+
: ¥ 4
ot ‘S1y3 ‘30¢7 Sy o1 O°H/UEIST/YINLT  “ATED ' GOK HO1TO By ¢ oML ¥1vd
3 %
w *Syz9 ) 4 280y 0% 6%R/¥3152/waKII VRNV %0110 IROTE
E ol
] { *Sgeg 8081 “$50Y 8 ou/ 10w/ uARLA ATRATHD 0710 151 ENO ¥IVd b
- -
1 ¥ S — e
f INS13A IRDTIA Fi 31T ] IVTUEIVH [ "ol
s 103 105100 43440 NOIIVINNOd 108100
2 ¥
- i SIOOE 1S41-¥VEM %0 VIV I11 FISvd 3
# 1 o
E “
4 -
m. k.
5 k
| 3
_ i w
3
2
&
E




yﬁm&w‘%@%w“” IS I 13 S £ o

91030 UTINGP MOIAIYS cvcaven-

3702300 ¥BY9p YWPUPJ ccccncena
L83 e 88s L3N 6%C T6S
{8Y - gL L5SC = %E¢ T0% - 195§ 861 - 941 19¢ - of¢ 009 ~ /S
el cgy swual peo a8 ggc oy sem2® 061 roea¥ gy il 96c
il /61 L2 TS 18 £5¢ {4 sweal ggY 2t gee ¥ z6C
mexd cz1 wmas oce i g ¢ es o8 751 oe2as ocgC vl G
el o1 owe3t gyt owmexl f6S Ty smuag ¢y sawa® ¢ce swe28 209
ot /91 w33 1 vesal ygc 9€ vmex® ngY s scc =518 09
ounit cg1 meIR oug w3 /9¢ s sweal o1 suo28 ¢o¢ swn® ¢09
s vy1 swexs ot¢ sana¥ ys¢ o runss ggY owpxt gce s=maR co9
o2l c61 w18 cye ol y6c €c swex8 161 supx® cge s=naf 906
omad gy swex8 Lo¢ smmal Gec 4 w8 167 sumxS Zag swnal gg¢
sl 7y =38 ccg swea® cgg 1€ swead g6y samas 6cg sewal o6g
il 4§51 28wyt el ¢65 ot swe3ad ¢gY suwa® gy rmwil g6c
=18 g1 st 79¢ sew1s cec [~4 omma® g1 raex® 9cc il 166
w8 911 212 Z9¢ sap3x¥ ¢ 74 sweal 441 swexl gcg swma3 ggg
owat /21 il ofe swa? f9¢ rz4 oumpaf 161 wpi® 19¢ sanx® 909
w318 061 w3 yyo sowal 06C %z el o1 suexS e L YT+
swad ¢33y sawa¥ ccg smex8 96g (74 s cuY seexd ¢ce sunxf 909
eawil 737 wuxl s9g w18 )6S 1774 w191 suwa8 ¢ sunx® y6c
swext cgY omeaS yyg wmex8 Cgg £z swwas Zgy swwil 14g swmx8 g/¢
8@“ 081 !l“ Lyt !-u.h €9s zz swexS ¢/ ..I.“ 1€ ll.“ T8¢
tmIB £g1 PEpIE (¢ ==is 209 1T swsit yLy RIS /¢ adendl 741
uﬂmuﬁ sjo83Ing0 IGSTIN i mm Y # o0 IYSIIN v108ING m.ﬂmcx uMNND ELT 337

300§ [vI0Z Jo0cq [0y

i~ NATNONDAD

3

PR A

d S & A e L e

R SR < ey e S S,

P T

R AR o T W fu N O L M e e L 99 R U g g VL LT




TOTAL BS0C
WEIGHT
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GRAMS

643
653
665
630
660
644
631
665
665
667
649
671
665
672
670
655
665
640
630
650
643
662
645
630
623
650
634
624
640
624
639
664
663
645
632
636
676
668
640
647
617
661
624
654
670
655
653
640
638
675

TABLE V

UPPKR
WEIGHT+
GRANS

388
393
409
3
405
385
370
404
405
413
394
418
411
416
411
400
404
385
383
400
395
408
394
406
33
390
;18
368
384
365
382
406
406
397
374
385
419
408
385
385
385
405
370
396
398
409
394
383

382

414

OUTSOLE
WEIGHT
GRAMS

255
263
256
256
255
259
261
261
260
254
255
253
254
256
259
255
261
255
247
250
248
254
251
254
255
260
256
256
256
259
257
258
257
248
258
251
257
260
255
262
232
256
254
258
257
256
259
258
256
261

SPECIFIC
GRAVITY

0.69
o.n
0.69
0.69
0.69
0.70
v.70
0.70
0.70
0.69
0.6%
0.69
0.569
0.69
0.70
0.69
0.70
0.69
0.66
0.68
0.66
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DATA APPLICABLE TO THE FIFTY PAIR OF COMBAT BOOTS (PBARE II)

SHORY A
HARDNESS
HEEL TOR

30
49
52
52
52
53

POLYAIR

no

38838

no
nwd

2833823

83888

FLEXER
AT 15000 BEWDS

3502
350%
growth
grovth
3502
350%
growth
growth
350%
3502
. Towth
grovth
400%
400%
1502
150%
grovth
growth
growth
growth
100%
1002
100..
1002
growth
growth
1502
1502
150%
150%
50%
502
1502
150%
growth
growth
growth
growth
growth
growth
growth
growth
1002
1002
grewth
growth
growth
growth
growth
growth
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: i TABLE V
3 %g DATA A<PLICABLE TO THE FIFTY PAIR OF CONBAT BOOTS (PHASK II)
s. 8 2007 ¢ TOTAL 200T wrer OUTSOLE SPECIFIC SHORE A POLYAIR
3 WERIGHT WEIGHT* WEIGHT GRAVITY EARDNESS FLIXER
; % GRAMS GRAMS CRAMS HEEL TOX AT 15000 BENDS
3 [
- ¥ 1C R S84 3% 208 0.56 40 38 600%
! ¥l 1cL 597 394 203 0.55 s 38 600%
4 g xR 616 408 208 0.56 36 40 600%
: X L 605 ‘ 406 199 0.5 2 37 no growth
i cR 604 396 208 0.56 3% 38 800%
1 3 i1 604 396 203 0.56 33 3% 800%
: ¢ 4 R 580 376 204 0.55 40 4h no growth
1 ¥ 6 1 586 384 202 0.55 s 3?7 no growth
f [ ] 604 393 211 0.57 36 43 300%
¥ ¢ L - 938 390 208 0.56 s 40 3002
4 i 6C » 591 381 210 0.57 35 38 800%
: ! 6C L 600 392 208 0.56 1 23 8002
¥ % R 584 - 3n 212 0.57 3 36 200%
# L 621 410 211 0.57 13 3% 800%
0 8 R 632 420 21 0.57 s 39 6001
80 L 597 389 208 0.56 13 s 6002
{ 9C R 591 382 209 0.57 3% 35 no growth
9L 595 386 209 0.57 32 33 no growth
10C.R 581 37 205 0.5% 3% 40 800%
¥ 10C L 591 384 207 0.56 k1 33 800% J
; l1ic r 6.4 405 209 0.56 3% 40 800%
§ 11Cc L 23 383 212 0.57 3% 36 800%
: 12¢C R 582 375 217 0.56 32 k14 no growth 4
b 1¢c L £8C 376 204 0.55% 3l 33 no growth 3
13¢ R 601 390 211 0.57 38 42 no growth :
13¢ L 621 412 209 0.56 36 38 no growth 3
‘ 14C R 598 392 206 0.55% 36 45 no growth :
: 14C L 619 410 209 0.56 36 41 no growch 3
1 15¢ » 600 390 210 0.57 37 40 no growth i
; 15¢ L 611 400 211 0.57 3 38 no growth 3
3 16C R sn 358 213 0.57 37 4h 300%
3 16C L 593 383 208 L 56 3% 39 300% %*'
, 17¢ R 390 380 210 0.56 38 43 no growth ;
E ; 17¢ L 595 384 211 G.56 35 38  no growth 4
‘ I 18C R 589 3 210 0.56 37 43 150% %
; 3 18C L 597 385 213 0.57 3 36 150% 4
:, 19C R 613 400 213 0.57 a8 v no growth 4
3 19¢ L 610 400 210 0.57 3% 40 no growth X
3 ¢ 20C R 605 396 209 0.56 kY] 41 no growth
E A 20C L 601 399 202 0.55 X} 39 no growth y
s 3 21C R 604 9. 213 0.57 38 42 no growth %
: 5 21C L 594 33 211 0.57 s 37 2
¥ 20 582 n 211 0.57 38 42
4 22C L 601 392 209 0.57 32 36
: 23C R 599 387 212 0.57 s 40
# 23C Y, 597 388 209 0.56 3% 61
3 24C R 595 91 204 0.5 37 44
3 24C L 593 385 . 208 0.5% 36 42
25C R 629 418 211 0.57 39 41
B 25C L 614 404 210 0.57 34 38
23 * Includes weight of leather upper, heel plug, shank, and hot melt adhceive.
;;f .
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VI. CONCLUSIONS

l. The fabrication of an abrasion-resistant, 0.55 specific gravity

closed~-cell outsole is feasible on a Polyair liquid injection
machine.

2. The availability of Polyair LIM equipment provides an excellent
means to mass produce lightweight polyurethane outsoles.

P T T P

3. The use of a Polvair flex tester is an excellent means of quality
control.

b

4. The premature flex cracking of outsoles was eliminated. The cause
of outsole flex cracking was attributed to:

Sutbi i ctin Aduskrat-aduss o

a) improper metering of compound when using a 100 to 10 weight

ratio of p epolymer to curative, a ratio which must be
accurately metered.

b) improper mixing of compound when using a low speed mixer and
a combination of high viscosity prepolymer and low viscosity

T

¥ curative.

£

E c) integral skinned foam where skin thinness was located in high

5 stress areas of the outsole.

L

E Steps taken to eliminate the flex cracking were as follows:

E a) the use of a quasi-prepolymer technique (70 to 100 weight ratio

E of prepolymer to curative) on a Polyair LIM to minimize the
need for very accurate meteringe.

F

b) improvement of mixing was improved by using lower viscosity
materials and a high speed (1800 RPM) mixer.

P

c) reduction of i1lex failures in high stress .reas by use of a
uniform density outsole.

3 d) use of lower processing temperatures (110 - 120°F) to minimize
the need for accurate control of high temper.tures.

RIS

S5« The development of the modified chevron outsole design may also
aid in eliminating flex cracking of the outscles.

]
£
3
3
s
R
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MATERIAL (TRADE NAME)

Dabco
3041 Black

1,4 butanediol
DC 193
mPDA

Methylene chloride
MDI

Multrathane F222
Multrathane R14

Nitrosan

Santicizer 5-160
T-9

TDI

US-1SN
Vibrathane B-600
Vibrathane B-602
Vibrathane B-605

LIST OF MATERIALS

CHEMICAL NAME

triethylenediamine

furnace black, dispersed
in DOP

1,4 butanrdiol
silicone surfactant

meta phenylene diamine

methylene chloride

4,4' diphenylmethane
diisocyanate

polyester polyol
polyester polyol

NyN'~dinitroso -
NygN' dimethyl
terephthalamide

butyl benzyl phthalate
stannous octoate

tolylene diisocyanate
secondary plasticizer
polyether, ‘urethane polymer
polyether, urethane polymer
polyether, urethane polymer

36
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Houdry Co.

Inmont Corp.

GAF Corpe.
Dow Corning Corp.

Miller-Stephenson
Chemical Co., Inc.

Hubbard-Hall Chemical
Mobay Chemical Co.

Mobay Chemical Co.
Mobay Chemical Co.

E.I. DuPont
DeNemours & Co., Inc.

Monsanto Chemical Co.
M&T Chemical Co.
Upjohn Co.

East Coast Chemical
UniRoyal Chemical Div.
UniRoyal Chemical Div.
UniRoyal Chemical Div.




