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INTRODUCTION

A possible cause of a number of pyrotechnic incidents occurring after the
mixing/granulating operations and before pack-out is the ignition of a
composition from electrostatic buildup and discharge from an operator's
coveralls. The currently used coverall materials are susceptible to
electrostatic buildup, and thus the potential for an ignition. Other
materials are available which reduce/eliminate electrostatic buildup and still
provide th'e sawe degree of protection. In addition to the risk of
electrostatlc >,rildup, some materials are better thermal insulators than
others and tuld provide a higher level of protection to an operator should a
fire result.

This program was designed to evaluate both the currently used coverall
materials and the new materials being developed to determine which matcrials
provide the higher levels of thermal protection and at the same time are least
likely to develop and hold a static charge. This report summarizes the work
performed in selecting the six candidate coverall materials, the thermal tests
performed by Southwest Research Institute, and the electrostatic sensitivity
tests performed by Hazards Research Corp., for SwRI. Included in this report
are conclusions and recommendations.



COVERALL MATERIAL SELECTION

The materials for electrostatic and thermal testing were selected by
ARDC based on their usage in the pyrotechnic manufacturing plants and on their
availability. The purpose of the test program was to evaluate the materials
being used in the field and also any materials being developed for use in
protective clothing. In selecting these materials, input was solicited by AROC
from SwRI, Hazards Research Corp., personnel, and from Mr. Harry Winer of the
Navy Clothing and Textile Research Facility. Initially, a list of eight
materials was developed as shown in Table 1, and six materials were selected
from the eight. These materials are typical of what is currently in use or
are being developed as flame retardant fabrics. The material weights are as
currantly manufactured and this program did not take into consideration the
effect of fabric weight on the thermal insulation or electrostatic charge
dissipation properties. The electrostatic discharge tests were performed on
the materials in two conditions, unlaundered and after 25 washings and
dryings.

Table 1. Candidate Coverall Materials

Material No. Material

*1. Nomex®/S.S. (99/1)
*2. 100% Fire Retardant Woven Cotton 8oz.

3. 100% Fire Retardant Knit Cotton 8oz.
*4. 20/80 PBI/Nomex® 1, 4.9oz.
*5. 35/35/30 PBI/Kevlar®/Ourvil® 7.5oz.
*6. 40/60 PBI/Kevlar® 4.5oz.

7. 20/80 PGI/PFR Rayon 4.4oz.
*8. 20/80 PBI/PFR Rayon 7.2oz.

Note: * Materials Selected For Testing
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THERMAL TEST PROGRAM

Test Procedure

The testing of the six coverall materials was conducted at the SwRI test
facility. As shown in Table 1, the six materials tested were: No.1,
Nomexl/stainless steel(99/1); No.2, 100% fire retardant woven cotton: No.4,
PBI/Nomex" 1 (20/80): No.5, PBI/Kevlar®/Durvil® (35/35/30); No.6, PBI/Kevlar'
(40/60); and No.8, PBI/PFR Rayon (20/80). Tests were performed using two
types of material layers, single and double (the double layer was tested to
simulate pockets and overlaps on the coveralls where two layers of the
material would be present) and using a range of pyrotechnic weights
(20,40,80,160,320, and 454 grams). Two different pyrotechnic materials were
used, an aluminum base starter mix and a magnesium base illuminating mix
(M206). A skin simulant thermocouple manufactured for SwRI by Albany
International Research in Oedham, Massachusetts, and two thin bare wire
thermocouples were used to measure temperatures for each material. One of the
thin thermocouples was placed directly in back of the material to record the
gas temperature as it passed through the material, and the second thin
thermocouple was punched through the weave of the material (see figure 1) to
measure the flame and gas temperature on the surface of the material. The
skin simulant was mounted flush on a wooden board (see figure 2) and measured
the temperature rise through the materials covering the board. The six
materials (single or double layers) were each attached to wooden boards and
mounted symmetrically around the simulated mix muller as shown in ligure 3.
The pyrotechnic was placed in an open container as shown in figure 4 and was
located 18 in. from the material test specimens. The pyrotechnic was ign ted
remotely at the top of the mix, and the thermocouple data were recorded rL il
time on analoq tape and then played back and analyzed. Prior to each test,
each material was visually checked for burn holes or degradation and replaced
as necessary.

Test Results

Starter Mix Tests

On the tests performed using the aluminum-based starter mix, it was
observed that measurable damage to the materials did not occur until the
larger pyrotechnic weights were used,i.e., the 320 gram tests and the 454 gram
tests. Figures 5 and 6 show the overall view of the single layer materials
and the double layer materials following the 454 gram test. As shown in these
figures, the damage consists primarily of burn holes where the burning
pyrotechnic struck the material. No catastrophic damage such as complete
combustion or melting was observed; however, it should be noted that the
maximum quantity of pyrotechnic used was relatively small. As previously
mentioned, the temperature data were recorded real time on analog tape and
preliminary analyses have been conducted. Figure 7 presents the maximum
temperature rise measured by the skin simulants mounted behind each of the six

3
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test materials ( Mat'l no's. 1,2,4,5,6,8) as a function of pyrotechnic
weight for the single layer tests. Figures 8 and 9 present similar data for
the exposed thermocouples (the ones through the material weave), and for the

covered thermocouples (the ones directly behind the material). Figure 10
presents the maximum temperature rise recorded by each of the material skin
simulants as a function of the average temperature recorded by the
corresponding exposed thermocouples. Figures 7 and 10 can be used to
evaluate the various coverall materials effectiveness as a thermal
insulator. In both figures, the skin simulant behind material no. 2,(the lOG.,.
fire retardant cotton) measured lower tempe atures than did any of the other
material skin simulants. Conversely, the skin simulant behind material no. 6
(the PBI/Kevlarl 40/60), measured the higher temperatures of all skin
simulants. This would imply that the 100% fire retardant cotton is the best
thermal insulate: if the six materials tested with the given weights of the
pyrotechnic starLer mix.

A similar test program and subsequent analyses were performed using
double layers of the candidate coverall materials. Figures 11, 12, and 13
present the maximum temperature rise for the skin simulants, the exposed
thermocouples, and the covered thermocouples, respectively, as functions of
the pyrotechnic weight. Figure 14 presents the maximum skin simulant
temperatures for each of the six materials as a function of the average
temperature measured by the corresponding exposed thermocouples. As shown in
figures 11 and 14, the skin simulant behind material no. 2 (the 100% fire
retardant cotton) measured the lowest temperature of the thermocouples.
Similarly, the skin simulant behind material no. 6 measured the higher
t'?mperatures of the thermocouples. If the test results of the single layer
tests are compared to the results of the double layer tests, one will see that
as expected, the skin simulants behind the double layers saw less of
temperature rise than did the skin simulants behind the single layers of the
materials. In both the single and the double layer tests, the 100% fire
retardant cotton appeared to be the best thermal protector, while the
PBI/Kevlar"I appeared to be the worst thermal protector.

M206 Mix Tests

The testing of the six coverall materials (both the single layer and the
double layer) using the dry M206 mix was performed using the same test
procedures as used on the starter mix tests. For the tests involving the
single material layers, Figure 1b presents a curve of skin simulant
temperature rise versus pyrotechnic charqe weight for the six materials
tested. Figures 16 and 1/ present the exposed and the covered thermocouple
responses versus charle weight, respectively. Figure 18 presents the skin
simulant temperature rise as a function of the average exposed thermocouple
temperature. As can be seen in figure 15, the worst materials (those that
passed the larqest amount of heat) a-? materials 2 and 4. The best materials
(those exhibiting Lhe lower temperature rise) are materials 8, 1, 5 and 6. It
should be noted that the temperature differences between materials 8, 1, 5 and

n4n-- - - - -- - - -



*• 6 are not that large and actually only 14 degrees separate these four
materials. If a comparison is made between the results of trie single layer
tests involving the starter mix and the tests with the M206 mix (see Figure
19) one will see that in the starter mix tests, material no. 2 is the best or
lowest temperature material, while in the larger quantity M206 tests (320 gram
and 454 gram), material no. 2 is the worst or highest temperature material.
One possible reason for this change in performance could he that in the larger
quantity tests, the M206 fire is such a severe fire that material no. 2 breaks
down completely and loses its insulating capacity. If one looks at tne
lower quantity tests involving the M206, one will see that the material no. 2
exhibits fairly good insulating properties not unlike any of the other
"better" materials and it is only at the higher quantities that the material
breaks down. Inspections )f the materials after the larger quantity
tests using the M?06 revealed that the materials suffered severe burns and
actual physical degradation and failure. Figures 20 and 21 present post-test
conditions for the six materials for the 320 gram test and ,•or the 454 gram
test. As shown in these photographs, the materials' position starting from
right to left is Material no. 1, 2, 4, 5, 6, and 8; and as can be seen, all of
the materials have been substantially damaged, in particular material no. 2.
Figures 22 and 23 are closeups of the two tests with emphasis on material no.2
and, as can be seen, material no. 2 has suffered damaging burns and
has actually split down the center. At the same time, material no.'s 5 and 8,
which also suffered severe burns, exhibited very good insulating capabilities

,,' and had the lower skin simulant temperatures in both sets of tests.

The tests performed using the M206 and the double layers of materials
have also been evaluated and the results are presented in Figures 24-27.
Figure 24 presents the skin simulant temperature rise as a function of the
pyrotechnic charge weight, while figures 25 and 26 present the exposed and the
covered thermocouple temperatures also as a function of charge weight. Figure
27 shows the skin simulant temperature rise as a function of the average
exposed thermocouple temperature. Once again, materials 2 and 4 exhibited the
larger skin siniulant temperature rise, but as can be seen in Figure 24, these
materials do not exhibit extraordinary high temperatures until the 320 gram
and the 454 gram tests which was the same phenomenon seen in the single layer
tests. Materials 1, 5, 6, and 8 again measured the lower skin simulant
temperatures indicative of their insulating capability. Figures 28 and 29
show the six materials following the 320 gram and the 454 gram tests, and as
shown, the materials, primarily no. 2, sustained severe burns and physical

* I degradation.
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ELECTROSTATIC DISCHARGE TESTS

A number of electrostatic charge relaxation tests were performed on the

six selected coverall materials by Hazards Research Corp., as a subcontractor
to Southwest Research Institute. Details of the test setup, the test
procedure, and the test results are provided in the report prepared by Hazards
Research Corp., which is included in this report as Appendix 1. However, for
completeness, a brief description of this phase of the program is included in
the following paragraphs.

The test procedure used was standard test method ASTM 0-2679-73 and
consisted of charging a sample of the coverall material with a known charge
and then releasing the (:harged sample into a Faraday Cage and measuring the
time required for the material to dissipate 50% of the charge, i.e., the
charge half-life. Two tests were performed on each of five samples of each
coverall material fur a total of 60 tests. The coverall material samples were
then shipped to the Navy Clothing and Textile Research Facility where they
were laundered 25 times simulating normal use. The laundered materials were
then retested to see what effect laundering might have on the ability of the
materials to hold a charge.

The tests conducted on the materials yielded some key results including
the following: the PBI/Kevlartv/Durvll'• material dissipates the static charge
faster than any of the other five materials both in the unlaundered and
laundered conditions, and the laundering of the materials increased the charge
relaxation time for all of the materials and the magnitude of the increase
varied significantly between materials. Details on these and other test
results and additional conclusions can be found in the appendix.

10



CONCLUSIONS

Based on the thermal tests performed on the six candidate coverall
material test-, the following :onclusions have been formulated:

*' The resultant fire from ignition of 0. 15 kg (I ib) of starter mix is
not severe enough to cause any physical damage to the coverall materials. The
M206 fires are very severe fires and above 160 grams, all of the candidate
coverall materials suffered severe damage.

* On the starter mix tests, the materials exhibiting the best thermal
insulating properties are the following (in decreasing order): 100% fire
retardant woven cotton; PBI/Kevlar'/Durvill (35/35/30); PBI/PFR Rayon (20/80);
PBI/Kevlarl (40/60); Nomex) S.S.; and PBI/Nomex9 (20/80).

* On the M206 tests, the materials exhibiting the best thermal
insulating properties are the following (in decreasing order): PBI/PFR Rayon
(20/80); Nomex" S.S. (99/1); PBI/Kevlar'/Durvill (35/35/30); PBI/Kevlarl
(40/60); PBI/Nomex1 (60/80); and 100% Fire ReLardant Cotton.

* Electrostatic charge relaxation experiments conducted on six flame-

retardant fabrics before and after laundering provided a mean)s of rating the
materials based on the fastest dissipation of the induced static charge.
Using the half-life technique, the following is a list of the materials in the
order from the fastest to the slowest electrostatic charge dissipator before
and after laundering. (Although laundering in general appeared to increase
the charge dissipation, the magnitude of the effect differed between fabrics
as noted on the material ratings.)

Before Laundering After Laundering

1. PB[/Kevlarl/Durvil" PBI/Kevlarjý/Ourvil'0

2. PBI/Kevlarl PBI/Nomex' I
3. PBI/PFR Rayon PBI/PFR Rayon
4. Nomex9/SST PBI/Kevlarl
5. Woven Cotton Woven Cotton
6. PBI/Nomex" I Nomex'/SST

7
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RECOMMENDATIONS

The following recommendations have been developed based on the results
and observations of this program.

* Since the PBI/KevlarO/Durvil'O is one of the better thermal insulators
and is also the best material for dissipating static electricity, it is
recommended that this material be used for protective clothing.

* For those processes where the operators are handling M206 pyrotechnic
quantities of 320 grams or larger, it is recommended that the operators not
wear coveralls made out of Nomey'/S.S. or 100% Fire Retardant Cotton due to
the observed physical decomposition of these two materials under high heat
loads.

* It is recommended that gloves or other hand protection worn by

operators be evaluated experimentally using the more severe fire environment
produced by the M206 to determine the level of protection given the operators
hands. It was observed in the tests performed by SwRI that some materials
will shrink and crack under high heat loads and the gloves currently being
used should be tested to insure that these physical breakdowns do not occur.

* One of the tests involving 0.454 kg of M206 mix, a standard plastic

faceshield used in grinding operations, was placed above the material sdmples
at a height simulating the operator's face. The subsequent ignition of the
M206 totally destroyed the faceshield and would have provided no protection
for the operator. It is recommended that the faceshields used in the
processing of the M206 mix be evaluated experimentally against typical
quantities of M206 to determine what level of protection they provide.

* Based on the results of this program, it is recommended tha
operators wear loose-fittinq thermal protective clothing instead of tight-
fitting clothing. Loose fitting clothing will provide an air space between
the operator and the clothing itself and this air space will in turn serve as
an insulator. In addition, a small amount of material shrinkage will not have
an adverse affect on the operator.

* Since it was demonstrated that the double layers of material provide
a higher level of thermal protection, it is recommended that operators wear
thermal protective clothing made up of multiple layers of the better thermal
insulating materials.

8



Figure 1. Thin Wire Thermocouples
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Figure 2. Thin Thermocouples and Skin Simulants

Mounted in Wooden Post
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Figure 3. Test Set-Up For the Six
Candidate Coverall Materials

Figure 4. Pyrotechnic Source
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Figure 5. Post Test Inspection of Single
Layer Test

Figure 6. Post Test Inspection of Double
Layer Test
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Figure 20. Single Layer Tests-320 grams

<-A

Figure 21. Single Layer Test-454 grains
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Figure 22. Single Layer Test-Close-Up View of
Materials 1, 2, and 3-320 grams

(NOTE: Material No. 2 has Split.)

IV

Figure 23. Single Layer Test-Close-Up View of
Materials 1, 2 and 3-454 gram"s
(NOTE: Material No. 2 has ."it.)
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Figure 28. Double Layer Test-32O grams

Figure 29. Double Layer Test-454 granis
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APPENDIX

ELECTROSTATIC CHARGE RELAXATION CHARACTERISTICS
OF SIX FLAME RETARDANT FABRICS
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This rpor)t surnmarizes the resuilts of' a se(ý' s oIF

experiment.s pei--'f•orned by Iltza rds Resena rh Cot-'po iat ion,

Rockaway, New Jersey, For Southwest Research Institute,

of San Antonio, Texas, under Purchase Order No. 61958.

Contact with Southwest Research Institute was ma~Intained

through Mr. Luis M. Vargas.

The purpose of' this program was to determine tho

electrostatic charge relaxation characteristics of six

flame retardant fabrics using standard test method ASTM

D-2679-73. The "half-life" of induced oLectrical charges

on the fabrics were to be determined before and after the

samples were laundered.

A. MATERIALS

The c] fen t suppl ied the following s i x F-lame retardan t

fabrics for evaLuation on this program:

No. Sam . e ...... .. s .ij n

1 Worklon, Nomex/S ta~ln,";hs Steel t'i bur Lilghi. yel low
(99/1)

2 Woven Cotton (100) DIark blu , 8 )z ./q,

3 PBI/Nomex 1 (20/80) B1ue, 4A.9 o'./sq.yd

4 PBI /KevLar'/Dur-Vt.1 (35/35/30) Tn n, 7.5 oz././ q( .Y .

5 PB3/KovI.ar (40/60) Gol1(d, 1.5 oz./sq.y

6 P13I/PF1R Rayon (20/80) 1310ue/1b )POW, 7.2 0/./S~sq. yd.

35
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B. EQUIPMENT

Hazards Research supplied the following test equipment:

(1) Electrometer, Keithley Instruments Model 602

(2) Power Supply, Keithley Instruments Model 246

(3) Faraday Cup

(4) Recorder, Strip Chart, Hewlett Packard Model 7100B

(5) Hygrometer. Precision Model, Serdex

(6) Fabric sample holders

C. DESCRIPTION OF EXPERIMENTS

All experiments performed during this program were con-

ducted in accordance with the requirements of ASTM Standard

Test Method for Electrostatic Charge, D-2679-73 (Reapproved

1978). HRC fabricated the experimental apparatus shown in

Figure 1. The apparatus consisted of a wooden frame that con-

tained two parallel, six-inch square, stainless steel charging

plates, :3paced 0.-5 inches apart. The plates were connected to

the high-voltage power supply. The cloth sample, shown in

Figure 2, was suspended by two wires that were grounded to the

elect rome,:er.

A typical experimental trial started by positioning the

sample in between the charging plates for 30 seconds. Voltage

levels of 700 to 3000 were used, depending on the fihric. At

the end of 30 seconds, the sample was released, It was al-

lowed to freefall into the Faraday Cup (Figure 3) a distance
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sufficient to be below the entrance plane yet not, tOulCh

any surface of 'he cup. Figure 4 shows the top and fri-ont

views of the cup. The Faraday cup was connected to an

electrometer and stripchart recorder. The electrometer

was operated in the coulomb mode, and the recorder plotted

the rate of charge decay, coulombs per second.

Relative humidity was not controlled by air-conditioning

equipment; however, the experiments were purposely run in

January and March when the relative humidity was normally Low.

Environmental temperatures were between 70°0 F and 75'F for all

experiments, at relative humidity ranges of 30% to 411.

Ambient temperature and relative humidity were measured using

the thermometer and precision hygrometer shown in FiguI'e 5.

The experimental program was performed in two phases.

Phase I measured the rate of charge decay of five swatches of

each of the six fabrics in duplicate, for a tol al of 60

experiments. The samples were sent to the Navy Clothing and

Textile Research Facility, in Natick, Massachusetts, where

they were washed and dried 25 times according to their standard

procedure. Phase II repeated the 60 experiments on the

laundered samples in order to determine the effect of launder-

ing on their relative rankings as charge dissipatotrs.

D. DESCRIPTION OF EXPERIMENTAL METHODS

1. Electrical Charge Decay Measurements

A series of preliminary experiments with the ltmhrging
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plates revealed that a cloth sample became fully charged

after 30 seconds' exposure to the electrical field. The

charge started to decay the instant the fabric left the

electrical field. This rate of charge decay was measured

using the Faraday cup shown in Figure 4. The apparatus

consisted of a stainless steel cylinder, open at the top

and connected to an electrometer. The entire cylinder

was placed within a slightly larger stainless steel

cylinder that was separated from the inside cylinder by

Teflon rods. The outer container was grounded in order to

provide a Faraday cage effect (shield out stray fields).

A positively-charged cloth sample entering the air

space of the inside vessel attracts a negative charge to

the inside wall of the vessel. This leaves an excess of

positive charges on the sensing device in the electrometer.

As the charges or the cloth sample dissipate to the air and

through the ground wire, the electrometer registers this

loss. The rate of charge decay, coulombs per second, is

plotted by the stripchart recorder that is connected to the

output terminal of tho electrometer.

2. Data Reduction Technique

'T'he ( relaxation time is the total time required for a

charget~od cloth saimtpl to csi •Ptt by leakage. T3he
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approach used on this program was to use the "ha[Lf-I it'e"

as the basis for comparison of r'esults. "'half- life" is

the time for the initial charge on the fabric to fnlL 501,,,,.

Figure 6 is a typical charge-vs.-time trace, with the

values of the initial charge, 50% charge, and corresponding

"half-life" noted. For flat plate condensers, the "half-

life" is given by the following equation:

tA = 0.693 tr (Ref. 1)

Where: t r = relaxation time, seconds

E. EXPERIMENTAL RESULTS

1. Unlaundered Cloth Samples

A total of 60 charge relaxation experiments were performei

on six flame retardant fabrics. Table 1 presents the results

of this Phase I effort.

2. Laundered Cloth Samples

Phase II results are presented in Table 2. It is seen

that a total of 60 charge relaxation experiments were performei

on the laundered cloth samples.

Table 3 presents a comparison of the average relative

"half-life" values for laundered and unlaundered samples. A

summary of experimental results is presented in Table 4.

Ref. 1. I. 0. t!,VC11ch( , "I',','c tr'o Lta tics"e , (hC.wm or l l,",'n.i , aing,
Nw'liz z 13, J ;7, pp. 1L•- 76?.
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F. DISCUSSION OF RESULTS

Data analysis was simplified by calculating a relative

"half-life" for each series of 12 letter-grouped trials.

Each "half-life" value was determined by dividing the individual

"half-life" values in the series by the lowest "half-life" of

the serie,-;. For example, in Table 1, the first 1A trial

yielded a "half-life" of 1.70 seconds. The first 4A trial had

the shortest "half-life", 0.15 seconds, of the series. There-

fore, the relative "half-life" of the first 1A trial is

1.7/0.15 = 11.33. The average relative "half-life" values of

each A, B, C, D and E group were then calculated and tabulated

in Table 3. For example, sample 2A had "half-life" values of

25.67 seconds and 26.67 seconds, respectively. Their average

value in Table 3 is 26.17 seconds.

Table 3 presents a comparison of the average relative

"half-lifCe" VaLUeS for the unlaundered and laundered fabrics.

The fabrics are rated in order of increasing relaxation time.

It. is seen that sample number 4 (PBI/Kevlar/Durvil) is the

fastest electrowstatic charge dissipator both before and after

launder ing.

Table 4 presents a summary of the experimental results.

It is seen that Ilaunder j ng did not affect the charge relaxation

i-tings of thhe woven cotton, PI31/KevLar /Du iviI and PBI/PFR Rayon

sam) es, ,t aundeCing sign i I'icant. I y impr)oved the P131 /Nonmex I

40
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rating, changing it from sixth place to second place.

Nornex/SST went from fourth to sixth place as a result of

laundering, while PBI/Kevltar dropped frorn second to

fourth place.

Laundering appears to increase the rate or charge

dissipation. The magnitude of the effect differs between

fabrics. It i.s noted that prior to laundering, there were

greater differences between the average relative "half-life"

values. After laundering, these differences were signifi-

cantly reduced. A possible explanation is that some

residual surface active agent may have been absorbed on

the surface of the fabric. This caused the fabrics to

become more conductive.

G. CONCLUSIONS

As a result of 120 electrostatic charge relaxation

experiments performed on six flame retardant fabrics, it,

is possible to conclude the following:

1. The PBI/Kevlar/Durvil samples dissipate the induced

static charges faster than any of the five other

fabrics in both the unlaundered and laundered (on-

ditions. "Half-life" charge relaxation ttines were

<0. 80 seconds. Material-s that relax chari'ge in 1.0

second or less are not. considcred to be viabible

elect rostat.ic discharge ign it. ion ha.at'ds.
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2. The PBI/Kevlar samples rank second in charge dissipation

rate in the unlaundered condition. Laundering lowers

the ranking to fourth place.

3. The PBI/PFR Rayon samples rank third in charge dissi-

pation rate in both the unlaundered and laundered

conditions.

4. The Nomex/SST samples rank fourth in charge dissipation

rate in the unlaundered condition. Laundering lowers

the ranking to sixth place.

5. The woven cotton samples rank fifth in charge dissipation

rate in both the unlaundered and laundered conditions.

6. The PB1/Nomex I samples rank sixth in charge dissipation

rate in the unlaundered condition. Laundering raises the

ranking to second place.

7. Laundering increases the rate of charge relaxation of all

fab'rics. The magnitude of the increase varies signifi-

cantly between fabrics. The greatest improvement occurs

in the PBI/Nomex I fabric.

8. Since Laundering appears to Increase the electrical con-

ductivity of' all six fabrics, the selection of a fabric

1'or' a spocif'ic appl icatiion should be based on the

U le red Co es t rest4
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Table 1. Results of charge relaxation experiments performed on

six unlaundered, flame retardant fabrics

Sample Ambient conditions Chqarg "Half-life" Rel.
no. Temp. RH. Corr. R.H. o_ _o/2 ti, "half-li fe"

(OF) (%) (%) (coulombs)10-9 sec.)

IA 74 37 42 3.08 1.54 1.70 11.3

1A 74 37 42 1.35 0.68 0.30 2.0

2A 74 37 42 10.00 5.00 3.85 25.7

2A 74 37 42 10.00 5.00 4.00 26.7

3A 74 37 42 10.00 5.00 2.85 19.0

3A 74 37 42 10.00 5.00 2.95 19.7

4A 73 37 41 5.69 2.85 0.15 1.0

4A 73 37 41 6.05 3.03 0.20 1.3

5A 73 38 41 6.62 3.31 0.80 5.3

5A 73 38 41 9.71 4.86 0.85 5.7

6A 73 38 41 8.11 4.06 1.00 6.7

6A 73 38 41 6.88 3.44 1.20 8.0

Legend:

R.H. = Relative Humidity
Corr. R.H. = Corrected Relative Humidltv to 70 F
Qo = Tlotal charge on sample fabric
Qo/2 = 50% of Qo
ti Elapsed time between Qo and Qo/2 = "half-life"
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Table 1. Results of charge relaxation experiments performed on

six unlaundered, flame retardant fabrics (cont.)

Sample Ambient conditions Charge "Half-life" Rel.
no. Temp. R.H. Corr. R.H. _Q _Qo/2 t½ "half-life"

(OF) (%) (%) (coulombs)10-9

1B 75 37 43 1.47 0.74 1.00 10.0

1B 75 37 43 2.21 1.10 1.20 12.0

2B 75 37 43 6.43 3.20 5.00 50.0

2B 75 37 43 5.71 2.86 5.20 52.0

3B 75 37 43 8.85 4.43 3.10 31.0

3B 75 37 43 9.03 4.52 3.15 31.5

4B 75 37 43 6.56 3.28 0.10 1.0

4B 75 37 43 6.00 3.10 0.10 1.0

5B 75 37 43 7.32 3.66 0.90 9.0

5B 75 37 43 7.86 3.93 0.95 ,.5

61 75 37 43 3.62 1.81 0.50 5.0

6B 75 37 43 3.21 1.61 0.35 3.5

R~tl -• Relative flumidi t-

Corr. R.|H. Corrvcted Relative flumiditv to 70Fr
k , = Total charg!e cn s.ample fabric
Q ] = 50,. (if QC
t, F1,-'.ed time I,etween Qo and Qo/2 = "half-life"
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Table I. Results of charge relaxation t2xVpr iments pturformed on

six unlaundered, flame rt'tardant fabrics (cont.)

Sample Ambient conditions Charge "Half-life" Rel.

no. Lemp. R.H. Corr. R.H. _Qo__ _Qo/2 4, "half-life"'

-(F) (%) (M) (couloinbs) 10-9 ec.)

iC 75 35 41 3.96 1.98 18.60 46.5

ic 75 35 41 4.28 2.14 19.50 48.7

2C 75 34 41 8.70 4.35 11.05 27.6

2C 75 34 41 9.53 4.77 12.80 32.0

3C 75 34 41 7.48 3.74 3.65 9.1

3C 75 34 41 8.36 4.18 3.65 9.1

4C 75 34 41 8.43 4.22 0.45 1.1

4C 75 34 41 8.22 4.11 0.40 1.0

5C 75 34 41 9.68 4.84 1.20 3.0

5C 75 34 41 9.90 4.95 1.05 2.6

6C 75 34 41 9.39 4.70 1.05 2.6

6C 75 34 41 9.39 4.70 1 00 2.5

Legend:

R.F. a Relative Humidity
0

Corr. R.11. = Corrected Relative Humidity to 70 F

OL = Total charge on sample fabric
Qo/2 50' of Qo

= Flapsed time between Qo and Qo/2 "half-life"
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Table 1. Results of charge relaxation experiments performed on

six unlaundered, flame retardant fabrics (cont.)

Sample Armbient conditions Charge "Half-life" Rel.
no. Temp. R.H. Corr. R.H. _ _Qo/2 t½ "half-life"

(OF) (%) (%) (coulombs)10-9 (sec.)

I) 73 31 35 2.51 1.26 9.25 16.8

I1 73 31 35 2.23 1.12 4.00 7.3

21) 73 31 35 8.67 4.34 1.2.00 21.8

21) 73 31 35 8.88 4.44 14.30 26.0

"3D 73 31 35 8.18 4.09 6.40 11.6

31) 73 31 35 10.00 5.00 7.10 12.9

41) 73 31 35 6.21 3.11 0.80 1.4

41) 73 31 35 7.11 3.56 0.55 1.0

51) 73 31 35 5.62 2.81 1.50 2.7

51) 73 31 35 5.56 2.78 1.85 3.4

61) 73 31 35 10.00 5.00 2.20 4.0

61) 73 31 35 10.00 5.00 2.10 3.8

R~t. = Relative 1tumIiW ty-

Corr. R.11. = Corrected Relatlvt, lumidity to 70ICI
Qoo = Total charge oi safiipl fabric
Qo/2 = 5{)', of Qo

ti -1apsed t om, lLetwen Qc and Q!o/2 '"half-1 ife"

46
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Table I. Results of charge relaxation cIpcr iments perfornd oil

six unlaundered, flame, retardant fabrics (colt.)

Sample Ambient conditions Charge "Half-life" Rel.
no. Temp. R.H. Corr. R.H. _Qo__ Ao/2 t 1, "half-lfe"

(O,) (%) (%) (coulombs) 10-9

IE 73 29 32 0.92 0.46 2.75 5.0

lE 73 29 32 1.17 0.59 3.55 6.4

2E 73 29 32 8.96 4.48 12.50 22.7

2E 73 29 32 9.49 4.75 13.25 24.1

3E 73 29 32 9.20 4.60 7.80 14.8

3E 73 29 32 8.78 4.39 7.80 14.2

4E 73 29 32 6.72 3.36 0.55 1.0

4E 73 29 32 8.52 4.26 0.60 1.1

5E 74 30 34 10.00 5.00 2.40 4.4

5E 74 30 34 10.00 5.00 2.50 4.5

6E 74 30 34 7.80 3.90 2.90 5.3

6E 74 30 34 7.38 3.69 2.40 4.4

Leeend :

R. B. w Relative Humiditv
Corr. R.H. - Corrected Relative humtiditv to 70 1'
Qc' Total charge on sample fabric
Qo/2 50'. of Qo
t•, ", Elapsed time between Qo and Qo/2. "half-i tfe"

47
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Tabl.e 2. Results of charge relaxation experiments performed on

six laundered, flame retardant fabrics

Sample Ambient conditions Charge "Half-life" Rel.
no. Temp. R.H. Corr. R.H. _Q Qo/2 t½ "half-life"

(OF) (%) (M) (coulolnbs) 10- 9  (see.)

IA 73 38 41 1.80 0.90 2.70 18.0

1A 73 38 41 i.50 0.75 0.15 1.0

2A 71 40 41 7.08 3.54 4.80 32.0

2A 71 40 41 7.90 3.95 5.45 36.3

3A 71 40 4I 6.40 3.20 0.25 1.7

3A 71 40 4] 6.60 3.30 0.40 2.7

4A 70 40 40 4.65 2.33 0.20 1.3

4A 70 40 40 4.37 2.19 0.30 2.0

5A 70 40 40 6.10 3.05 0.80 5.3

5A 70 40 40 5.66 2.83 0.90 6.0

6A 70 40 40 3.41 1.71 1.70 11.3

6A 70 40 40 4.00 2.00 2.00 13.3

bL.ond :

RI, , Relat ive Humidity
Corr. R. 11. Corrected Relative Humiditv to 70 0F

k., y Total charge oni sample fabric
Q0o1" 507 of Qo
tLI El.ip,•;d tinme between Qo and Qo/2 = "half-life"
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Table 2. Results of charge relaxation experiments performed on

six laundered, flame retardant fabrics (cont.)

Sample Ambient conditions Charge "Half-life" Re.)..

no. Temp. R. H. Corr. R.H. __ Oqo/2 t" f

(OF) (%) (%) (coulombs)10- 9  (sec.)

1B 70 40 40 3.28 1.()4 18.40 122.7

lB 70 40 40 3.00 1.50 23,45 156.3

2B 70 40 40 4.45 2.23 4.60 30..

2B 70 40 40 3.98 1.99 4.80 12.0

3B 70 40 40 4.02 2.0L 0.21 1.3

BB 70 40 40 4.61 2.3( 0.20 1.3

4B 70 40 40 1.87 0.94 0.15 1.0

4B 70 40 40 I.7.) 0.90 0.15 1.0

5B 70 40 40 3.50 1.75 0.65 4.3

5B 70 40 40 3.64 1.82 0.70 4.7

6B 70 40 40 2.21 1.10 0.90 6.0

61 70 40 40 3.65 1.83 0.80 5.3

_Le~end :

R.Ii. w Relative Humidity
Curr. R.H. - Corrected Relative Humidity to 70 F
Qc, - Total charge on sarople fabric
Qo/2 - 50Z of Qo
t;:, Elapsed time between Qo and Qo/2 = "hal f-i-ife"-
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Table 2. Results of charge relaxation experiments performed on

six laundered, flame retardant fabrics (cont.)

Sample Ambient conditions Charge "Half-life" Rel.
no. Temp. R.H. Corr. R.H. Q_ Qo/2 t½ "half-life"

(OF) (%) (%) (coulombs)10- 9  (sec.)

IC 73 41 45 1.40 0.70 0.30 2.0

IC 73 41 45 1.96 0.98 0.55 3.7

2C 73 41 45 0.90 0.45 0.25 1.7

2C 73 41 45 1.28 0.64 0.50 3.3

3C 73 41 45 6.37 3.19 0.15 1.0

3C 73 41 45 6.29 3.15 0.20 1.3

4C 73 41 45 1.80 0.90 0.30 2.0

4C 73 41 45 2.52 1.26 0.25 1.7

5C 73 41 45 2.83 1.42 0.70 4.7

5C 73 41 45 3.73 1.87 0.60 4.0

6C 73 41 45 4.08 2.04 0.40 2.7

6C 73 41 45 3.88 1.94 0.30 2.0

:. {. = Rativre Hiuniditv

Corr. R.E. = Corrected RF.'ative Hun:iditv to 70o' F
Q'c = Total charge on sample fabric
Qo"'", 50, ' of Qc
tL F.1 E ýtJ time between Qo a,'d Qo!/ = "half-life"
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Table 2. Results of charge relaxation experiments performed on

six laundered, flame retardant fabrics (cont.)

Sample Ambient conditions Charge "Half-life" Rel.
no. Temp. R.H. Corr. R.H. _o Qo/2 ti. "half-life"

(OF) (%) (%) (coulombs)10- 9  (sec.)

1D 70 41 41 1.75 0.87 0.55 2.8

1D 70 41 41 1.90 0.95 0.55 2.8

2D 70 41 41 2.98 1.49 2.10 10.5

2D 70 41 41 4.59 2.30 4.00 20.0

3D 70 41 41 4.88 2.44 0.30 1.5

3D 70 41 41 5.15 2.58 0.35 1.8

4D 70 41 41 1.05 0.53 0.20 1.0

4D 70 41 41 1.63 0.82 0.25 1.2

5D 70 41 41 4.09 2.05 0.75 3.7

5D 70 41 41 5.50 2.75 0.65 3.2

6D 70 41 41 4.44 2.22 0.40 2.0

6D 70 41 41 5.48 2.74 0.40 2.0

Legend.:

R.P. = Relative Humidity
Corr. R.h. = Corrected Relative Humidity to 70F
0c - Total charge on sample fabric
Qo/2 = 502 of Qo
t½ = Elapsed time between Qo and Qo/2 = "half-life"

51



HAZAADS MESFARCH
CORPORATION

Table 2. Results of charge relaxation experiments performed on

six laundered, flame retardant fabrics (cont.)

Sample Ambient conditions Charge "Half-life" Rel.
no. Temp. R.H. Corr. R.H. _Q Qo/2 t½ "half-life"

(OF) (%) (%) (coulombs)10- 9  (sec.)

IE 70 40 40 3.10 1.60 5.60 18.7

1E 70 40 40 2.32 1.16 2.45 8.2

2E 70 40 40 2.81 1.40 2.60 8.7

2E 70 40 40 3.52 1.76 4.50 15.0

3E 70 40 40 6.30 3.15 0,35 1.2

3E 70 40 40 6.77 3.39 0.35 1.2

4E 70 40 40 1.36 0.68 0.30 1.0

4E 70 40 40 1.52 0.76 0.30 1.0

5E 70 40 40 3.72 1.86 0.70 2.3

5E 70 40 40 4.61 2.30 0.70 2.3

6E 70 40 40 2.93 1.47 0.45 1.5

6E 70 40 40 3.48 1.74 0.40 1.3

h.[, = Relative Himiditv
(Crr. K. . = (o'rected Relative Huniidit" to 70oF

,.= qntai charge oni sample fabric
"2 =502, of Qo

t. = Flapsed time between Qo and Qo/2 = "half-life"

52



HAZARDS REI8ARCH
COPWORATION

Table 3. Comparison of average relative "half-life" values

Unlaundered fabrics

Sample Average relative "half-lives", seconds Charge Relaxation
no. A B C D E Rating

1 6.7 11.0 47.6 12.0 5.7 4

2 26.2 51.0 29.8 23.9 23.4 5

3 19.3 31.2 9.1 12.2 14.5 6

4 1.1 1.0 1.0 1.2 1.0 1

5 5.5 9.2 2.8 3.0 4.4 2

6 7.3 4.2 2.5 3.9 4.8 3

Laundered fabrics

1 9.5 139.5 2.8 2.8 13.4 6

2 34.1 31.3 2.5 15.2 11.8 5

3 2.2 1.3 1.1 1.6 1.2 2

4 1.6 1.0 1.8 1.1 1.0 1

5 5.6 4.5 4.3 3.4 2.3 4

6 12.3 5.6 2.3 2.0 1.4 3
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Table 4. Summary of experimental results

Charge relaxation rating

Sample _____ Unlaundered Laundered

1) Nomnex/SST (99/1) 4 6

2) Woven Cotton (100) 5 5

3) PBI/Nomex 1 (20/80) 6 2

4) PRI/Keviar/Durvil 1 1

5) PBI/Keviar (40/60) 2 4

6) PBI/PFR Rayon (20/80) 3 3
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Figuro 6. Charge wi. tLine tracc, unlaundered fabric.
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