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ABSTRACT

KEYWORDS

Nonflammable and

The flammability behavior of ablend fabric cannot be predicted from the
flammability characteristics of its component fibers because of the physi-
cal or chemical interaction of the thermal degradation products of the
blend during heating or combustion. In order to consider the design of
flame retardant fabrics from blends of cotton as a flammable fiber and
novoloid fiber asanonflammabl e and heat-resi stant fiber, the thermal deg-
radation of each fiber and blend of fibers were studied using a conven-
tional dynamic thermogravimetric techniquein aflowingair atmosphere at
several heating rates. Quantitative data are presented which pinpoint how
the thermal degradation behavior of this blend differs from that of the
components. Comparison of the thermogravimetric curves and cal cul ated
kinetic parameters indicates that interactions occur faintly between the
novoloid and cotton components in the blends. The thermogravimetric
analysis data show two degradation stages in air atmosphere.

heat-resistant fiber;
Thermal degradation;
Thermal analysis;
Novoloid fiber.
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INTRODUCTION

Flameretardantsfor blendsof anonflammableand
aflammablefiber are of particular importance, since
thesefabricsare used to produce awiderange of tex-
tiles*2. However, textilecombustionisacomplex phe-
nomenoninvolving heeting, degradation leading to gas-
ification, ignition, and propagetion. Theflammability of
theseblendsisnot defined smply intermsof the addi-
tive behavior of component fibers, which have com-
pletdy different individua burning characterigtics. Infat,
the flammability behavior cannot be predicted, since
reactions occurring during thetherma degradation and

combustion of onecomponent areinevitably affected
by the presence of the other component. Inthisareaof
flammatility and flameretardancy, thermd andysistech-
niques have been widely employed to obtaininforma:
tion regarding thethermal degradation processesand
researchers have reported the thermal anal ytical be-
haviorsof variousblended fabricswith and without flame
retardants®9. Inall of these studies, themajor interest
has been to examine the thermal behavior of cottons
made flameresistant by trestmentswith variousretar-
dant formulations and of cotton blended with asyn-
thetic flameretardant fiber. However, little consider-
ation hasbeen givento any postul ationsregarding the
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degradation kinetics based upon the analysis of the
magnitude of the temperature of the maximum rate of
welght lossasafunction of blend compositioninflame
retardant fiber/cotton blends.

In our previous papers”®, anonflammableand a
flammabl efiber blends were degraded and amecha-
nism was suggested for theinteraction between blend
fibers: Thevolatile productsformed from anonflam-
mable fiber degradation at early degradation stages
appear to play animportant roleinretarding theflam-
mability of aflammablefiber. However, inthecaseof a
heat-resistant fiber such asaromatic polyamidefiber,
though interactions occurred faintly between cotton fi-
ber and aromatic polyamidefiber, cottonfiber inthis
blend accel erated thetherma degradation for aromatic
polyamidefiber.

In thiswork, | wish to report on further thermal
analysis characterization conducted with ahegt-resis-
tant fiber blended with cotton fiber, havingalower deg-
radation temperaturethan that of aheat-res stant fiber,
inorder to obtain abetter understanding of combustion
of thesefiber blends and the nature of theinteraction
between thetwo components. Thiswork concernspri-
marily two-component blendsind uding novoloid fiber®
asaninherently nonflammable and hesat-res stant fiber
and cotton fiber asaflammabl efiber component. The
thermal behavior of these blendswasinvestigated in
this study using thermogravimetry (TG), derivative
thermogravimetry (DTG), and differentid thermd andly-
sis(DTA). Thethermogravimetric curvesrecordedin
air aamospherefor aseries of heating rate experiments
werethen analyzed according to the procedure devel -
oped by Flynn and Wal |12,

EXPERIMENTAL

Materials

The cotton fiber was absorbent cotton (bleached
cotton) of thetype delivered in the Japanese Pharma-
copeia. Inthiswork, we used Kynol fiber asnovoloid
fiber, whichwas produced from phenol-formal dehyde
resin as a nonflammable and heat-resistant fiber in
Nippon Kynol Inc., Japan®®. Thisfiber, havingalimit-
ing oxygenindex (L.O.I) vaueof ca36, wasobtained
from Kansai Iseikatsu Kenkyukal, Osaka. Various
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blended samplesused in thermal analyseswere pre-
pared asfollows. Thefiber sasmpleswere cut toless
than 2mmlong and then dried to acongtant weightina
vacuum oven at 50°C. In order to prepare intimate
novoloid fiber/cottonfiber blends, both fiberswerefully
dispersedintherequired ratio in methanol, and after
filtration the collected samplesweredried in avacuum
oven at 50°C.

Limiting oxygen index measur ement

Theflammability of blended sampleswasevau-
ated using thelimiting oxygenindex (L.O.I) measured
using a Suga Test Instruments ON-1. The blend
samplesfor themeasurement of L.O.l valueswerepre-
pared by mixingwell novoloid and cotton fibers (fiber
length; ca40mm) in therequired weight ratiosusing
hand carding. Conditioning of al samplesfor 24 h at
20°C and 65% RH was adopted asthe standard con-
dition prior tothe measurement of L.O.I value.

Thermal analyses

Thermal analyses of premixed sampleswere per-
formedinaflowing-air @amosphere. Thermogravimetric
(TG) and differentia thermogravimetric(DTG) experi-
ments were carried out on a Shimadzu TGA-50
thermogravimetric anayzer and differential thermal
analysisS(DTA) was conducted using a Shimadzu DT-
40 thermal analyzer attached to aDTA-40M module.
Sampleswere approximately 8 and 4mg, respectively.
Thehegting ratein themeasurementsof TG wasvaried
between 2 and 50K/min and in the DTG and DTA
measurements, it was 10K/min. Therangesenstivity of
500uV inthe DTA measurementswasemployed & tem-
perature region of room temperature ~700°C. A cal-
cined duminum oxideasathermdly inert referencesub-
sancewasusadinthiswork. Althoughdl sampleswere
stored in a conditioning room at 65% RH and 20°C
prior to testing, the recorded thermogramswere nor-
malized to zero moisture content prior to datareduc-
tion and kinetic calcul ationsto avoid the influence of
moistureweight loss.

RESULTSAND DISCUSSION

L.O.I.valuesof novoloid fiber /cotton fiber blends
This study concerns primarily two-component
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blendsindudinganinherently nonflanmableand aflam- a8 :
mablefiber component. In our previous papers™®, the aa |
mechanism of flameretardancy of fiber blendswasre- a2 [ .
ported by using L.O. measurement and thermoanaly sl

tical techniques. Thevaluesof L.O.I. areused to pro- S sl
videamesasurement of relativeflameretarding efficiency o =f :

of novoloid fiber/cotton fiber blends. Infigure 1, the = 2l

values of L.O.l. are plotted vs. the composition of wl

novol oid fiber/cotton fiber blends. Theaveragevalues 20 [

of L.O.l. for thetwo-component blendsmeasured are 18 ; o i
represented by the dashed line connecting the points Novoloid fiber in blend(%)

for thetwo pure components (novoloid fiber and cot- ~ Figurel:L.O.l. valuesof novoloidefiber/cottonfiber blend
ton fiber). In these blends, the experimental valuesof ~ a@safunctionof novoloid fiber content
L.O.l. arelower than the average values. Thisnega-

tively deviaingeffect from theexpected valuesof L.O.I. _

suggeststhat thecombustion of cotton fiber asaflam- | N AR S

.;
|
|

mablematerial playsanimportant rolein the combus- S 0af ;! B

tion of these blends and ainteraction between these g L

fibersisdifficult totakeplace. Theamount of novoloide = 04 |

fiber required for valueof L.O.1. of ca. 26(assumed to T |

beindicativeof sdf—extinguishing behavior intheverti- = Sobo e : : H

cal test) isapproximately 65% for blendswith cotton N

fiber. From these observetions, especidly inblendswith = | i \\

largeamountsof cotton fiber, novol oidfiber gpparently % 50 \

doesnot have any dramatic effect on the flammability E \

of thisblend. Theburning behavior of blended fiber is 3 A

considered to be complex and the question of the na- © 100 [ﬂlm. 3 U P SO s S e TR

ture of possiblecomponent fiber interaction remains * remperaturecy

open. Figure 2 : Thermogravimeteric and differential thermo
. . . gravimeteric curves for novoloid fiber (solid lin€) and cotton

Thermogravimetricanalysis fiber (broken line) at a heating rate of 10 K/min in air atmo-

Thethermogravimetricweight loss(TG) and differ- ~ SPhere
entia thermogravimetric(DTG) curvesof novoloid fi-
ber and cotton fiber areshowninfigure2, employinga
10K /min heating ratein air atmosphere. Cotton fiber
degraded into two stages, thefirst weight loss centered
taking place at 300~370°C, where ca.70% of weight
wasdegraded., and the carbonized residuewas gradu-
ally lost by 520°C at the second stage. On the other
hand, thedegradation temperature of novoloidfiber was RN B | N e
very much higher than that of cotton fiber because of a 0 =0 o Hu o
heet-resistant fiber, and the TG curvesin figure2 shows Temperature(’C)

. . Figure 3 : Experimentally determined (solid line) and
that this degradation was gradually generated by the calculated(broken line) ther mogravimetric and differen-

onestep havingasmall shoulder peak O_bserved iNDTG 44 theromogr avimetric curvesfor novoloid fiber /cotton
curve. It can be seenthat the degradationtemperature  fiber (70/30) blend determined at aheating rateof 10K /

of novoloid fiber was 350°C t0 590°C, andthedegra=  mininair atmosphere

Weight loss(%)
dw/dt(mg/min)
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dationinthisinterva reached about 100% weight |oss
of itsorigind weight.

Indication of interaction during thermal degrada-
tion at low hesting rates can be obtained using conven-
tiona thermoand ytical techniques'2*3. Comparison of
experimentadly observed weight losscurveswithitsca -
culated curvesisshowninfigures 3-5, dong with the
differentiad thermogravimetric curves(DTG) of each of
the three blends studied. These fiber blends are ob-
served to degradein two distinct stagesthough thether-
mal degradation process. Thefirst weight losscentered
around 340°C and the second weight loss occurring at
400~590°C correspond mainly to thethermal degra-
dation of cotton and novoloid fiber, respectively. The
calculated curveswereca culated fromindividua TG
and DTG data of novoloid fiber and cotton fiber by
assuming no i nteracti on between each component dur-
ingthermal degradation. If nointeractionwasoccurring
between thenovol oidfiber and cottonfiber intheblends,
the experimenta and cal culated curves should coincide.
Thefact that differences are observed, aswell asaro-
matic polyamide/cotton fiber blendsreportedinapre-
vious papert®, suggeststhat some form of interaction
must betaking place between thetwo blended fibers.
Figures3-5reved that these blended sampleshavetwo
digtinct stagesthrough thetherma degradation process.
Apparently, each temperature of the two degradation
stages observed inthesefiber blendsdoesnot shift Sg-
nificantly compared with that of novol oid fiber and cot-
tonfiber. Thefirst weight loss, centered around 340°C
and dependent upon the amount of cotton fiber inthe
blend, mainly correspondsto thermal degradation of
cottonfiberinblends. Butit will benoted that theamount
of weight lossin thethermal degradation processhas
increased from the cal cul ated val ues, with the differ-
encesbeing largest for those blendshaving thelargest
cotton fiber content. Thisresult suggeststhat the pres-
enceof cottonfiber inthe blend influencesthedegra-
dation of novoloid fiber component intheblend. This
increased weight lossfrom the cal culated va ues occurs
because the degradation of novoloid fiber intheblend
isaccelerated by the heet rather than thevolatile prod-
uctsgenerated with thedegradation of cotton fiber. Thus,
thedifference between theexperimenta and caculated
weight losses becomes gradually larger asthe cotton
component israised in the blend. The second stage
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Figure 4. Experimentally determined(solid line) and
calculated(broken line) thermogravimetric and differen-
tial theromogravimetric curvesfor novoloid fiber/cotton
fiber (50/50) blend determined at a heating rateof 10K/
mininair atmosphere

Weight loss(%)
dw/dt(mg/min)

260 SGOI : Iaéo : ISOO 500 = ‘700
Temperature(°C)
Figure 5 : Experimentally determined (solid line) and
calculated(broken line) ther mogr avimetric and differen-
tial theromogravimetric curvesfor novoloid fiber/cotton
fiber (30/70) blend determined at a heating rateof 10K/
minin air atmosphere

correspondsto the degradation of novoloidfiber which
will remaintill thetherma degradation temperature of
itsfiber astheinteractioninthisblendissmaler. How-
ever, detailed interpretation of thethermal analysisof
thefiber blendsisrather complicated because thether-
mal behaviour of these blend ismore complex.

Differential thermal analysis

Indication of interactionsduring therma degrada
tion at low heating rates can often be obtained using
conventiond thermoanayticd techniques. Differentia
thermal analysis(DTA) was performed toinvestigate
the behavior of fiber blendsand particul arly to ascer-
taintheroleof therma res stancefiber. Figure6 shows
DTA curvesfor heatingin air atmosphere from tem-
peratureto 600°C for novoloid fiber, cotton fiber, and
novoloid fiber/cotton fiber blends. Inthe DTA mea-
surementsin an oxidizing atmosphere, the PR fiber ex-
hibitsashoulder exothermic peak of oxidativereaction
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Figure6: DTA curvesof novoloid fiber /cotton fiber blend
determined at aheatingrateof 10K/minin air atmosphere:
(1) 0/200, (2) 100/0, (3) 30/70, (4) 50/50 novoloid fiber/
cotton fiber blend fromtheDTA curveof thebottom
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Figure7.Activation energiesasa function of fractional

weight loss(a) for (A) PR fiber and () cotton fiber

at 430°C corresponding to asmall shoulder peak as
seenin DTG curve (Figure 2.) and afterwardsalarge
exothermic peak centered at 490°C based on com-
bustion of theresidues. The DTA curveof cotton fiber
ischaracterized by alarge exothermic peak at about
360°C corresponding to combustion of the char gener-
ated by thethermal degradation of cottonfiber’*4. Itis
well known that for heat-resistant fiber and cellul ose,

—= Fyf] Paper

generaly, the DTA patternismostly theresult of over-
lapping melting and degradation heat effects, asthese
polymersmelt at atemperature higher than the tem-
perature at which thethermal degradation beging™!.
That isto say, the endothermic peak based on melting
of these polymersdoes not appear onthe DTA curve.
TheDTA curvesfor novoloid fiber/cotton fiber blends
show the exothermic peak at about 360°C with very
difference in the character of each component fiber
degradation. At thistemperatureregion, two peaksare
observed in the presence of novoloid fiber and these
peaks seem to changewiththeblend ratio. Thisresult
indicatesthat these DTA curves constitute evidence of
any interaction between novol oid fiber and cotton fiber
occurringinthisfiber blend. Thustheincrease of weight
lossfrom calculated TG curvesinexperimentally de-
termined TG curvesof novol oid fiber/cottonfiber blends
occurs becausethe combustion hegt of cotton fiber at
thefirst degradation stageisinfluencingthetherma deg-
radation of novoloid fiber component intheblend. How-
ever, it should be noted that the DTA responses are not
easy tointerpretindetail. At high temperature, alarge
exotherm manly correspondsto combusgtion of novoloid
fiber component intheblend causingtheweight lossin
TG curves, and this exothermic peak becomes pro-
gressvely greater astheratio of novoloidfiber inblends
Isincreased.

Evaluation of activation energy from TGA

The determination of kinetic parameters such as
activation energy from thermogravimetric datahasre-
celved cons derabl eattention. Thecal cul ated apparent
activationenergies(E) for thevariousstages of thermd
degradation of novoloid fiber and cotton fiber were
determined fromthe TG curves using the method de-
scribed by Flynn and Wall™?. This method was used
becauseit yields activation energieswithout the neces-
sity of assuming apossibly incorrect model for there-
action mechanism*®, All TG curvesmeasured et vari-
ousheatingratesin aflowing-air amospherewerethere-
foreanayzed to determinetheactivation energiesasa
function of fractional weight loss. Plots of activation
energy (E) versusfractiona weight loss (o for PRand
cottonfibersarepresentedinfigure 7. Thisfigure shows
that the activation energies associated with theweight
loss of thesefibersbehave differently. The behavior of
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cotton fiber inthiswork isapproximately the same as
that in our previouspaper. Inthecase of novoloidfiber,
the E values vary between 90 and 140 kJ/mol (o=
0.05~0.25) inthe early stage of thermal degradation,
whereit gppearsasashoulder on DTG curveof novoloid
fiber infigure 2. The activation energy then becomes
progressively greater asthevalueof o increaseup to
o=0.8, after reaching amaximum va ueof about 160kJ
mol. Finaly, thedegradation of novoloid fiber residue
can be identified above 0=0.8 as falling to around
140kJmol.

Although thekinetic dataof individud materialsas
mentioned aboveareof interest, the object of thiswork
isto determinewhether the blending of novoloid and
cottonfibersisresponsiblefor any interaction between
thetwo componentsor if theweight losskineticsare
smply an additivefunction of theindividua materials.
Inthisblend, the TG curveswere displaced to higher
temperaturesdueto the heat transfer lagwithincreased
heating rate. In the 50/50 novol oid fiber/cotton fiber
blend, dl TG curvesmeasured at various heating rates
inair atmospherewere, therefore, analyzed to deter-
minetheactivation energies asafunction of fractiona
weight loss. Comparison of these calculated E values
with experimentally obtained E valuesat variousfrac-
tional weight loss (o) arepresented infigure 8. Inall
cases, differencesareobserved inthe E for valuesob-
tained experimentally in comparison with calcul ated
values, with the differencesbeing dependent upon the
composition of theblend and thefractiona weight loss

300

E(kj/mol)

100 s 1 1 1 . 1
0 0.2 0.4 0.6 0.8 1

Fractional weight loss(at)
Figure 8. Activation energiesasa function of fractional
weight loss(at) for novoloid fiber/cotton fiber (50/50) blend:
determined from(p) experimental and (A) calculated weight
lossdata
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(o) examination of thisfigurerevealstwo zones-one
occurring a fractional weight loss (o) of 0-0.4 and the
other for valuesgreater than 0.4. Inthefirst zone cor-
responding tothefirst weight lossat TG curves, theE
valuesbecome progressively greater asthefractional
weight loss (o) increases. After reaching amaximum
value, the Evauefalsrapidly to 100kJmol at o=0.4.
But thissudden drop takesplaceat a=0.65 inthecal-
culated E values. In the second zone, the degradation
of thisblend residue above 0=0.65 hasan Evaueris-
ing about 140kJ/mol, corresponding primarily to the
combustion of the carbonaceous char residue formed
through thethermal degradation process, and the ex-
perimental ly observed E vauesin thesecond zone are
lower than the cal culated E val ues. The magnitude of
thesedifferencesclearly indicatesthat the presence of
cotton fiber has significantly altered the kinetics of
novoloid fiber degradation or viceversa. Sinceit ap-
pearsthat thisdifference of E valuescan be observed
especidly duringthefirst stlagesof theweight loss (the
first zone), it may be postulated that the cotton fiber
component is producing the degradation heat respon-
siblefor theinteraction. Further studieson thedetailed
mechanism of the degradation of thisblendarenow in
progress, including themeasurementsof kinetic param-
etersand thekinetic compensationrel ationship.

CONCLUSIONS

Theflammablemeasurement and thethermd andysis
of thenovoloid fiber/cottonfiber blend using aconven-
tiond dynamicthermogravimetrictechnique, arecapable
of providing vauableinformation onthekineticsof the
thermal degradation processes. The experimentally
L.O.l. vauesof theseblendsaresignificantly lower than
the calculated values. Thisdeviation from expected
L.O.I. valuesisnot so simple. The degradation data
provideevidencefor any chemical interactionsduring
degradation, which may bethereason for anomalous
degradation behavior. These blends cause changesin
theweight loss curvesassociated withthethermal deg-
radation of theindividua componentsfromthosecal-
culated by averaging. Thesechangeshave supplied evi-
dencefor any possibleinteractionsoccurringinnovoloid
fiber-cotton systems, which emphasizethedifficulty in
accounting for thethermal degradation of thisblend. In
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these blends, the cotton fiber startstoloseweight at a
lower temperatures and accel eratesthethermal degra-
dation for the novoloid fiber. The cotton fiber appears
to play animportant rolein thedegradation of novoloid
fiber intheblend, that is, the combustion heat of the
cotton fiber at alow temperature accel eratesthe sub-
sequent weight lossof thenovol oid fiber occurringwhich
appearsat alower temperature and with ahigher acti-
vation energy than predi cted based upon calcul ations
assuming nointeractions. Ontheother hand, thechanges
of activation energy according to thefractiona weight
loss suggest that theinherent degradation mechanism
existsat each degradation temperature during thether-
mal degradation process. Theblend showsadegrada-
tion behavior more complex than would be expected
from the additive behaviorsof thetwo components.
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