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ABslRAcr 

Differential thermal anzdyses (DTA) were made on a series of polyester/cotton 
bIend fabrics before and after treatment with Thpc-urea-poly(viny1 bromide)_ This 
ii ame retardant did not afkct the polyester melting endotherm, which was proportionaI 
to the polyester content and appeared at approximately 250°C. In nitrogen 
atmosphere, DTA of the treated blends showed exothermic peaks at 285°C for the 
cotton dmmpositiog and at 415°C for the polyester decomposition_ In air, DTA 
of the treated blends showed exothermic peaks at 333°C for celluIose decomposition, 
at 43 1 ‘C for polyester decomposition and at 490°C for char decomposition_ The 
Thpc-urea component of the flame retardant is effective on the cotton cellulose 
portion of the bIend; the poly(viny1 bromide) appears to decompose and act in the 
vapor state err the polyester_ 

INsTRoDUCl-ION 

Thermal analysis has been used for over ten years to evaluate textile fibers and 
fiber blends’-‘_ In addition. the effects of frame retardant treatments on cotton 
fabrics as measured by thermal analyses have been reported by Perkins et aim4 and 
by Yeh et aL5_ 

This laboratory has investigated the effects of tetrakis(hydroxymethyl)- 
phosphonium chloride-urea-poly(viny, 1 bromide) (Thpurea-PVBr) on thermal 
behavior of polyester/cotton blends, In the preceding paper, thermogravimetric (TG) 
analyses were reported by Neumeyer et al. 6_ This paper reports on the differentiaI 
thermal analyses (DTA) of the poIyester[cotton bIend series of fabrics treated with 
Thpc-urea-PVBr. 

The blended polyester/cotton textiles used were the 4 oz/yd’ 64x 64 fabric for 
the 0, II, 20, 30, and 50% polyester contents, the 3 oz/yd’ fabric for the 65% poly- 
ester content, and a fine yam for the 100% polyester content as described by 
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Neumeyer et aL6_ These fabrics were treated with two series of Thpc-urea-PVBr 
formulations: (I) FR-I-a formulation containing 30% Thpc-urea (I ;I molar ratio), 
6_4% PVBr, 3% d&odium phosphate, 0.1% wetting agent, and 60_5% water, which 
was applied to aI1 of the blends, and (2) FR-11-a range of formulations antaining 
approximately the same totaI solids in the padding baths, in which Thpc-urea 
content decreased from 35 to 26_3% whiIe the PVBr content increased from 1% to 
10% as polyester content in the blend rose’. Data on these fabrics are shown in 
Table I_ AU of the treated samples passed the Department of Commerce test’ with 
acceptable char lengths_ 

TABLE 1 

FLAME RFTARDAFX-TREATED POLY-ESTER/COSION BLEND FABRICS 

fi+bmmabiZiry 

PoZyeser cuK.Jezw (5%) A&n <%) Oq-gen ifdcx Uuv Zengfh (in) 

As G&OX FR-r FR-rr ffnzrearcd FR-1 FR-rr FR-r FR-rr 
lhb&?d Jmdiod 

0 0.0 23.9 23.1 0.19 037 037 25 20 

it 229 JO-4 233 22.9 21.0 20.6 0.19 0.19 0.35 0.32 0.33 0.31 22 2.5 25 3.7 
30 35.0 23.1 20.3 0.19 0.32 0.30 6.0 6.0 

50.1 39 20-3 0.19 0.30 0.29 3.0 5.2 
- 24.0 310 0.18 0.29 0.29 6.0 3.7 

The DuPont 990 ThermoanaIyzefl with the DfirentiaI Scanning Calorimeter 
module was used for the DTA_ This system actually measures differential temperature 
and is, therefore, a difGerentiaI thermal analyzer (DTA). The DuPont module 
employs a Boersma8 type ceil which contains small aluminum sample and referen= 
pans mounted on a constantan thermoeIeztric disk which serves as one haIf of the 
sample and ref&ence t.hermocoupIes_ This arrangement minimizes the common DTA 
problems caused by changing heat capacities and thermaI conductivities and by 
variabiIities in embedding thermocouples in the samples’. Quantitative caIcuIation 
of enthaIpy changes follows: AH= l&A, where AH is enthaIpy change, K is the 
proportionality constant (determined experimentally for the instrument), and A is 
the peak area for the change invoIved’“_ A comprehensive discussion of thermal 
anaIys& methods and instruments is given by Wendlandt ’ I_ 

The procedure and conditions were selected to be sin&u to those of Neumeyer 
et aL6 in order to make vaIid comparisons_ These procedures and conditions were: 
Sample weight of approximately 10 mg; predrying of the sample to constant weight 

*Mention ofcompankorcommucialprod~doesnotimplyteco mxnex~dationorendorsementby 
the US Dcpmman of Agrhbrc over othas nxntioned 
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at 150°C; atmosphere of 100% nitrogen or 20% oxygen-SO% nitrogen at a fIow-rate 
of 50 ml rnin-‘; heating rate of 5°C min-I; and heating range of 150-575”C_ The 
data were plotted on the 990 Thermoanalyzer two-pen recorder. In addition, the data 
were recorded on paper tape at 3 set intervals using DuPont 915 computer interface 
and teletypewriter. The energy rate signal recorded (mcaI see- I) was a composite of 
three independent efktsr (I) Instrumeut baseline; (2) sensible heat, and, most 

important; (3) energy due to phase- and/or chemical change_ 
The instrument baseline was caIcuIated as a function of temperature by means 

of a fifth-desee polynomial fitted to the bIank data by the method of Ieast squares. 
using data from several runs with empty sample and reference pans. Energy-rate data 
for each run was algebraically subtracted using a Control Data digital computer 
CDC-1700. 

Continuous changing of both mass and heat capacity of the sample during the 
run complicated caIcuIati_on of the sensible heat effect. Heat capacities of fabric 
measured at temperatures beIow decomposition and at the end of pyroiysis (char) 
were very close, and an average vaIue was used_ A thermogravimetric (TG) anaIysis 
was made for each sampIe 6; this and the DTA data were normaked to a dry weight of 
I_ Weight changes for the TG and DTA runs were matched and the specific heat curve 

was calculated. This curve was aIgebraicaIIy subtracted from the baseline-corrected 
curve to eliminate the sensl&Ie heat effect, 

The net heat effects of the chemical and physical changes occurring between 
any two arbitrzuy tempera- W&J determined by Simpson’s RuIe-numericaIIy 
integrating the corrected and normalized DTA data Instantaneous AH (in meal 
mg- ‘) at any temperature was obtained by dividing the DTA vaIue (mcaI set- ‘) by 
the TG derivative value (mg[sec). The AH’s reported in the tabks were obtained from 
computer caIcuIations of the areas under the curves_ Corrections were made to 
account for weight of the park&r fiber in the blend that is actuaIIy responsibIe for 
the thermal effed- 

Oxygen Index determinations were made as described by Isaac~~~_ Char 
Ien_eth was det ermined by the Department of Commerce test FF 3-71’. 

RESULXS Ahl) DISCUSSION 

Nitrogen atmosphere 

Di_Serential thermal anal’ses. DTA curves obtained in nitrogen for &Lhe series of 
untreated polyester/cotton blends are shown in Fig. 1. Approximate peak temper- 
atures for the three endotherms in the series and their assiguments are: 2SO”C, 

mefting of the poIyester; 345”C, pyrolysis of cotton ceIIuIose; and 42O”C, pyrolytic 
de_mdation of the poIycster_ Peak temperatures for the pyrolyscs of cotton and 
polyester, respectively, are not significantly afkted by chan_ges in poIyest.er[cotton 
ratio. Peak temperatures, maximum rates of energy change which occur at the peak 
temperatures, and AH’s for these endotherms are tabulated in Table 2. Maximum 
rata of enera change and dw’s of pyroIysis were proportional to the concentrations 



HEATIlYG RATE-~CAnin 
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POLYESTER /COTTON 

. . . 
i I I I I 1 I 
0 loo 200 300 400 500 600 
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Fig I_DiEaultialtIlamaI anc&sis curves for polycster~cotton blend fabrics in nitrogen_ 

of components in the blends. A plot of the AW from the DTA data (in nitrogen) in 
Table 2 as a function of the polyester content of the blend is shown for the cotton and 

the polyester pyrolyses, respectively, in Fig. 2 The Iincar relationship indicates that 
the polyester’s W is independent of the presence of cotton cellulose. The straight 

line was drawn to interGet the two most reIiabIe data points, namely, at 0 and 100% 
polyester contents. respectively_ However, a non-Iinear relationship is apparent 
between the ceihdosic AW and the amount of polyester present, suggesting that 
poIyester melt affects cotton pyrolysis_ 

The DTA results obtained with the flame retardant treated (FR-I) polyester/ 
cotton blend series are shown in Fig. 3. The dotted lines represent the basehnes and 
help to xUustrate presence of the polyester endotherm_ The treatment had practicaliy 
no effect on the polyester endotherms (mehing at 250°C and pyroIysis in the char at 
415”C), but cottcjn pyrolysis was radically changed, The ori_@nal endotherm was 
converted to an exotherm, and the peak~temperature was lowered from 345°C to 

approximately 285°C Eariy work by Schuyten et aI.13 described these changes as 
accompanying the acid catalyzed carbonium ion dehydration and depolymerization 
of the cellufose- Table 3 shows the normal&d rates of energy change and the AH’s 



T
A
B
L
E
2
 

D
T
A
 F
O
R
 U
N
T
R
E
A
T
E
D
 D

O
L

Y
E

ST
B

R
/C

O
’l

T
O

N
 I

IL
E

N
D

S 
1N

 N
IT

R
O

O
E

N
” 

P
E

 (
%

) 

co
fto

ll 
py

ro
ly

sl
sb

 

T
cn

tp
? 

R
nl

d 
M

 
(“

C
) 

(/
,r

cn
ls

cc
”)

 
(n

rc
nl

nr
g”

) 

0
 

34
8 

0,
26

0 
89

,4
 

I1
 

34
s 

0,
20

5 
61

*6
 

24
8 

0.
04

5 
2,

3 
20

 
34

3 
0,

16
2 

S3
,6

 
24

8 
0,

08
0 

3,
8 

41
5 

;&
I6

 
12

s 
30

 
34

3 
0,

13
1 

4a
s 

24
9 

0,
11

7 
68

6 
42

0 
0,

01
3 

21
J 

50
 

34
3 

0,
09

4 
44

s 
24

9 
0.

14
7 

9,
u 

41
7 

0,
02

2 
31

*2
 

65
 

33
2 

0,
01

8 
- 

24
1 

0,
23

9 
11

.1
 

41
9 

0,
07

7 
- 

10
0 

25
0 

0,
17

8 
18

,7
 

42
6 

0,
09

2 
57

.9
 

a 
H

ea
ti

n
g r

at
a,

 5 “
C

 m
ln

” 
I, 

b 
E

nd
ot

he
rm

ic
 c

lr
nn

yc
. a

 T
cm

pc
ra

tu
ro

 u
t m

ax
im

um
 M

C
 o

f e
ne

rg
y 

cl
~~

ny
c,

 J 
N

or
m

ul
iz

cd
 m

nx
im

um
 rn

tc
 o

f 
cn

cr
gy

 c
ha

ng
e.

 

T
A

B
L

E
 3

 

D
T
A
 F

O
R

 
F
L
A
M
E
 R

E
T

A
R

D
A

N
T

-T
R

E
A

T
E

D
 

(F
R

=
I)

 I
’O

L
Y

E
ST

E
l_

V
C

O
7T

O
N

 B
L

E
N

D
S 

IN
 N

IT
R

O
G

E
N

” 

0 
28

3 
0,

17
4 

14
8 

I1
 

28
3 

0,
13

8 
14

7 
24

8 
0,

03
0 

2,
29

 
41

5 
0,

00
2 

20
 

28
1 

0,
12

0 
15

2 
24

9 
0,

05
6 

3,
78

 
41

5 
0,

00
8 

a 
30

 
27

8 
0,

08
1 

15
4 

24
9 

0,
07

6 
4,

92
 

41
5 

.8
,0

08
 

e 
50

 
28

3 
0,

09
7 

18
8 

25
0 

0,
11

2 
Y

e2
0 

41
3 

0,
02

0 

a 
llc

at
iri

g 
ra

ta
, 

S°
C

 n
iin

”,
 

b 
E

xo
tli

cr
m

ic
 c

lia
ng

o,
 o

 E
nt

lo
th

cr
m

ic
 c

liu
ng

c,
 d

 E
nd

ot
lw

m
ic

 
ch

nn
gc

, 
C

ul
cu

lu
tio

ns
 o

f 
Al

l'
s fo

r 
po

ly
cs

tc
r 

py
ro

ly
sc

s 
w

cr
o 

no
t 

2 
m

nd
o 

du
o 

to
 in

tc
rf

cr
cn

cu
 o

f 
th

e 
cc

llt
~l

os
ic

 ch
nr

 c
xo

th
cr

m
~ 

a 
T

cm
po

rn
tu

ro
 a

t 
m

ilx
im

um
 r

at
a 

of
 c

nc
rg

y 
ch

un
gc

, ’
 N

or
m

ul
irc

tl 
m

ux
im

um
 r

ut
o 

uf
cn

cr
yy

 c
hu

ny
c,

 



__ 
PE. f 

Fig 2 Endotknnic AWs for p)mIysis of poiyutcrkotton blend fabrics in nitroga~ x = cotton; 
0 =poIyatrr- 

for the series- Here again, we observed a direct correlation with the amount of 
ceIIuIose or poIyester present_ The multiplicity of peaks prevented accurate deter- 
mination of the areas under the curves, so that AW cakuiations for the pokjester 
pyroIyses c&d not be made, 

F+re 4 shows the DTA curves for the blend fabrics treated with the second 
series of &me-retardaut formulation (FR-II) and run in nitrogen atmosphere. PVBr 
in these formuiations was iucrcased as polyester content of blend increased These 
curws are similar to those for the FR-I-treated bknds, and the baseIines for the 
poIyester pyroIysis endotherm are again shown by dotted I&s. However, increasing 
tie PVESr concentration at bigh polyester levels resuked in a substa.ntiaI exotherm 
representing PVBr decomposition which, in the DTA curves, is superimposed on the 
polyester pyrolysis endotherm_ The lower dotted lines represent the latter in the 
absence of the PVBr exotherm. This observation suets that PVBr contriiuted its 
fIame retardant proteztion to the polyester by providing bromine in the vapor phase 
in the same temperature range that the polyester decomposed. It has been suggested 
&at bromine acts as a free ra&l terminator in the presence of combustiiIe vapok 
in air to provide a nou-combust.iiIe mixture, thu$ making the fabric seIfkxtin- 
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Fig. 3. Differentid thctmal analysis atnes for poIycstcr/cotton blend fabrics treated with Thpc- 
urea-PVBr @FM) in nitrogen. 

E 

0 100 200 300 400 500 600 

TEMPERATURE (DEGREES C ) 

Fig. 4. Difkential thermA anaIysis curves for polyester/cotton blend fabrics treated with Thpc- 
urea-PVBr (FR-II) in nitrogen. 
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,&shing~4_ At approximately 19O”C, a small exotherm appeared in the DTA curves 
in nitrogen atmosphere for the FR-I (see above) and FR-II series; this has been 
attributed to decomposition of flame retardant polymer. It is noteworthy that Hobart 
and Mack15 have reported a small weight loss in this temperature range in the TG 
analysis and an exotherm in DSC analysis in nitrogen for cotton flame retarded with 
the Tbpc-based THPOH-NH, finish. Presumably a component derived from Thpc 
is responsible for the exotherms observed in both these systems; however, further work 
is required to verify this correlation. 

Table 4 shows the maximum rates of energy change and AH’s for the FR-II 
series of blends. As with the FR-I series, caIculation of AH for the polyester pyrolyses 
was impossible because the muhiplicity of peaks prevented accurate determination 
of the areas under the curves. 

The size of the polyester-melting endotherm observed in the DTA curves in 
nitrogen for the blend series was directly proportional to the polyester content, 
whether treated or untreated. Figure 5 shows a plot of the endothermic energy 
absorbed versus the polyester content in the treated and untreated b1end.s. Linear 
relationship is shown, and the heat of fusion (A&) obtained from the slope of the 
line is 18.9 cal g- I_ 

207 

re- 

16 - 

14 - 

8- 

6- 

PE. X 

Fig. 5. Endothermic AH3 for melting polyester in ffamc retardant and r;ntrewd poIycstcr/cotton 
blend fabrics in nitrogc& x = unmted; 0 = FR-I trcatccl; 0 = FE&II treated. 
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Cbmmorz of DTA mrd DTG. The DTA and difliiential thermogravimetric 
@TG)6 cumes for untreated polyester/cotton blends are shown in Fig_ 6. The polyester 
meIted at approximateIy 250°C, as shown by the DTA endotherm and the absence of 
weight toss in the DTG curves for the 50 and 100% polyester_ Pyrolysis of celIuIose 
is shown at approximately 345°C by the DTA endotherm and the weight Ioss in the 
DTG curves for 0 and 50% polyester_ Figure 6 also indicates that the DTA endotherm 
and DTG weight Iosses at approximateIy 420°C are associated with polyester 
dczomlxxition for the 50 and 100% polyester_ 

DTG OflOO 

Figaco mparison of difkanial thamogrmimaic (DTG) and difkential thermal analysis (D-I-A) 
curva for unti-catcd poIycsmhmtt~n bknd fabrics in nitmgcn- 

Figure 7 shows DTA and DTG changes in 100% cotton and in a 50% polyester/ 
cotton btend after treatment w<th a Thpc-urea-PVBr flame ma&ant formuktion 
(RX-I). MeIting of the poIyester is shomn by the DTA endotherm and absence of 
MG weight loss at 250°C in the curves for the 50% polyester blend, At approxi- 
mateIy EW’C, the cxotherm, which is proportional to the cotton content and the 
accompanying weight Ioss, appears in the DTA and MG -es, respectively; these 
changes refkt decomposition of the ffame-retardant cottor~ Changes which are 
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associated with the polyester degra&tion appear at approximately 415°C in the 
curves for the 50% polyester blend_ A slight inflection at 190°C is ako apparent in the 
curves for the treated fabric. Examination of the curves for the Thpc-urea-PVBr 
polymer (Fig. 7) reveak signifkant decomposition, both at 190°C and at approxi- 
mately 260°C; considering the dilution of the polymer, these peaks are consistent 
with the cur~es for treated fabrics. 

HEATING RATE- S%/min 
POLYESTERfCOTfCm 100% N2 ATM 

OTA SW50 

190 250 290 40 

1 I 1 I I I 
0 100 200 

DEGREES 
%iJTIGRADE 400 

Fig. 7- Comparison of differential thermogravimetic (DIG) and difkcntial thermal anaIysis (DTA) 
curves for frame relardant-trcatcd (FR-I) polycstcr~cotton blend fabrics and Thpc-una-PVBr 
poIymff in QitrogaL 

Figure 8 shows the DTA and DTG curves for 0,30, and 50% polyester blends 
treated with flame retardants of the FR-TI series. In this se&s of formulations the 
ratio of PVBr to Thp+urea was increased in proportion to changes in the ratio of 
polyester to cotton- As noted in previous figures, the poIyester melting endotherm at 
250°C, the polyester pyrolysis endotherm and weight loss at approximately 41O”C, 
and the PVBr decomposition exotherm at approximately 410°C are present and all 
inciease with increases in polyester content. Whf~ the level of PVBr in the tteatig 
formulations was increased, larger amounts of PVBr were deposited on the finished 
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fabrii, reflected by increases in the PVBr exotherms. The cclluIose decomposition 
endotherms and weight losses at approximately 285°C as well as the small exotherms 
at 15X3” show@ Thpc-urea polymer decomposition are evident in all of the curves- 

A 
HEATING RATE-YChin 

FOLrESTERICDrrON tQD% N2 ATM 

t 1 1 1 I I f 
0 100 200 

DEGREES 
%?lUTiGRADE 400 

Fig_ 8_ Comparison of dSrcn&l thermogravimetric (DTG) and dH”ntif thermal analysis 
@TA) curves for fkmc rctardanr-trcatai (FR-II) polycstcr~cotton bknd fabrics in nitrogen. 

TheefkctofTh pc-mez+PVBr &me retardant on the poiyester/cotton blends 
is shown by a comparison of the results obtained from DTG and DTA in nitrogen. 
The cotton pyrolysis endotherm is converted to an exotherm at a Iower temperature 
when the fabric is treated with the Thpc-urea-PVBr flame retarda&* ’ 3_ In contrast, 
the Thpc-urea-PVBr flame retardant system did not alter the course of polyester 
decomposition in nitrogen atmosphere_ The melting endotherm at 250°C and the 
decomposition endotherm and weight loss at 42SOC are not signifkantiy altered by 
flame retardants on polyester (Figs_ I, 3,6-8)_ 

Fur&s cux&mation that PVBr has ifs flame retarkncy effect in the vapor 
phase rather than in aIteration of the course of pyrolysis may be inferred from 
Neumeyer, et al.‘, who indicate that residual char of a flame-proofed polyester/cotton 
bknd is composed of the flame-proofed cotton char and the untreated polyester char- 
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Air atmosphere 

DTA. DTA cu_‘ves obtained in air atmosphere (80% nitrogen-20% oxygen) for 
the untreated series of polyester/cotton blends appear in Fig. 9. Oxygen becomes a 
reactant in air, and thermoxidation becomes predominant. Consequently, the 
pyroIytic endotherms in Fig. I are converted to exotherms, as in Fig. 9. The melting 
endotherm for polyester is again present, although it is not so prominent as in Fig. 1 
because of change in the scaJe by a factor of more than 7_ Exotherms that appear at 

HEATING RATE- 5%/min 
60% N2-20% 02 &TM 

0% I POLYESTER/COTTON 

mu- :_E- o/l00 

250 333 431 490 

I I I I I I I 
0 100 200 300 400 500 600 

TEMPERATURE (DEGREES C ) 

Fig. 9_ Differential thermal analysis curves for polyester/cotton bIend fabrics in air. 

approximately 333,431, and 490°C are attributed to oxidation of celIuJose, polyester, 
and char, respectively. Numerical data for these oxidative changes are shown in 

Table 5. The maximum rate of exothermic change and the total AH associated with 
the oxidative degradation of the cellulose increase as the proportion of cotton in the 
bIend increases. The AWs for the polyester degradation are 2 to 5 times greater than 
the corresponding AH for the celIulose thermoxidation; conversely, the AH in 

caI g- ’ of polyester present decreases with increasing polyester content, The maximum 
rates of change and AH’s for the char are considerably higher than the pyrofysis 

values obsermd in nitrogen atmosphere. The samples containing 1 l-SO%- polyester 
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actually auto-ignited. The polyester or one of its components may catalyze the auto- 
ignition of the ccIIulose char. Because poIycster decomposition occurs at a lower 
temperature than that of the char, a residue of inorganic noncombustibIe impurity 
from the poIyester was suspected as the source of the catalyst. Anaiysis of the 100% 
polyester fiber shows O-25% ash content primarily composed of titanium dioxide_ 
The 100% cotton sample does not auto-ignite, presumably because the catalyst 
associated with the poIyester is not present; because only a small amount of cellulose 
char is present, 65135 polyester/cotton does not ignite either- 

The series of polyester/cotton blends which were all treated with retardant 
formulation FR-I was examined by DTA in air. The curves are shown in Fig. 10. As 
a resuIt of this treatment. there is considerable difference in these curves compared 

HEATING RATE-5.Cmh 

POLYESTER/COTTON 
80% N2-20% 02 ATM. 

230 27s 420 480 

I I I I I I 1 
0 too 200 300 400 500 600 

TEMPERATURE (DEGREES C 1 

Fig. 10. Differential thermal anaIysis curves for polyesterlcotton blend fabrics treated with Thpc- 
urea-PVBr 0. in air. 

with those for the untreated blend. The celIulose decomposition exotherm peak is 
shifted from 333 to 275°C and the polyester and char decomposition exotherm peaks 
arc both shifted downward by approximately 10°C; however, the polyester mehing 
endotherm remains at approximately 250°C. Numerical data for the DTA are shown 
in Tabie 6. The c&ulose was characterized by lower maximum~rates of dtimposition 
and higher AH’s in air with the FIX-1 series than for the FR-I series in nitrogen or the 
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untreated series in air_ Lowering of the peak temperatures for cellulose decomposition 
by the IX-1 treatments is attributed to aIteration of the course of decomposition by 
acid&ataIysts developed on heating the flame retardant formnIation’3-*6. Lowering 
of maximum decomposition rates can aIso be attributed to the ef?kct of the &me 
retardant, Decreased TG weight Ioss in FR-I-treated samples in air atrnosphcn? is 
correspondingly accompanied by increased AH_ Application of FR-I-flame retardant 
does not cause appreciable changes in decomposition temperature and heats of 
thermoxidative de-gradation for poIycster_ Therefore, we conclude that neither the 
phosphorus and nitrogen components of the flame retardant nor the poIy(viny1 
bromide) z&kc& the course of polyester decomposition. These effects refkct changes in 
the solid phase only, and we believe that the fiame retardancy benefit to the polyester 
from PVBr occurs in the vapor phase by free radical te rmination’*_ The fire retardant 
FR-I affects thermoxidation of the char by replacing auto-ignition at about 490°C 
with a smoldering exotherm in the same temperature range_ 

iEATING RATE= S’C/min 

POLYESTER/COTTON 
80% N2-207G-Cb2 ATH 

250 280 420 485 
1 

1 I I I I I 1 
0 100 200 300 400 500 600 

TEMPERATURE (DEGREES C ) 

Fig_ 11. Diffcrcntial thermal analysis curves for polyester/cotton blend fabrics treated with Thpc- 
urea-PVBr (FR-II). in air- 

DTA curves in air for blend samples treated with varying Thpc-urea-PVBr 
formulations (FR-II series) are shown in Fig_ II_ These curves are aImost identicaI 
with those of the FIZ-I series (Fig. 10). 
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A summary of the exothermic energy changes for different components of the 

rqective blends and their chars on thermoxidation appears in Fig_ Ii?_ The amount 
of poIyester present had Iittle effect on cotton oxidation. The very high (approxi- 
mately 5000 mcai mg- ‘) AH of polyester oxidation was markedly reduced by 

decreasing the proportion of cotton, although to a considerably lesser extent at the 
high polyester contents_ Char thermoxidation was even more exothermic that that of 
the poIyester; here, the catalytic e&ct of polyester is evident because of in- in 
AH at the lowest level of poIyester followed by a gradual decline at higher levels. 

x - COTTON 
~-POLYESTER 
o -CHAR 

1 I 1 1 I 1 

0 10 20 30 4Q SO 6a 70 80 90 loo 

PE. x 

Effects of treatments FR-I and FR-II on thermoxidation of the blends are 
showm in Fig_ 13, With either flame retardant treatment, the AH of the poIyester 

portion declined linearly with increasing poIyeSter content within the-same range as 
for the untreated bIends_ With either treatment, the AH of the cotton portion was less 
thau haIfas great as the change of the poIyester portion, declining rapidly at the start 
and IeveIIing off as poIyester content was increased. 

Approximate concurren cc of the DTA exotherm at 490°C with TG weight loss 
ixi air atmosphere for the untreated so/50 blend is shown iu Fig_ I4_ This is associated 
with oxidation of the char remaining from car&-r pyrolysis of the cotton component 
of the blend, When the cotton content was 50% or more, the char auto-ignited 
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* I D I I I 1 I I 

IO 20 30 46 
I 

50 60 70 80 so 100 

Fig. 13. E~~thcrmic AH’s for thermoxidation of frame-retardant treated poIyester/cotton blend 
fabricsinair. x =FR-I; O=FR-II; D=FR-I; A=FR-IL 

(indicated by the arrow in the figure). The exotherm in the DTA curve for 100% 
polyester is associated with oxidation of the poIyester char. The presence of cotton 
had almost no effect on this exotherm_ A small amount of polyester char, however, 
appears to catzdyze autooxidation of cotton char- As noted above, the polyester ash 
or char contained a metal oxide which could accelerate this autooxidation- 

The DTA and DTG curves in air in Pig- 15 show the resuhs of application of 
FR-I &me retardant_ The curves are for 100% cotton and 50150 blend fabrics 
receiving FR-I treatment, as well as for the corresponding Thpc-urea-PVl3r polymer, 
At 190°C there is an exotherm and weight loss for the poiymer itself and a small 
weight loss in the respective curves for the treated samples. The exotherm and weight 
loss at 280°C associated with the cotton decomposition were observed for both the 
treated 100% cotton and the 50150 blend. The exotherm at 410°C for polyester 
decomposition appeared in the curve for the blend fabric. The FR-I treatment 
prevented the ignition of the treated biend, as shown in Fig. 14, The curves in air for 
IX-II-treated fabrics are similar to those in Fig 15 for FR-I-treated fabrics. 
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250 325 400420 500 

r I I I I I f 
0 100 200 

OEGREES 
%%IGRADE 400 

Fig_ 14_ Compvison of diffmtial t!xrmogravimeuic (DTG) and diffcratial -anaIysis 

,CrrrA) curves for polycScr~cotKon blend fabrics in air. 

Correhrion of rhennai analyses z&h j?amrnabiliiry rneasurenrettzs. The 333-I 

ties of treated samples showed good correlation of polyester content with maximum 
rates of decomposition in TG and DTA, as seen in Tabie 7. The relationship between 
.oxygen index (Or) and polyester content was inverse showins that the FR-I ffame 
xtardant was most e&ctive on fabrics with Iow poIyester (high cotton) content 

AU of the FR-I and FR-II Aame retardant fabrics, as treated, passed the 
FF 3-71 flammability test Char lengths ranged from 20 in for the most f!ame resistant 
to 6.0 in for the Ieast flame resistant. However, the correlation of the thermal anaIysis 
data with the DOC FF 3-71 tests was poor, due iargely to the use of difkrent 
techniques_ 

(1) Endothermic peaks in DTA curve~ for polyester/cotton bIends run in 
nitro_m were found and itssimed as foIIows: 250°C; melting of polyester; 345X, 
pyrolysis of cotton celhzlose; 42O”C, pyrolytic degradation of polyester_ 



HEATING RATE-5’Wndn 

POLYESTERfCOTToU 90% +-20X 02 ATM 
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OTA O/h00 
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MA THPC-Urmo-PYBr POLYMER 

190 250 280 410 460 

L I L I i 1 
0 100 200 3G%UTIGRADE 400 600 

DEGREES 

Fig. 15. Comparison of diffizraXiaI thermogravimetric (DTCi) and differential thermal analysis 
(DTA) curves for Thpc-urw-PVBr <FR-I) treated polyester/cotton blend fabrics and Thpc-urea- 
PVBr polymer in air. 

TABLE 7 

RELATIONSHIP BJ3WEEN OS, DTA, AND l-G DATA 
ON FR-I-TREATED FABRICS 

0 037 - - 

I1 035 O-013 O-91 
20 0.32 0.019 I.24 
30 0.32 0.024 I.43 
so 0.30 0.037 I-45 
65 029 0_045 - 

* Normal&d maximum rate in air atmosphere 
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(2) The ratio of polyester to cotton in untreated blends does not $&fkautIy 
affect peak Iocations for DT_4 run in nitrogen- 

(3) The AH’s of cotton pyrolysis for DTA in nitrogen of untreated polyester/ 
cotton blends increased nonlinearly with increasing proportion of cotton. This is 
attriiuted to the catalytic e&c% of impurities in the molten polyester_ 

(4) Fhme retardancy treatments with Thpc-urea-PVBr formulations had the 
following e&cts on the DTA curves in nitrogen of polyester/cotton bkndsz 

a Polyester meIting was unchanged (still was an endotherm at approximateIy 
250°C) 

b_ Cotton pyrolysis became exothermic (rather than endothermic) and the peak 
was lowered from 345 to 285”C_ 

c_ Polyester decomposition temperature cIoseIy coincided with that for PVBr. 
The ff ame retardant efkct of PVBr on polyester is consequently explained as resulting 

from _Peneration of the bromine free radical in the vapor phase. 
d. A smalI exotherm at approximately 1908C is attributed to &composition 

of +ihe Thpc-urea polymer- 
(5) The polyester melting endotherm of treated and untreated polyester/cotton 

blends in the DTA in uitrogen was directly proportional to the poIyester content 
With appropriate standardization a method of quantitative analysis for polyester may 

bc devised_ 
(6) DTA curves rnn in air for untreated polyester/cotton bIends show the 

unaltered endothermic peak for polyester mehing at approximately 250°C and the 
following exothermic peaks for which t&e assignments indicated are made: 333”C, 
thermoxidaticn of celIuIose; 431°C thermoxidation of polyester; and 49O”C, 
thermoxidation of cbq_ 

(7) The AWs for tbermoxidation (in air) as determined by DTA are 2 to 5 times 
greater for poIyester than for ceIIuIose for a given Mend_ However, the poIyester 
AWS aecrease as polyester in the blend increases, 

(8) Auto-ignition of untreated blend sampks of I I-50% polyester content in 
DTA in air sug_eests that a minor component of the polyester meIt, such as titanium 

dioxide, cataIyzes autoignition of the ceIIuIose char. 
(9) DTA cauves in air of Tb pc-urea-PVBr-treated poIyester/cotton blends 

showed increased AN’s of decomposition for cellulose and littIe change in those for 

polyester decomposition, compared with those for untreated blends in air or nitrogen. 
This agrees with previously expressed views that the Thpc-urea component affects 
only the ceIIuIose in the solid phase, and PVBr produces free radicak and acts on the 
poIyester fments in the vapor phase, 

(10) Earkr TG work on the same blended samples, both treated aud untreated, 
supports the concInsi0n.s drawn, 

(11) Ahhough there was good direct correIation between polyester content and 
maximum rates of decomposition, an inverse relationship between oxygen‘kdex and 
polyester contept indicated that the Th~ur~PVBr flame remrdant finish on blends 
was more e&ctive on cotton than on polyester. 
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