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ABSTRACT 

The speclflc heat and heat of decomposltlon of a glass-filled phenol-formaldehyde 
(phenohc) resin have been determmed from expenmental data obtained usmg a simultaneous 
thermal analyzer capable of operation to 1500° C The measurements were conducted on 
powdered samples of the polymer to temperatures of approximately 1050°C at a rate of 

20°C mm-’ m an argon atmosphere Both the mass loss and energetlcs were measured for 
the vlrgm component of the matenal, whde only the energetlcs were measured for the char 
component The combmatlon of these data was used to calculate the speclflc heat of the 
vlrgm, char, and decomposing matenal, as well as the heat of decomposltlon 

INTRODUCTION 

Because of then insulating and erosion-resistant quahtles, polymer com- 
posites are used m a wide vanety of high-temperature thermal protectlon 
apphcatlons In many of these apphcatlons, the matenals are exposed to 
temperatures large enough to cause multiple-stage decomposltlon reactions 
and thermochermcal expansion of the solid matnx Thus, m turn, causes 
large changes m the thermal and transport properties, and slgmflcantly 
affects the thermal performance of the matenal In order to properly design 
thermal protection systems for these apphcatlons, it 1s necessary to evaluate 
the changes m thermal performance and to predict the thermally-induced 
response of the matenal a pnon. T~s requn-es the use of complex mathe- 
matical models wbch include the appropnate properties for the matenal of 
mterest 

The speclflc heat of both the vlrgm and char matenal as well as the heat 
of decomposltlon for the pyrolysis reactions are of particular importance 
For example, Henderson and Wlecek [l] have demonstrated that alteration 
of these properties induces large changes m the thermally-induced response 
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of a certain glass-filled polymer composite Therefore, the purpose of the 
work reported m ths paper was to determme the temperature-dependent 
speclflc heat of the vlrgm, char, and decomposmg matenal and the heat of 
decomposltlon for the pyrolysis reactions of a widely-used glass-filled poly- 
mer composite Calculation of these properties required the measurement of 
both the mass loss and energetlcs This was accomplished using a slmulta- 
neous thermal analyzer (STA) equipped with a new hgh-temperature fur- 
nace and measurmg head The properties of interest were computed from 
the expenmental data using the well-known ratio method and numerical 
mtegration 

BACKGROUND 

Differential thermal analysis (DTA) and differential scanmng calonmetry 
(DSC) have been used for many years to study the calonmetrlc behavior of a 
wde variety of matenals Wendlandt [2], Blaiek [3], and McNaughton and 
Mortlmer [4], among others, have all gven excellent overVlews of the basic 
prmclples of DTA/DSC as well as a host of apphcatlon examples In 
addition, Brennan et al [5] developed an Iterative techmque to deternune the 
specific heat of materials undergoing thermal decomposltlon This techmque 
was then used to study the thermal behavior of cotton and poly(methy1 
methacrylate) Later Henderson et al [6] used a combmatlon of DSC and 
thermogravlmetnc analysis (TGA) data to determme the specific heat and 
heat of decomposltlon of a vanety of polymer composite matenals. 

THEORY 

The specific heat as a function of temperature and the heat of decomposl- 
tlon were determmed from experunental mass-loss and energetlcs data 
obtained with an STA Because &us instrument allows simultaneous mea- 
surement of the mass loss (TG) and the energetlcs (DTA) it 1s well suited for 
this particular apphcatlon The basic prmclple of the DTA 1s straghtfor- 
ward. The instrument functions by measuring the temperature difference AT 
between a sample and a reference as it scans a predetermmed temperature 
range at a constant heating rate The temperature-dependent specific heat 
can be computed from these data using 

C,, = 
AT,E 
%P 

(1) 

where C, 1s the speclflc heat (J g-’ K-l), AT 1s the differential temperature 
(K), m IS the mass (g), p the heating rate (K mm-‘) and E IS the 
mstrument cahbratlon (J K-’ mm-‘) and the subscnpt s indicates sample 
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Equation (1) yields the specific heat of the vlrgm matenal before any 
decomposltlon occurs and the specific heat of the char when the sample 
mass 1s invariant at bgher temperatures However, when decomposltlon of 
the sample 1s occurrmg, eqn (1) gves a combmatlon of the specific heat and 
heat of decomposltlon, or the apparent specific heat In order to calculate 
this apparent specific heat, the instantaneous mass of the sample must be 
known In the method proposed by Henderson et al [6], the instantaneous 
mass of the sample was obtamed directly from mass-loss data taken at the 
same heating rate as that used m the DSC/DTA measurements However, 
with the STA used m ths work the TG and DTA data are obtained 
simultaneously 

Usmg a combmatlon of TG/DTA data, eqn (1) could be used to 
calculate the speclflc heat directly, however, any errors m E or the mstru- 
ment scanning rate p would reduce the accuracy of the results By using 
expenmental data obtained from a known mass of sapphu-e m conJunctlon 
with the expenmental data for the sample, the need for accurate cahbratlon 
of the instrument 1s ehmmated Further, any errors m p are cancelled 
Wntmg eqn (1) for the sapphne standard and takmg the ratio of eqn (1) 
and the sapphue standard equation yields 

(2) 

where the subscnpt std indicates sapphre standard Equation (2) constitutes 
the ratio method and may be used to determme the apparent specific heat of 
the decomposmg material and the specific heat of the vlrgm and char 
matenals directly from the TG/DTA data Only the ordinate deflections, 
AT, from the sample, standard, and baseline runs and the instantaneous 
sample mass are required It should also be pointed out here that only the 
rmcrovolt signal representing AT 1s required Since the specific heat 1s 
calculated from the ratio of the signals, the need to convert to physical 
quantities 1s ehmmated The temperature-dependent specific heat of artlfl- 
clal sapphre 1s well defined and 1s given by Gmmngs and Furukawa [7] 

Once the specific heats of the vlrgm and char matenals are obtained, the 
specific heat of the decomposmg matenal can be calculated directly using 

Cpd = FCp,+ (1 - F)C,, 

where the subscripts d, v, and c represent the decomposmg, virgin, and char 
matenals, respectively. The instantaneous mass fraction of non-inert matenal 
remamng F IS gven by 

F= 
m-m, 

mo-mf 

where the subscripts 0 and f represent the mltlal and fmal states, respec- 
tively 



10 

The specific heat of the vlrgm material after decomposltlon begins IS 
assumed to be given by a linear extrapolation based on a curve fit of the 
expenmental data pnor to the onset of decomposltlon. By using the mea- 
sured specific heat of the char and F as given by eqn. (4), the specific heat 
of the decomposmg material IS calculated by eqn (3). The resulting specific 
heat of the decomposmg matenal 1s then used to determme the heat of 
decomposltlon by numencally integrating the area between the specific heat 
of the decomposmg matenal given by eqn. (3) and the apparent specific heat 
as given by eqn (2) This technique has been described m greater detail by 
Henderson et al [6] 

EXPERIMENTAL 

Material 

The matenal studied, H41N, was supplied by Ametek, Haveg Dlvleon 
The material consists of 39 5% phenol-formaldehyde resin and 60 5% glass 
and talc filler Powdered samples were machmed from larger blocks of 
material and then filtered through a No 20 sieve Samples were stored 
overnight m a vacuum desiccator mamtamed at 35 o C to remove traces of 
moisture 

Instrumentation 

A Netzsch model 409 STA equipped with a new platinum furnace and 
platmum/rhodmm sample earner was used for the measurements The 
platinum furnace produces a constant and umform heat flux to the sample 
carrier Hence, the basehne dnft 1s quite small and the reproduclblhty IS 
excellent The measuring probe consists of a platmum-10% rhodium sample 
carrier head mounted on an alurnma support stem The sample carrier head 
functions both as a holder for the sample and reference crucibles and as the 
platmum/rhodmm leg of the momtormg thermocouple The sample crucible 
and lids are constructed of a platmum-20% rhodium alloy and are ap- 
proximately 6 0 mm diameter by 3 0 mm deep The large contact area 
between the crucible and sample carrier results m excellent sensltlvlty Both 
the furnace and sample earner are capable of operation to over 1500 o C at 
heating rates from 0 1 to 100 o C mm-l Also, expenments can be conducted 
under a high vacuum or m a static or dynarmc gas atmosphere Finally, the 
temperature cahbratlon of the instrument was checked using a set of 
standard reference materials A drawing of the measurmg probe IS shown m 
Fig 1 

Temperature control of the STA 1s provided by a Netzsch model 413 
programmer and model 413 controller The analog signals representing 
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Fig 1 Measurmg probe for STA system 

sample temperature, mass, rate of mass loss, and dfferentlal temperature are 
condltloned by a Netzsch temperature hnematlon module, earner frequency 
amphfler, denvatlve amphfler, and dlfferentlal temperature amplifier, re- 
spectively. Data acqmsrtlon and instrument control are provided by a 
sophstlcated 16/32 bit computer system wth penpheral umts and the 
appropnate software 

Procedure 

Four scans were required m order to obtamed the necessary experunental 
data to calculate the speclflc heat The vlrgm and char samples reqmred one 
scan each. An empty sample pan was run to estabhsh a basehne and a 
sapphue standard was run m order to utlhze eqn (2) The mass-loss data 
were obtamed durmg the vlrgm sample scan. The char matenal sample was 
obtamed by precharrmg a sample of the vlrgm mater& m the STA umt to 
1050°C under the same condltlons as the other tests All expenments were 
conducted at heating rates of 20” C rmn-1 from approximately 30 to 
1050 o C Small sample masses rangmg from 10 to 15 mg were used m order 
to reduce the temperature gra&ents m the matenal Durmg testing the 
samples were mamtamed m an argon atmosphere at a purge rate of 100 ml 
mm-l to prevent thermo-oxldatlve degradation 
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RESULTS AND DISCUSSION 

Figure 2 depicts the fraction of mass remammg, m/m,, and the normal- 
lzed rate of mass loss as a function of temperature for H41N for both the 
low-temperature pyrolysis reactions and the high-temperature carbon-silica 
reactions As can be seen, the pyrolysis reactions occur m the temperature 
range of approximately 300-1100 o C and result m a mass loss of about 22% 
The carbon-slhca reactions occur at temperatures above 1200 o C and result 
m a much larger mass loss The thermally-induced behavior of ths partlcu- 
lar matenal has been described m detad by Henderson et al [8] and wdl not 
be repeated here It should be pointed out that Fig. 2 was presented m order 
to depict the character of the polymer over the entire range of decomposl- 
tlon These data were obtamed urlth a Netzsch model 409 STA equipped 
with a h@+temperature furnace and are not the data used to compute the 
instantaneous mass of the sample used m eqn (2) 

The analog STA data were dlgtlzed at 1 5 s intervals These data were 
interpolated to even temperature increments of 2” C After applying the 
basehne correction, eqn (2) was used to compute the specific heat of the 
vlrgm and char samples A hnear least-squares fit of the vu-gm matenal 
specific heat pnor to the onset of decomposltlon was made and extrapolated 
through the decomposltlon regon The extrapolated values of C,,, C,,, and 
the mass-loss data were then used m eqns (3) and (4) to calculate the 
specific heat durmg decomposltlon The heat of decomposltlon was calcu- 
lated using a numerical integration scheme Also, a linear least-squares fit of 
the char matenal speclflc heat was made 

The results of the specific heat calculations are shown m Fig 3 and are 
summanzed m Table 1 Companson of Figs 2 and 3 reveals that the peaks 
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Fig 2 Fraction of mass remammg and normabed rate of mass loss 



13 

0 200 LOO 600 BOO 1000 

TEMPERATURE OC 

Fig 3 Speclftc heat and heat of decomposltlon 

m the apparent specific heat curve generally correspond to those m the rate 
of mass loss curve over the temperature range of the pyrolysis reactions 
This 1s the expected behavior smce an increase m the rate of mass loss 1s 
generally accompanied by h@er endotherrmc actlvlty Also of mterest m 
Fig. 3 1s the fact that at 1050 o C the magnitude of the apparent specific heat 
1s m close agreement mth the char specific heat Agam ths 1s the expected 
behavior because the matenal used m the char test was condltloned to 
1050 o C It 1s constructive here to point out that calculation of the apparent 
speclflc heat using the instantaneous sample mass 1s essential As previously 
discussed, tbs particular polymer loses about 22% of its mass durmg the 
pyrolysis reactions. Hence, using the ongmal sample mass m eqn (2) would 
yield an apparent specific heat approximately 22% below the correct value 
This, m turn, would result m an incorrect value for the heat of decomposl- 
tlon ms error, of course, would become larger for a polymer with a greater 
mass loss 

CONCLUDING COMMENTS 

Calculation of the apparent specific heat of the vngm material and the 
specific heat of the ch& mater& 1s straghtforward using STA data. The 

TABLE 1 
Summary of speclflc heat and heat of decomposltlon analysis 

Lmear temperature-dependent speclfx heat Heat of 

Char matenal, Cpc (J g-’ K-‘) Vlrgm matenal, C,,” (J g-’ K-‘) 
decomposltlon 

(J g-‘) 
Intercept (0 o C) Slope Intercept (0 o C) Slope 

0 881 7 60~10-~ 1051 976~10-~ 214 



14 

techmque &scussed m ths paper also allows separation of the specific-heat 
effects and the heat-of-reactlon effects m the decomposltlon re@on In 
addition, uttiatlon of eqns (3) and (4) m conJunctlon wth least-squares 
curve fits for CPV and CPc and the mass-loss data gves the necessary 
temperature-dependent propertles m functlonal form 

A very large advantage of ths technique 1s that the mstantaneous sample 
mass durmg decomposltlon 1s known and 1s used m the calculations. As a 
result, the apparent speclflc heat and the heat of decomposltlon can be 
calculated directly and accurately The pnmary disadvantage of ths tech- 
mque 1s the same as with the method proposed by Brennan et al [5], that IS, 
the danger of extrapolating the temperature-dependent specific heat of the 
vlrgm material through the decomposltlon regon. In many instances It 1s 
necessary to extrapolate these data over several hundred degrees. Thus, of 
course, 1s the case with the matenal used m ths work 
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