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Abstrac t  

Thermal degradation of poly(vinyl butyral) (PVB) and its mixtures with alumina, mullite and 
silica was investigated by non-isothermal thermogravimetry in the temperature range of 323 to 
1273 K. The analysis of the data was carried out using a three-dimensional diffusion model. Re- 
suits showed that the kinetic parameters (activation energy and pre-exponentiat factor) of the 
PVB degradation are different for polymer alone, and ceramic/polymer composites. The overall 
weighted mean apparent activation energy showed an increasing reactivity in the order of 
PVB<alumina + PVB<mullite+ PVB<silica + PVB. This shows that the acidic and basic surface 
charaeteristies of the ceramics promote the thermal degradation of PVB and, the more acidic sil- 
ica affects the degradation more than mullite and alumina. The effect of pellet compression pres- 
sure in the range of 4000 to 8000 psig is also investigated. 

Keywords: ceramics, kinetic analysis, polymer, PVB, thermal degradation 

Introduction 

A knowledge of kinetic analysis is necessary to investigate quantitatively the 
thermal decomposition behavior of organic polymers which are used exten- 
sively in ceramic processing. Even though the organic polymer binders play a 
temporary role in the manufacture of various ceramic components such as mul- 
tichip modules, the thermal degradation of binders determines the quality of the 
ceramic substrate. It has been reported that incomplete binder burnout would 
retard densification rates and limit the final density achieved. In addition, the 
residual carbon left behind after thermal degradation affects optical, electrical 
and mechanical properties of the substrate. The residual carbon in excess of 50 
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698 YANG et al.: THERMAL DEGRADATION 

to 100 ppm would decrease the density and also affect many substrate proper- 
ties like flexural strength, breakdown voltage [1] and dielectric constant [2]. In 
order to optimize the binder removal processes, some attention has been paid to 
studies such as polymer degradation mechanism [3-5], interactions of ceramics 
and binders [6-8], and effect of processing variables [9]. However information 
on kinetics of thermal degradation is limited. 

Literature review 

There has been a considerable amount of work on the thermal degradation 
of polymers in ceramic surfaces. Parker et  al. [ 10] studied the mobility of poly- 
mer in the presence and absence of alumina and plasticizer. Bakht [4] studied 
the thermal degradation of PVB copolymers in the temperature range of 473 to 
723 K. The PVB used had different degrees of vinyl butyral substitution. Ther- 
mal Volatilization Analysis (TVA), Thermogravimetric Analysis (TG) and 
Infrared Spectroscopy (IR) were used to investigate the composition of the vola- 
tile products formed due to the decomposition of PVB. Bakht observed the 
products of thermal degradation of PVB to be mainly water and butyraldehyde. 
He proposed both a free radical mechanism and a molecular elimination mecha- 
nism to interpret the formation of butyraldehyde. 

Sacks et  al. [7] carried out a series of studies on the degradation mecha- 
nisms and pyrolysis behavior of PVB and acrylic polymers (i.e. poly(methyl 
methacrylate) and poly(methacrylic acid)). Degradation experiments were car- 
ried out for polymers alone and for polymer-ceramic mixtures in nitrogen or 
oxygen atmospheres. They found that the mechanism of thermal degradation of 
poly(methyl methacrylate) to be depolymerization, and furthermore they ob- 
served that the reaction was accelerated by the presence of oxygen 
(thermal-oxidative degradation). In the case of poly(methyl methacrylate) and 
alumina mixture, a surface reaction between the polymer and the ceramic was 
indicated by Fourier transform infrared spectroscopy (FTIR) and gas chroma- 
tography (GC) results, but not in poly(methyl methacrylate) and silica mixture. 
The thermal degradation mechanism of poly(methacrylic acid) found by Sacks 
et  al. is very different compared to that of poly(methyl methacrylate). However 
similar surface reactions were observed in polymer/ceramic mixtures. In gen- 
eral, the results agree with the mechanism proposed by Bakht [4]. Similar work 
carried out in an oxygen atmosphere showed different results due to oxidative 
degradation. 

Masia et  al. [8] investigated the effect of various oxides on PVB burnout be- 
havior in air and in argon atmospheres. They found that the oxides used have 
significant catalytic effects on both thermal and thermal-oxidative degradation 
of PVB. Masia et  al. concluded that besides surface chemistry, the surface 
structure, number of hydroxyl groups, percentage of free water, amount of oxy- 
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gen adsorbed on the oxide surface and surface impurities would influence 
binder degradation. Cima et  al. [11] studies the binder distribution and the ef- 
fect of different atmosphere on binder degradation. 

There is some evidence [12] to indicate that bound water on ceramic sur- 
faces promotes thermal degradation. This effect is significant if the filler 
surface is hydrophobic (silica, clay, etc.), and the polymer has groups that are 
sensitive to hydrolysis. Water tightly bound [12] to the filler surface possesses 
acidic properties which leads both to the acceleration of hydrolysis of the mac- 
romolecules and to their acidolysis, especially at elevated temperatures. The 
recent work of Howard et  al. [6] sheds some light on the interaction of PVB on 
alumina surface. They found that low molecular weight PVB's burned cleanly 
and the hydroxyl and acetate functional groups affected the adsorption of PVB 
on alumina. They examined the adsorption characteristics using variable-tem- 
perature FTIR. Grachev et  al. [13] carried out spectroscopic studies on the 
thermal degradation of PVB and found that the degree of substitution of alcohol 
groups by butyrai groups greatly influenced degradation. Yang et  al. [14] 
showed that the thermal properties of composites at elevated temperatures can 
be predicted more accurately if degradation is taken into consideration. In their 
work, Yang et  al. proposed a model for predicting the density of laminates as a 
function of the process variables, lamination temperature, pressure and time. 
An earlier paper [15] discussed the steam oxidation of carbon left behind due to 
thermal degradation of polymers in ceramics. 

The binder thermal decomposition process involves chemical reactions as 
well as heat and mass transfer. It is also affected by the substrate's geometry, ap- 
parent density, void;volume and particles size as well as distribution. Literature 
review carried out showed a lack of quantitative information on the kinetics of 
the thermal degradation of polymers in ceramic surfaces. This paper provides 
quantitative information on the kinetics of thermal degradation of PVB and 
PVB in alumina, mullite and silica. In addition, this paper also discusses the ef- 
fect of heating rates and pellet compression pressure on the thermal degradation 
of PVB in alumina, mullite and silica composites. 

Experimental procedure 

Thermogravimetric analysis provides valuable information on thermal deg- 
radation under constant heating rates and different atmospheres. One can inves- 
tigate the thermal behavior of ceramic/polymer composites by measuring the 
weight loss as a function of temperature and time. This data when coupled with 
an appropriate model for reaction mechanism (listed in Table 2) [16] can be 
used to interpret and relate the kinetic parameters to physical parameters of the 
system. For complex systems like binder burn out, this empirical kinetic analy- 
sis will not reveal microscopic information but an overall activity within the 
degradation temperatures. 
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Three ceramic composites were prepared by using PVB as the binder and, 
methyl alcohol and methyl isobutyl ketone as solvents. The weight average mo- 
lecular weight of PVB (Aldrich) was 50.000-75.000 and its glass transition 
temperature was 65-72~ as measured using a Perkin Elmer DSC 7 Different 
Scanning Calorimeter. The three ceramic materials were procured form differ- 
ent sources, alumina (5 p.m) from IBM, mullite (2-3 ~m) form Baikowski In- 
ternational, and silica (5 }tm) from U.S. Silica. The ceramics were calcined at 
650~ for 24 h and samples were made by mixing the ceramic and the binder in 
a restricted air flow chamber, then adding the solvent dropwise and finally 
blending the mixture in a blender. The composition of the mixtures was 85% 
ceramic and 15 % organics including the binder. The composition of the or- 
ganics was 10% PVB, 20% methyl isobutyl ketone and 70% methanol by 
weight. A hand operated press (Buehler) was used to make the pellets at differ- 
ent pressures from 4000 to 8000 psig in a single-step change. The pellets were 
first held at 2000 psig for two minutes and at the desired final pressure for 
4 min. After this compression stage, the pellet diameter was 4.8 mm, length 
about 3 mm and the mass was around 75+_5 mg. Densities of the pellets were 
measured using a modified ASTM D2771-90 method. The properties of the 
pellets are recorded in Table 1. The pellets were stored in a desiccator till they 
are used. 

Table 1 Properties of the ceramics and ceramic/polymer composites 

Ceramic Particle size/ Surface area/ Bulk density/g cm -3 

Composites l-tm m 2 gm -1 4000 psig 6000 psig 8000 psig 

Alumina/PVB 5 1 2.174 2.388 2.391 

Mullite/PVB 2-3 2 1.623 1.710 1.720 

Siliea/PVB 5 5 1.353 1.510 1.526 

A Perkin-Elmer TGA 7 equipped with a high temperature furnace was used 
to measure the weight loss of the binder PVB from 323 to 1273 K, the region 
where most of the decomposable materials would burn out. A Perkin-El- 
mer 2000 FTIR system with a resolution of 4 cm -1 was infrared with the TGA 7 
to identify the evolving gases. Thermogravimetric analysis was carried out in a 
nitrogen atmosphere at a flow rate of 25 cm3/min and heating rates of 5, 10 and 
20 cm -~. The thermograms were taken for PVB alone, PVB+alumina, 
PVB+mullite and PVB+silica. The degree of conversion is defined as 

a(T,  t) = m~r mpet,o~(T, t) 
0 oO 

mpellet- mpellet 

(1) 

J. Thelmal Anal., 47, 1996 



YANG et al.: THERMAL DEGRADATION 701 

where m~let is the initial pellet mass, m~Izet is the final pellet mass, mpcuet(Z, t) 
is the mass of the pellet at any time t, and ot(T, t ) ~ 0  at t = 0  and ot(T,t)--->1.0 at 
t = o O .  

Data  analysis  

The irreversible thermal decomposition of solids can be described by the 
general chemical equation 

sS~,) --~ rR<8) + vV<g) (2) 

where S, R and V represent original solids, final solid residue and volatile ma- 
terial respectively and s, r, v are stoichiometric coefficients. The decomposit ion 
rate of a solid can be represented by the rate expression 

dot (3) 

where ot is fraction of solid decomposed at time t, riot) is a function of ot de- 
pending on the mechanism and k is the rate constant given by the Arrhenius 
equation 

k= A exp(-Ea/RT) (4) 

where A is Arrhenius pre-exponential factor, Ea is the activation energy, R is the 
universal gas constant. For a linear heating rate, 13 = dT/dt and using the Arrhenius 
equation, the decomposition rate equation can be written in the integral form as 

T (5) 
!o d~-~)-A ~ exp(-EJR73 aT 

13T0 

or in the differential form as 

da A (6) 
d--T : -~ exp(-Ea/nT) riot) 

Of these two forms, the integral form eliminates the inherent difficulties of 
the differential form when searching numerically the global minimum of the 
nonlinear kinetic function. Klyuchnikov et al. [17] proposed a computational 
strategy to prevent the divergence and tried to fit their data to the Arrhenius ki- 
netic parameters. Their results showed that even for a single heating rate the 
activation energy values could vary from 152 to 226 kJ mo1-1, and the order of 
the reaction from 0.65 to 1.0. Ozawa and Kato [18] developed a method to ex- 
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Table 2 C o m m o n l y  used  ct func t ion  for  so l id  s ta te  d e c o m p o s i t i o n  r eac t ions  

M o d e l s  f (c t )  J[ot) = fdo~/J[ct) 

1. C o a t s - R e d f e r n  (1--ct) a [1 - ( 1  - c t ) l -n] / (1  - n) 

N u c l e a t i o n  a n d  nuc le i  g r o w t h  

2. M a m p e l  u n i m o l e e u l a r  law 1 - ct - l n ( 1  - (z) 

3. T w o - d i m e n s i o n a l  g r o w t h  2(1 - (x)[-ln(1 - or)] it2 [ - l n (1  - Gt)] 1'2 

4. T h r e e - d i m e n s i o n a l  g r o w t h  3(1 - c t)[- ln(1 - ct)] 1/3 [ - l n (1  - o0] 2'3 

D i f f u s i o n  

5. Pa rabo l i c  law ct -1 r 

6. Valens i  equa t ion  [ - ln (1  - c01-1 (1 - c01n(1 - ct) + (x 

7. J a n d e r  equa t ion  3( - r - a)-1/3 _ II [1 - (1 - c01/3] 2 

8. B r o u n s h t e i n - G i n s t i l i n g  equa t ion  3/2.[(1 - 00 -1'3 - 1] -1 1 - 2 / 3 a  - (1 - c02/3 

P h a s e  b o u n d a r y  m o v e m e n t  

9. O n e - d i m e n s i o n a l  cons t an t  ce 

10. T w o - d i m e n s i o n a l  2(1 - r I'2 1 - (I  - r 1/2 

11. T h r e e - d i m e n s i o n a l  3(1 - c02/3 1 - (1 - c~) 1/3 

tract activation energy values from the derivative thermogravimetric (DIG) 
data. They showed that a linear plot results when the intensity of the master 
peak is plotted against reciprocal peak temperature. However, this method is not 
suitable for a system with two equal intensity DTG peaks. In addition to the dif- 
ferential and Ozawa methods, the kinetic parameters can be evaluated from the 
integral form by using either an iteration scheme [19] or an integral approxima- 
tion [20, 21]. Either approach requires the specification of the functionf(cx). 
Zsak6 and coworkers [19] in a series of papers published in this journal used 
differentf(cx) functions (Table 2) and showed that there is an empirical between 
frequency factors and activation energies. They also noted three degradation re- 
gions in their work on cobalt-ethylenediamine pyridine complexes and showed 
that the Coats-Redfernf(ct) function best fitted their data. In this paper we have 
adopted to integral approach extended by Ma et  al. [21]. They derived an ap- 
proximation of integrated form as 

~m T2 I 13(E + 2RT) 2.303RT 

(7) 

where F(o0 is the integral form of the functionf(oc) and (E+2RT) is assumed as 
a constant for moderate temperatures. A plot of the logF(ct)/T 2 vs. 1 /T  should 
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result in a straight line with a slope of - E / R  for the correct form of F(c0. Cum- 
ming [22] and Ma, et al. [21] applied this type of analysis to the pyrolysis of 
coal and found that Arrhenius plots are characterized by two or more regions of 
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striking linearity, each with its own associated value of apparent activation en- 
ergy. Therefore, they utilized the concept of a weighted mean apparent activa- 
tion energy (Era) to describe the overall degradation process. It is defined as 
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Table  3 Kinetics results of PVB decomposed in nitrogen atmosphere at different heating rates 
and different sample weight 

PVB Sample Temperature Conversion El~ Regression Em/ 

powder weight range/~ range kJ mo1-1 coefficient kJ mol - l  

5~ min -1 5.14 mg 271-335 .04-,11 76 .992 

335-392 .11-,  77 274 .991 

392--429 .77-. 95 92 .953 201 

5~ min -1 20.37 mg 273-333 .04-.  11 78 .994 

333--401 .11-.83 240 .995 

401--425 .83- .92 72 .982 185 

20.66 mg 276-330 .04-.09 66 .990 

330-403 .09-.82 250 .996 

403-427 .82-.93 84 .997 196 

21.11 mg 263-352 .04-.21 128 .993 

352-401 .21-.83 276 .997 

401-422 .83-.94 93 .991 199 

10~ min -1 1.68 mg 263-340 .04-.  14 82 .993 

340-402 .14- .84 246 .994 

402-422 .84-. 94 90 .992 189 

20.70 mg 285-359 .04-.21 128 .993 

359-405 .21-.83 283 .997 

405-430 .83-.93 66 .947 202 

21.06 mg 287-360 .04-.21 134 .994 

360-403 .21-.83 283 .997 

403-430 .83-.93 91 .985 203 

20~ min -1 21.71 mg 289-361 .04-.  19 126 .998 

361-407 .19-.78 278 .998 

407--448 .78-.95 92 .986 198 

Era= W~E~ + W2E2+ . . . .  + W~E. (8) 

where Wt to W. are the weighted fractions (which can be determined from the 
range of conversion), and E~ to E. are the individual apparent activation ener- 
gies related to corresponding regions of Arrhenius linearity. The overall activa- 
tion energy, Eov was computed as the arithmetic average of the weighted mean 
apparent activation energy values over the range of pellet compressing pres- 
sures. This was done as activation energy values over an entire pressure range 
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were within +10%. These results are shown in Tables 3 to 6 and discussed in 
detail in the next section. 

Results and discussion 

The thermograms of PVB alone, alumina+, mullite+, and silica+PVB pel- 
lets are shown in Fig. l(a). The decomposition of the polymer in ceramic/ 
polymer composites starts earlier compared to the polymer alone and this could 
be due to the catalytic effect of the ceramic. The results of Tables 3 to 6 show 
that the activation energies for each stage of degradation with silica is less than 
the activation energies either for mullite or alumina. Figure 1 (b) shows the con- 
version difference of ceramic/PVB composites as a function of temperature 
when subtracted from the conversion of PVB alone. The region above the zero 
displays the acceleration of the thermal decomposition of the composites and 
the region below refers to hindered reaction. Silica/PVB composites hold the 
highest peak and also largest peak area above zero. This reveals that the cata- 
lytic properties of silica favour polymer degradation, and this catalytic effect 
could be due to the acidic nature of silica. 

Different F(cx) listed in Table 2 were tested with experimental data and the 
Jander diffusion controlled model was found to be the best to fit the data with 
the highest regression coefficient (R > 0.98) and the lowest standard deviation. 
Therefore, Jander's model was used to extract the kinetic parameters in this pa- 
per. Three linear Arrhenius regions were found in the log[F(~)/T ~] vs. 1/Tplots 
for the analysis of thermal degradation data of PVB and PVB/ceramics. Fig- 
ures 2(a) and 2(b) show the results of thermogravimetric analysis of PVB 
decomposition. Figure 2(c) shows the 3-Dimensional stacked FTIR spectra of 
mixture of evolving gases at elevated temperatures. In the case of PVB-alone, 
the first linearity starts at 270~ and ends at 340~ The weight loss is only 
10%, which agrees with the small effluent IR spectra. The second stage is the 
main region of thermal degradation of PVB where maximum weight loss 
(-70%) occurs in the temperature range of 340 to 400~ In addition, large 
amount of gases were released at this stage as shown in the FTIR spectra. The 
major evolving gases were identified as butanoic acid and butanal accompanied 
with small amounts of butanol and acetic acid. The third stage of degradation 
starts at 400~ and ends at 440~ The conversion is about 10% and corre- 
spondingly, small amount of gases were released. The results are summarized 
in Table 3 and include also the effect of sample size and heating rates. The re- 
sults indicate that both heating rates and sample size do not affect Em values 
significantly and these variations maybe well within the experimental error. 
However heating rates have some effect on the three different stages of degrada- 
tion in the case of the polymer/ceramic composites as shown in Tables 4 to 6. 

J. Thermal Anal., 47, 1996 
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Figure 3 shows a typical plot of the log[F(c~)/T 2] vs. 1/T for the degradation 
of PVB in alumina, mullite and silica with composites made at 8000 psig. Simi- 
lar results were observed at 4000 psig compression pressure and for the powder. 
A comparison of the results for PVB alone and tbr PVB in ceramics shows that 

Fig. 4 Plots of overall apparent mean activation energy v s .  different heating rates and materi- 
als, where �9 represent heating rate 20~ min -l , ~ 10~ min -] and [] 5~ rain -~ 

- : - - - : - - i . . . . . ~ : -  
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Fig. 5 Plots of the activation energy v s .  the logarithm of preexponential constant for the 
case of PVB/alumina, PVB/mullite and PVB/silica 

J .  T h e r m a l  A n a l . ,  4 7 ,  1 9 9 6  



712 YANG et al.: THERMAL DEGRADATION 

major degradation in the case of PVB/ceramics occurs in the first stage which 
ends around 340~ whereas in the case of PVB alone major degradation occurs 
during the second stage which starts around 340~ This clearly points to the 
catalytic effect of the ceramics. The values of the activation energies during 
these stages suggest that the primary stage is dominated by chemical decompo- 
sition processes. 

Tables 4 to 6 show the kinetic parameters of the powder form and pellet 
forms collected along with heating rates, temperature range, conversion and re- 
gression coefficient. Also listed in these tables are activation energies, Era, de- 
termined by Eq. (8). Figure 4 shows the overall activation energies at different 
heating rates for all the samples. These results indicate that heating rates have 
little effect and the overall activation energies progressively decrease from pure 
PVB to PVB/silica composites. However for the same ceramic+PVB, Eov val- 
ues increase by a small percentage with increase in heating rates. This increase 
may be due to the sample thermal lag and the reduction of equilibrium rates at 
higher heating rates, and indicates also that there is no change in the mechanism 
of thermal degradation with heating rates. Figure 5 shows the plot of Arrhenius 
pre-exponential factor (A0 vs. its associated activation energies (Ei). As E~ in- 
creases, A~ also increases and vice versa. The nature of the changes of Ar- 
rhenius constant depending on the changes of activation energies has been 
characterized as the kinetic compensation effect. It is found that this correlation 
can be valid not only for different heating rates, but also for different packing 
conditions. 

Conclusions 

This paper presents the kinetics of thermal degradation of polymers in ce- 
ramic surfaces and, the effect pellet compression pressure and heating rates. 
This study is important in tape casting where multiple layers of ceramics tapes 
are laminated and sintered for use in various applications such as high end com- 
puters, manufacture of heat exchangers, turbine blades, etc. This paper also pre- 
sents results of thermal degradation of powder and pellets made at different 
pressures. Non-isothermal data provides a rapid way of obtaining the kinetics of 
degradation. 
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