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Synopsis 

The exotherms of the reactions leading to the formation of polyurethane foams were measured. 
The inflection points of the exotherm curves were made evident by continuous differentiation with 
respect to time. The position and magnitude of the inflection points demonstrated the sequential 
nature of the reactions. The effects of the functionality of the polyol, the concentrations of the tin 
and amine catalysts, and the silicone surfactant are discussed. 

INTRODUCTION 

The production of flexible polyurethane foams rests on a delicate balance in 
the timing of two types of reactions. One results in the blowing of the liquid 
components into a foam while the other gels the mass. One of the interesting 
features of such a rising foam is the exothermic nature of the process. The heat 
is liberated by the initial reactions of the isocyanate with the water and then with 
the polyols': 

AH = -45 kcal/mol (1) 2R-NCO + HzO - RNH-CO-NHR + COz, 
urea 

R-NCO + R-OH - RNH-CO-0-R, AH = -24 kcal/mol (2) 
urethane 

Reaction (1) is responsible for the blowing of the foam by virtue of the carbon 
dioxide generated. Through polyurea formation, the initial viscosity buildup 
is accomplished. Reaction (2) then forms polyurethanes and leads to the gelling 
of the cellular structure. The urea and urethane groups will further react with 
the excess isocyanate usually introduced in these formulations and consolidate 
the structure through crosslink formation. 

Early measurements of initial rates of temperature rise were found of interest 
for characterizing the reactivity of different polyol types and their sensitivity 
to catalyst variation.2 A recent report? correlated the temperature rise with the 
reaction sequence and the physical phenomena occurring during the foam rise. 
The conclusion was that no polyurethane was formed during the first 75% of the 
rise. However, the conditions required for accurate temperature measurements 
in these cellular systems were only later correctly defined.4~5 Parallel to these 
temperature studies, another approach provided by the BB test6 allows an un- 
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derstanding of the importance of the blowing reaction relative to the development 
of cell wall strength as a function of time. By varying the initial temperature 
of the reactants and the catalyst ratios, a balance suitable for the process can be 
found between both reactions. 

The advent of computers in laboratories also generated new insight into the 
foaming process. Theoretical models attempted to predict the density and 
temperature at full rise of the foam block.7 Other groups undertook studies with 
the use of sophisticated instrumentation8 or by interfacing the standard Fluidyne 
Instrumentg with a small computer to obtain reactivity profiles.1° 

This work is a reexamination of the information provided by the exotherm. 
Many curves of temperature vs. time are presented in the literature: but, to our 
knowledge, have not been exhaustively analyzed. A close examination of each 
of these curves reveals the presence of inflection points which seem to be typical 
of the particular system or formulation involved. Thus our aim is to accurately 
characterize these exothermic curves with the aid of the new means we de- 
scribe. 

EXPERIMENTAL 

Apparatus 

A schematic of the setup is given in Figure 1. The chromel-constantan 
thermocouple wires are connected to a digital thermometer (Omega Engineering, 
Model 199) having an internal ice-point compensator. The analog output, linear 
in mV/OC, is fed to a differentiating circuit capable of effecting the derivative 
with respect to time ( d T / d t ) .  The resulting two signals are directed to a two-pen 
recorder, where both are reproduced simultaneously. Beforehand, these two 
output voltages can be calibrated so that the charts are scaled in "C and in OC/s 
for the exothermic and derivative curves respectively. A typical recorder trace 
is presented in Figure 2. The relevant exothermic parameters can be extracted 
from the curves in the manner illustrated and are defined in the caption. 

DIG1 TAL 
THERMOMETER 

I 
FOAM BUN 

dT/dt 

RECORDER 

Fig. 1. Diagram of temperature and temperature differential measuring apparatus. 
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T I M E  - - 
Fig. 2. Exothermic parameters obtained from the recorder chart: T,,, = maximum temperature 

attained overall ("C); trma. = time required to attain this maximum (s); d T / d t l ,  d T / d t n  = maximum 
rates of temperature rise of the two sequential reactions ( " U s ) ;  t l , t z  = times required to attain these 
maxima (s). 

In order to establish the reproducibility of the method, the exotherms of a 
standard four parts by weight water formulation were obtained from seven 
consecutive runs. The expanded temperature-rate-of-rise curves were then 
digitized. Statistical analysis using the Student t -distribution was then applied 
to the data and the computer regenerated two curves enclosing a 95% confidence 
interval (Fig. 3). It should be stressed that all conditions need to be kept constant 
within the set of runs such as, catalyst lots, reactant temperatures, operating 
procedures, etc. 
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Fig. 3. The 95% confidence interval of temperature rate of rise vs. time. 

The absolute error for the measurements on the time scale is estimated to be 
fl s a t  the chart speeds normally used. Temperature is measured with a pre- 
cision of f1"C on the recorder chart calibrated from 0°C to 200°C. A calculation 
of the absolute error on the measurement of rate of temperature rise yields a value 
of O.O4"C/s. Using the Student t data of Figure 3, the spread of the 95% confi- 
dence interval is found to be O.O6"C/s at  the peak rates leading to an average error 
of O.O3"C/s. 

Materials and Procedure 

Two commercial polyols were used in this study. Polyol 1 is NIAX@ Polyol 
16-46 (Union Carbide Canada Ltd.), a secondary hydroxyl end-terminated 
polyether triol. Polyol2 is NIAX@ Polyol12-48 (Union Carbide Corp.), a 75-mol 
% primary hydroxyl end-capped polyether triol. Both polyether triols have a 
hydroxyl number of 47 f 1 mg KOH/g and a residual water content of less than 
0.02%. Toluene diisocyanate (TDI) obtained from BASF was used throughout 
and the material had an 80/20 ratio of the 2,4- and 2,6- isomers. The amine 
catalyst used in all the formulations was a 70% solution of bis(dimethy1amino 
ethyl) ether in dipropylene glycol (NIAX@ Catalyst A-1, Union Carbide Corp.), 
in conjunction with Union Carbide@ Silicone Surfactant L-6202. Stannous oc- 
toate (T-9@, M&T Chemicals, Ltd.) was also used as catalyst. 

For the purpose of obtaining an unreactive polyether containing no free hy- 
droxyl end groups, polyol 1 was derivatized in two ways. In one case, polyo11 
(600 g) was mixed with acetic anhydride (78.8 g) and pyridine (61.0 g). The re- 
action was monitored by IR spectroscopy until completion was indicated by the 
total removal of the hydroxyl stretch from the spectrum a t  3460 cm-1. Excess 
reagents were removed at  50°C under high vacuum for 3 h. Complete removal 
of the pyridine was not achieved as indicated by the persistence of its strong 
odor. 
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In another preparation, polyol 1 (600 g, 0.5 eq) was reacted with phenyl iso- 
cyanate (61.9 g, 0.5 eq from Aldrich Chemicals) at 80°C for 6 h to yield a phenyl 
urethane capped polyether. The disappearance of the isocyanate stretch at 2250 
cm-l and of the hydroxyl stretch at  3460 cm-' indicated that the reaction had 
gone to completion. 

The procedure for the production of foaming samples suitable for temperature 
measurements has been reported previously.ll A bare thermocouple wire (0.25 
mm) is inserted in the container approximately 6 cm from the bottom. The 
arrangement is such that a major portion of the wire will be in contact with the 
rising foam. To insure immediate contact of the reacting liquid with the ther- 
mocouple, the junction is positioned at  the center of a paper coffee cup itself 
placed a t  the center ofthe box. Once the mixing cycle has been completed, the 
reacting liquid mix is poured into the coffee cup until i t  overflows and the re- 
mainder is spread over the bottom of the box. The foam rises and the apparatus 
simultaneously records the temperature and the rate of temperature rise. 

Heat loss is minimal and has been estimated for similar systems to be 2-676 
at most.12 Furthermore, because the reaction lasts less than 3 min and the fairly 
large foam bun (36 X 36 X 15 cm) has a low thermal conductivity, the reaction 
frame can then be considered to approximate adiabatic conditions. However, 
foams having a high proportion of open cells will exhibit a shorter maximum 
temperature plateau indicating a greater heat loss. Very low density foams will 
also afford reduced maxima, and the temperatures as well as the rates of tem- 
perature rise will tend to be lower than in reality due to the poor contact with 
the thermocouple junction. 

Each polyol was reacted in a formulation where one of the components was 
varied. The contribution of the amine, the tin, and the water towards the 
buildup of the exotherm was thus obtained. These formulations where the in- 
dicated amount of TDI corresponds to 1.05 eq (105 index) relative to the active 
hydrogen compounds present in the resin part, are given in Tables I-IV. 

RESULTS 

Data Obtained from the Exotherm Curves 

The trace of temperature vs. time yields two values characteristic of the system 
examined (Fig. 2). The maximum temperature attained within the foam [Tmax 
("C)] and the time it took to attain this plateau [t~,,,] are given in Tables V-VII 
together with the corresponding variables of the formulations. 

TABLE IV 
Formulations with Capped Polyoll  

35 36 

Acetate cap 
Phenyl urethane cap 
Water 
Niaxm Catalyst A-1 
Surfactant L-6202 
Stannous octoate 
TDI 

100.0 

4.0 
0.1 
1.0 
0.25 

40.7 

- 100.0 
4.0 
0.1 
1.0 
0.25 

40.7 
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TABLE VIII 
Exothermic Parameters for Capped Pclyethers 

Phenyl urethane cap Acetate cap 

100 
483 

29 

0.71 
- 

- 

115 
224 

23 

1.55 
- 

- 

The exothermic parameters obtained from the reactions in presence of the 
polyol derivatives are given in Table VIII. Only one peak exotherm was observed 
for both polyethers as indicated. 

Data Obtained from the Derivative Traces 

For each formulation, the values t l ,  t 2 ,  d T l d t l ,  and d T l d t 2  were obtained from 
the derivative curve. Plots of these parameters as a function of the component 
concentration are presented for each polyol in Figures 4-6. 

Correlation of Exothermic Parameters with Rate of Rise Data 

The rates of rise of the foam bun for several formulations were obtained with 
a Fluidyne Instrument (Fluidyne Instrumentation, Oakland, Calif.) and the 
values compared to the corresponding thermal parameters (Table IX). A plot 
of the maximum rate of temperature rise of the first exotherm ( d T l d t , )  vs. the 
maximum rate of rise of the foam bun is illustrated in Figure 7. 

DISCUSSION 

The Significance of the Two Peak Exotherms 

The fact that the exothermic curves (temperature vs. time) of water-blown 
polyurethane systems are not truly monotonous and exhibit slight inflection 

TABLE IX 
Comparison of the Foam Rate of Rise Data with the First Exotherm Parameters 

d T l d t 1  t l  t M R R a  MRRb 
Formulation ("CIS) ( S )  (S) (in./min) 

1 
3 
6 
7 

19 
21 
22 
33 

0.72 
1.24 
1.22 
1.34 
1.36 
1.51 
1.52 
1.49 

20 
28 
27 
27 
27 
27 
22 
29 

13 
28 
25 
28 
30 
27 
24 
28 

2.3 
6.4 
4.4 
6.2 
7.5 
7.4 
6.4 
7.1 

a t M R R  = time to  maximum rate of foam rise. 
MRR = maximum rate of foam rise. 
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Fig. 4. Plots of exothermic parameters vs. water concentration: (0) t l ,  d T l d t 1 ;  (A) t 2 ,  dT l  
dt2. 

points has not been discussed to our knowledge. The technique applied here 
allows an exact positioning of the points of maximum temperature rise ( t  1 and 
t 2 )  as well as an accurate evaluation of the maximum rate of rise ( d T l d t 1  and 
dTld t2 )  for each of the individual exotherms of the whole curve. 

The presence of two peak exotherms in the overall trace then stresses the se- 
quential nature of the chemistry leading to polyurethane foam. Since two es- 
sential reaction steps are involved'l during the process, it is evident that the first 
peak exotherm ( t l  and dTldt1)  should correspond to the blowing reaction while 
the second surge in the exotherm ( t 2  and dTld t2 )  can be related to the ure- 
thane-forming reaction. This assignment, although it is convenient, lacks rigor 
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in that both peaks in the derivative curve overlap to some extent. This is so 
because the activation energies of both reaction steps are of the same order of 
magnitude.13 From the process point of view, however, it is customary to dis- 
tinguish the blowing step and the gelling step. A good correlation is observed 
in a comparison of the times at  which the foam attains a maximum rate of rise 
( ~ M R R )  with the times a t  which the first exotherm attains a maximum rate of 
temperature rise ( t l )  (Table IX). A plot of the maxima of both rates of rise (Fig. 
7) also affords a fair correlation. Thus, higher values for dTldt1,  typical of a more 
reactive system, also correspond to higher values for the foam rate of rise. These 
particular features of the exothermic curves are thus coincident with the physical 
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Fig. 6. Plots of exothermic data vs. stannous octoate concentration: (0) t l ,  dT/d t , ;  ( A )  t z ,  
dT/dt , .  

parameters measurable on a rising foam lending support to the significance of 
this peak exotherm. 

The occurrence time of the second peak exotherm ( t 2 )  corresponds to the near 
completion (98-99%) of the rise of the foam bun as measured with the Fluidyne 
Instrument. At this time the rate of gelling attains a maximum and consolidation 
of the cellular structure begins. Foaming reactions performed with nonreactive 
capped polyethers did not exhibit the latter peak whereas the characteristics 
of the first peak exotherm remained similar (Table VIII). The rate of temper- 
ature rise with the phenyl urethane-capped polyether is slower than with un- 
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Fig. 7. Maximum rate of temperature rise of the first exotherm vs. the maximum rate of rise of 
the foam. 

capped polyether triol, possibly because of the higher viscosity of the pol yether 
derivative. On the other hand, the corresponding rate for the acetylated poly- 
ether was considerably higher. The remaining trace of pyridine is likely to be 
the cause by having further catalyzed the reaction of water with TDI. 

The Effect of Water on the Exotherm 

Water is introduced in urethane foam formulations primarily to allow ex- 
pansion into a cellular structure, although it also leads to the formation of pol- 
yurea. The amount used will not solely afford a more vigorous blowing reaction 
but will also favor the gelling reaction (Fig. 4). The overall exotherm (Table V) 
resulting from these formulations reflects a more reactive system as the water 
concentration increases. Maximum temperatures within the foam increase and 
the times required to attain them get shorter. While d T / d t ,  for both polyols 
tapers off, d T l d t 2  related to the gelling reaction follows a linear progression. 
Why the temperature rate of rise of the expansion should reach a maximum, 
remains unexplained. However, the polyurea generated could participate as 
a cocatalyst in the urethane-forming reaction, accounting for the second rela- 
tionship. 
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Both extremes of the water concentration range represent the limits for 
practical processing. In fact, low concentrations do not allow a sufficient buildup 
in the expansion rate whereas the other extreme, a high water concentration, will 
yield a foam of extremely low density. In each case, this has bearing on the 
temperature measurement. In the first case, broader d T / d t  vs. t curves will be 
obtained, rendering less accurate the evaluation of the peak exotherm positions. 
This is evident in Figure 4, where t 1 and t 2  depart from linearity a t  concentrations 
below 3.0 pbw water. In the other case, low density foam will have extremely 
tenuous struts and a somewhat larger cell size. This is not conducive to maxi- 
mum contact with the thermocouple junction and may in some cases lead to re- 
duced rates of temperature rise. Reproducibility under these conditions will 
suffer. 

Effect of Tin and Amine Catalysts on the Exotherm 

The maximum temperatures attained within the foams increase with an in- 
creasing concentration of tin catalyst for both polyols. The times required to 
attain these maxima are also shorter. The maximum rates for the two peak 
exotherms also increase with the amount of tin catalyst. The slopes of d T / d t l  
and d T l d t 2  in Figure 6 are 1.34'C/s-pbw and 3.34OC/s-pbw, respectively; for 
polyol 1 and for polyol2 they are 1.4O0C/s-pbw and 2.74"C/s-pbw, respectively. 
Stannous octoate is thus seen to have a greater catalytic effect on the gelling 
reaction relative to the blowing step. The trend is seen for both polyols but the 
difference is not as marked with polyol 2. These observations thus support the 
assumption that stannous octoate is a predominantly gelling catalyst. In fact, 
the slopes for d T / d t  1 for both polyols are similar, it is only the slopes related to 
dTld t2  which vary. This difference is to be associated with the greater reactivity 
of polyol 2 caused by its primary hydroxyls, catalysis tending to  have a lesser 
effect when the system is already very reactive. 

With increasing concentrations of the amine catalyst, the maximum temper- 
atures attained do not vary appreciably (Table VI). The maximum rate of the 
first exotherm for both polyols increase with an increase in the amine catalyst 
concentration. The second peak exotherm follows the same trend. The dif- 
ference between the slopes of d T l d t ,  and d T l d t ,  for both polyols is not as great 
as in the case of tin. The values are, for polyol 1,3.45'C/s.pbw and 3.13'C/s-pbw, 
respectively, for the blowing and gelling reactions, and 3.92'CIs.pbw and 
2.14'C/s-pbw, for polyol2. Thus, although NIAX@ Catalyst A-1 is considered 
to be predominantly a blowing catalyst, its effect on both reactions is nearly equal 
with polyol 1. For polyol 2, the blowing rate reaction is much more affected 
relative to the gelling reaction (i.e., 3.92'C/s-pbw vs. 2.14'C/s.pbw). 

Comparison of Two Polyols: Reactivity 

The higher proportion of primary hydroxyl end groups in polyol2 is expected 
to render the system in which i t  is included more reactive. All the parameters 
extracted from the temperature rate of rise curves are in agreement with this 
assumption. The maximum temperatures attained are always greater and occur 
a t  shorter times with polyol2. If we look a t  the positions of the peak exotherms, 
t ,  one observes the same behavior for both polyols, but t 2  extrapolates to lower 
values for polyol2. Similarly the maximum rates of rise of temperature increase; 
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dT/dtl and dTldt2 are consistently higher for the polyol containing primary 
alcohols. It is thus possible using the device to assess the overall reactivity of 
a polyurethane foaming system. The factors involved are easily segregated 
because their effect on either the expansion or the gelling steps is clearly evi- 
denced. Ultimately, the correct equilibrium can easily be found between both 
steps in the reaction sequence. 

Absolute Rates and Kinetics 

To use this technique and the data it yields for obtaining absolute rate pa- 
rameters would be hazardous. The overall reaction kinetics do not observe 
simple orders.12 The complexity arises because of the many reactants involved 
and the possibility of autocatalysis by the products. Furthermore, because of 
the physical nature of the system and the heat gradients that are established, 
an adequate mathematical treatment would become extremely involved. 

CONCLUSION 

A method of analysis based on the continuous determination of the first de- 
rivative of the temperature vs. time curve of chemical reactions has been devel- 
oped. With this nova1 exotherm characterization technique, the physical phe- 
nomena occurring during the formation of a polyurethane foam are now easily 
related to the chemistry involved. The relative importance of both the blowing 
and gelling steps can be assessed by their individual contribution to the overall 
exotherm. This in turn allows an adequate choice of formulation components 
and processing parameters. Although this approach to the reactivity of a system 
has been applied to the particular case of foaming polyurethanes, other vigorous 
thermosetting reactions could benefit from a closer examination by this tech- 
nique. 
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