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ABSTRACT- 

This study investigates the effect of various formulation variables on flexible polyurethane 

foam (FPU) of a density of 32 kg/m3. A detailed observatory analysis is performed to figure 

out the impacts of toluene di-isocyanate (TDI), water, surfactant, stannous octoate, and amine 

on unfilled 32-density FPU foam. The concentration of each component was manipulated to 

study its influence on the conduct and quality of the PU foam. For comparative purposes, an 

ideal foam with the correct amount of chemicals was developed. Comparative findings 

indicated that amine influences the porous nature of the resultant material, silicone plays a 

crucial role in delivering strength and stability to the cells and cell struts, stannous octoate 

provides the foam the strength required to sustain its structural integrity, and TDI has a 

significant impact on the hardness of the foam. Water additionally functions as blowing agent 

which is essential to initiate the foam to rise from liquid components to a compressible solid. 

Each ingredient has a considerable impact on the chemistry, foaming procedure, and physical 

characteristics of the finished material.This paper delivers an insightful comprehensive 

description to the novices in PU field, researchers and industrial professionals about the 

correlations between the FPU's structure, physical characteristics, formulation compositions, 

and chemical mechanisms. 
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1. INTRODUCTION 

Polyurethaneisacomplexmixtureofseveralsubstances,includingpolyurea,biurets, 

allophanates,andothers,formedviathereactionofisocyanateswithoneanotherorwith 

otherreactivehydrogen-containingreactantssuchasamineandwater.Polyurethane(PU), also 

known as carbamate, is an ester of unstable carbamic acid[1-2]. The polyurethane (PU) 

markethasbeendividedintoadhesives,coatingsandsealants,elastomers,rigidfoam,and 

flexible foam based on product type. The flexible polyurethanefoam (FPU)sector 

dominates themarketduetoitswidespreaduseasacushioningmaterialforfurniture,bedding, 

mattresses,seating,andothersoftproducts[1-2].AccordingtoaMarch2023Business Research 

insights analysis, the global market for polyurethane foam mattresses was predicted to be 

worth 782.97 billion in 2021 and is projected to rise at a compound annual growth rate 

(CAGR) of 4.1% over the course of the forecast period, reaching at 1040.46 billion by 

2028.  

 

Polyurethanes (PU) are polymeric materials containing urethane linkages [NH-C(O)-O] 

formed by the chemical reaction of polyols with hydroxyl (-OH) groups and isocyanates 

(N=C=O)[3-4].The addition polymerization reaction between isocyanate and polyol that 



 

 

results in the synthesis of polyurethanes is displayed in figure:1. The production of 

polyurethane foams primarily involves two key reactions: The initial process, called the 

gelling isocyanate-polyol reaction, creates the urethane group's backbone [4-7]Urethane 

linkages make up a large fraction of polyurethanes. Through the assistance of organometallic 

catalysts that encourages the polymerization or gelation process between an isocyanate and a 

polyol, a cross-linked polymer is produced as a result of this process. A significant 

withdrawing effect is caused by the high electronegativities of N and O towards C, which 

turns C partially positive. Isocyanates are hence susceptible to nucleophilic attacks[4]. This 

clarifies the reason behind isocyanates reactive nature towards hydroxyls, amines, phenols, 

and other substances.The usage of TDI is made possible by its aromatic rings, which are 

known to impart rigidity to the structure[4]. Due to the fact that PU foam's affordability and 

readily accessibility, it is used as a comfort layer in mattresses because of its softness[7]. The 

second reaction is the isocyanate-water blowing reaction, which results in the unstable 

carbamic acid that subsequently decomposes to form an amine and carbon dioxide gas 

bubbles[5-8]. Toluene diisocyanate (TDI) is the most often utilised isocyanate in flexible 

foams. The two most significant TDI isomers are 2,4 and 2,6 toluene diisocyanate. Reactivity 

is higher in the 2,4 isomer compared to the 2,6 TDI isomer[9]. The three stages of the 

foaming or expansion process are: generating small discontinuities or cells in a fluid or 

plastic phase; allowing these cells to enlarge to the desired volume; and stabilizing the 

cellular structure by chemical or physical means[10]. 

 

Fig. 1: Addition polymerization reaction of isocyanate and polyol into formation of polyurethanes. 

Catalysts play a significant part in polyurethane synthesis because they balance the reaction 

of the isocyanate and polyol. Its primary function is to leverage the diverse reactions in order 

to create an end result with the necessary characteristics[5,7,9]. A greater quantity of blowing 

yields collapsed foams, whereas a greater amount of gelation generates a closed-cell structure 

and shrinkage[5-8][11].Not only are catalysts vital in regulating and balancing the gelling and 

blowing mechanisms, but they also optimize the curing speed and foam characteristics during 

the foam synthesis step[5]. It has been noted that stannous octoate has a higher catalytic 

impact on the gelling reaction in comparison to the blowing reaction[6]. Metal complex 

catalysts have an advantage over amine-based catalysts due to their lower volatility. The 

metal complex catalysis mechanism involves the creation of complex bonds between the 

metal centre and oxygen-rich species, which may arise from either the hydroxyl or isocyanate 

groups[4]. These connections further lower energy levels and encourage the formation of the 

urethane linkage[4].A proper expansion is obtained through the balance between the 



 

 

polymerization (gelling) and the gas generation (blowing)[7]. In that sense, the adjustment of 

catalyst type and quantity dramatically influence the expansion.  

Organometallic catalysts promote the polymer-forming or gelation reaction between an 

isocyanate and a polyol. Tin compounds are the most extensively utilized metal among the 

several that are available[9].Due to their extreme selectivity towards the isocyanate-polyol 

reaction, organometallic compounds are employed as polyurethane catalysts. These 

chemicals function as Lewis acids and are thought to interact with basic sites in the 

isocyanate and polyol compounds[5]. The most popular catalysts for producing polyurethane 

foams are tertiary amines and tin octoate[5]. The recommended gelling catalyst for flexible 

slabstock foam is stannous octoate (tin II 2-ethyl hexoate). The chemical is easily hydrolysed 

and oxidized in the presence of water and tertiary amines, necessitating cautious 

handling.Amine's catalytic activity is caused by the existence of a free electron pair on the 

nitrogen atom. The primary determinants of the relative catalytic activity of different amines 

are steric hindrance about the nitrogen atom and the electronic effects of the substituent 

groups. The isocyanate group's nitrogen atom is triggered by the development of an amine 

complex that readily interacts with nearby hydrogen atoms of sources such as polyol or water 

[4,9]. This mechanism, first put forth by Baker and Holdsworth in 1947, suggests that the 

amine mount a reversible nucleophilic attack on the carbon atom in order to form an activated 

complex[4,9]. Aromatic isocyanates have moderate electron-withdrawing effects on both the 

aromatic and carbonyl groups[9]. A variety of process criteria, including cream times, rise 

profiles, gel times, and even the curing of the outer layer of skin, can be met by selecting the 

type and concentration of amine catalysts. The amine used may also change foam 

characteristics like as airflow and load bearing by impacting on primary and secondary foam 

reactions. The addition of more volatile amines may reduce odour in the finished product, but 

it may also shorten cure time due to quick catalyst degradation. High volatility frequently 

leads to high vapor pressures, low flash points, and attendant handling difficulties[9]. 

Nowadays, polysiloxane-polyoxyalkylene copolymers from the category of surfactants, are 

commonly employed in the production of most flexible foams. Conceptually, these materials 

are typically represented by their various head/tail configurations.The part of the surfactant 

that is composed of polyoxyalkylene polymer (or polyol), contributes to the overall 

emulsification effect and enables the surfactant to dissolve into the bulk polyol. The bulk 

surface tension gets reduced by the silicone end of the molecule[9]. To satisfy the needs of 

various foam systems, the surfactant structure can be modified by varying the length and 

composition of the polydimethylsiloxane backbone, as well as the number, length, and 

composition of the pendant polyether chains. There is an ideal ratio between the surfactant's 

silicone and glycol moieties for each type of slabstock foam. Enhancement in foam porosity 

can be achieved by blending silicone surfactants with blends of 

polyoxyethylene/polyoxypropylene block copolymers[9]. Although isocyanates and polyols 

react swiftly, the reaction's constituent parts are usually not effectively mixed. Thus, 

surfactants are utilized in both foaming and nonfoaming procedures to ensure homogenous 

reaction medium. Typically, silicon-based oils or copolymers like polyether polysiloxane are 

used for this purpose. Surfactants are crucial because they improve mixability between the 

polyol and isocyanate, resulting in a homogeneous foaming process [4,10]. Surfactants based 

on silicone that are nonionic are utilized in the production of all flexible polyurethane foams. 



 

 

Surfactants, in general, serve a number of purposes. The stability of the cell walls is certainly 

the most crucial of these roles. Moreover, surfactants also aids in regulating the precise 

timing and degree of cell opening.  In order to provide the polyhedral framework enough time 

to develop a strong enough covalent network to withstand collapse, silicone surfactants play 

an important role in moderating the cell-opening effects of urea precipitation[9]. The impact 

of various formulation parameters on FPU foam is studied in this work. An extensive 

observational study is conducted to examine the effects of TDI, amine as a blowing catalyst, 

silicone as a surfactant, water as a blowing agent, stannous octoate as a gelling catalyst on 

the 32-density flexible polyurethane foam. Understanding the principles of foam and the 

ways to modify and extend its properties serves a few of the objectives. 

2.  MATERIALS AND METHODS 

2.1. Materials-In the production of 32 density PU flexible foams ingredients used are 

conventional Polyether polyol (Voranol) (DOW Chemical International Pvt. Ltd.) of 56 mg 

KOH/g Hydroxyl number and Dynamic Viscosity (at 25°C) between 550 to 650 millipascal-

seconds (mPas), Toluene diisocyanate ( Lupranate-T80) is an isomers mixture of toluene 

diisocyanate (80%-20% mixture of the 2,4 and 2,6 TDI) from BASF, Stannous octoate (tin) 

(D-19) as a gelling agent and amine which is a combination of Bis(2-dimethylaminoethyl) 

ether (< 60% w/w) and Dimethylaminoethoxyethanol (> 40% w/w) (B-11) as a blowing 

catalyst from Momentive , Polyethyleneoxidemethylsiloxane copolymer (L-618) as a silicone 

surfactant from Sistersville plant, Colours from Milliken and Distilled water as blowing 

agent. 

2.2. Preparation and formulation of foams- A standard foam (N) was synthesized with the 

amount of each chemical component chosen to achieve a target density of (32+2) kg/m
3
 at a 

temperature of (25+1)
0
C and a relative humidity within the range of (37-40) %. The chemical 

temperatures of the TDI and Polyol were constantly maintained within the range of (24+1)
0
C 

to minimise their influence on potential foaming variations. The hydroxyl content of the 

polyether polyol and the parts of water utilised in the traditional foam formulation were taken 

into account to calculate the appropriate quantity of isocyanate. Equations:1&2 were used to 

compute the parts of TDI and water. Parts per hundred parts (pph) of polyol were used to 

quantify each of these compounds. To ensure an accurate stoichiometric reaction, stannous 

octoate, silicone, amine, and water were measured with syringes. A series with varying 

formulation parameters of each chemical were prepared and compared to the standard (32+2) 

density foam with optimal chemical concentrations. To study the role of each formulation 

ingredient in the final manufactured foam, series: T,A&S were developed with (+50%, 

+100%) varying parts of tin, amine and silicone, while series:I&W were developed with 

(+25%, +50%) varying TDI and water concentrations. Table:1 lists the different ingredients 

and the proportionate quantities that were utilised to make the foam samples. 

Table:1 Formulations of standard flexible polyurethane foam and foams at varying concentrations of 

formulation parameters 

Chemicals Polyol Color TDI Water Tin Amine Silicone 



 

 

➡ 

FOAMS ⬇ 

Standard 

(N) 

100 0 (White) 39.5 2.81 0.125 0.04 1 

I-1 100 0.1 (Violet) 19.75 2.81 0.125 0.04 1 

I-2 100 0.1 (Violet) 29.62 2.81 0.125 0.04 1 

I-3 100 0.1 (Violet) 49.375 2.81 0.125 0.04 1 

I-4 100 0.1 (Violet) 59.25 2.81 0.125 0.04 1 

W-1 100 0.1 (Blue) 39.5 1.41 0.125 0.04 1 

W-2 100 0.1 (Blue) 39.5 2.11 0.125 0.04 1 

W-3 100 0.1 (Blue) 39.5 3.52 0.125 0.04 1 

W-4 100 0.1 (Blue) 39.5 4.22 0.125 0.04 1 

T-1 100 0.1 (Yellow) 39.5 2.81 0 0.04 1 

T-2 100 0.1 (Yellow) 39.5 2.81 0.063 0.04 1 

T-3 100 0.1 (Yellow) 39.5 2.81 0.188 0.04 1 

T-4 100 0.1 (Yellow) 39.5 2.81 0.25 0.04 1 

A-1 100 0.1 (Red) 39.5 2.81 0.125 0 1 

A-2 100 0.1 (Red) 39.5 2.81 0.125 0.02 1 

A-3 100 0.1 (Red) 39.5 2.81 0.125 0.06 1 

A-4 100 0.1 (Red) 39.5 2.81 0.125 0.08 1 

S-1 100 0.1 (Green) 39.5 2.81 0.125 0.04 0  

S-2 100 0.1 (Green) 39.5 2.81 0.125 0.04 0.5 

S-3 100 0.1 (Green) 39.5 2.81 0.125 0.04 1.5 

S-4 100 0.1 (Green) 39.5 2.81 0.125 0.04 2 

𝑃𝑎𝑟𝑡𝑠 𝑜𝑓 𝑇𝐷𝐼 =  9.67 × 𝑃𝑎𝑟𝑡𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 +  0.155 × 𝑂𝐻 𝑛𝑜.   ×
𝑇𝐷𝐼 𝐼𝑛𝑑𝑒𝑥

100
×

𝑃𝑜𝑙𝑦𝑜𝑙 %

100
-[1] 

 



 

 

where, 9.67 =
𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡  𝑤𝑡  .𝑜𝑓  𝑇𝐷𝐼

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡  𝑤𝑡 .  𝑜𝑓  𝐻2𝑂
 

0.155= 
𝑃𝑎𝑟𝑡𝑠  𝑜𝑓  𝑝𝑜𝑙𝑦𝑜𝑙 ×𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡  𝑤𝑡 .𝑜𝑓  𝑇𝐷𝐼

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟  𝑚𝑎𝑠𝑠  𝑜𝑓  𝐾𝑂𝐻 𝑖𝑛  1𝑘𝑔  𝑜𝑓  𝑝𝑜𝑙𝑦𝑜𝑙
 

TDI Index= 110 

 

𝑃𝑎𝑟𝑡𝑠 𝑜𝑓 𝐻2𝑂 =
90

𝐷
-[2] 

where, D= Required Density of the foam  

NOTE: Equation-2 is only applicable for flexible polyurethane foams for density of 18 kg/m
3
 and above. 

 

Flexible polyurethane foams with varying chemical concentrations were manufactured by 

using the discontinuous batch foaming method. An electronic balance was used to weigh 

toluene diisocyanate (TDI) and polyether polyol in two separate beakers. The polyol and 

other reagents (Component A) were carefully mixed by a direct-drive foaming stirrer set at 

(2500 + 10) rpm. The mixture was thoroughly stirred for two to three minutes until the foam 

solution appeared homogenous. TDI (Component B) was promptly added to the foam 

mixture and continuously stirred for 10 to 15 seconds. After that, the rising foam mixture was 

poured into the mould and allowed to cure for 72-hour.  The foam was sliced with the 

foaming mould after the duration of the curing process was over in order to examine the 

finished foam product.  

 

3.  RESULTS AND INTERPRETATION-  

PU foam is one of the most comfortable, easily accessible, and affordable mattress materials. 

The initial polyol structure opted can have a significant impact on the processing and final 

foam's qualities. Hydroxyl reactive groups are offered from the polyol. If a polyether alcohol 

is employed as the primary hydroxyl-containing group, the resulting foam is frequently 

referred to as polyether polyurethane foam[12]. Nowadays, polyether type polyols are the raw 

material utilised in the production of 90% of total flexible foams[9]. Several properties of 

PUFs can be controlled by varying the functionality of the polyol.  As an example, a modest 

rise in foam hardness and a slight decrease in tensile strength, tear strength, and elongation 

result from increasing the polyol functionality without altering the molecular weight. Thus, 

while retaining a polyol's functionality, and raising its equivalent weight (molecular weight 

divided by functionality) results in an increase in elongation and tensile strength of the foam.  

The soft segments are generated by the polyol [7]. All proposed formulations utilised the 

same polyol but other formulation parameters were altered in order to gain an improved 

comprehension of the intended application of each component in 32- density flexible 

polyurethane foam. The soft segments of PU foams are formed by polyol, whilst the hard 

segments are linked to the urethane and urea moieties[4].Table:2 provides an informative 

look into the problems that arise in PU foams because of different chemicals at their varying 

concentration levels. 



 

 

Table:2Virtual representations of problematic resultant foams at different formulation parameter 

concentrations. 

Scanty conc. of chemicals Chemicals  Excessive conc. of Chemicals 

 

No strength in foam , split foam 

Toluene 

diisocyanate 

(TDI) 

 

Discoloration in foam due to excessive 

heat generated (scorching), shrinked 

foam 

 

Shrinked foam 

Distilled 

water  

(Blowing 

agent) 

 

Large pores is generated in foam 

(pinholes), split foam 

 

Collapsed foam, internal splits in 

foam 

Stannous 

octoate (tin) 

(Gelling 

catalyst) 

 

Shrinked foam,  extremely closed 

(blind/dead) foam 

 

Closed non-porous foam 

Amine 

(Blowing 

catalyst) 

 

Extremely porous foam 

 

Boiling effect, extremely coarser 

cells in foam 

Silicone  

(Surfactant) 

 

Very finer cells with exteme strength, 

increase in production cost 

 



 

 

The nature of the isocyanate is just as significant as the impact of the polyol type used[7]. 

Each formulation used an isomeric blend of toluene diisocyanate (80%-20% mixture of 2,4 

and 2,6 TDI), and variations in TDI concentrations was done in I-series foams.The isocyanate 

acts as a source of NCO groups, that react with functional groups from the polyol, water, and 

cross-linkers in the formulation [9]. Variation in the TDI in a foam has a noticeable impact on 

the final foam's hardness. Equation:1 calculates the necessary amount of isocyanate essential 

to react with the polyol and any other reactive additives. 

The gelling of the cellular structure is also caused by the reaction between isocyanate and 

polyol, which subsequently creates polyurethanes[6]. Isocyanate reacts with polyol to 

produce urethane groups as shown in figure:2a ; it additionally reacts with water to yield 

CO2and urea groups which is illustrated in fgure:2b [7].The diisocyanate and polyether 

polyol reaction results in an exothermic reaction that generates thepolyurethane foam.A small 

amount of water reacts with a part of the diisocyanate during the polymerization phase to 

produce an unstable intermediate carbamic acid, which then degrades into amine and carbon 

dioxide, which is responsible for the blowing in PU foam, enabling the solution to foam and 

expand in volume.Within minutes, the polymer transforms from a liquid structure into a 

compressible solid structure because of the high degree of crosslinking caused by the 

multifunctionality of the reactants. Theoretically, the consumption of isocyanate by water and 

polyol can be computed using equations 3 and 4. 

 
Fig. 2a: Reaction of isocyanate and polyol to form urethane linkages in flexible polyurethane foams. 

 

 

 
Fig. 2b:  Reaction of isocyanate and water to yield CO2 and urea. 

 

 

Consumption of TDI by H2O (in grams)=
 𝐴𝑚𝑜𝑢𝑛𝑡  𝑜𝑓  𝐻2 𝑂 𝑖𝑛  𝑔𝑟𝑎𝑚𝑠  × 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡  𝑤𝑡 .𝑜𝑓  𝑇𝐷𝐼

𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡  𝑤𝑡 .𝑜𝑓  𝐻2 𝑂
-[3] 

 

 

where, Equivalent wt. of TDI=
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟  𝑤𝑡 .  𝑜𝑓  𝑇𝐷𝐼

𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑡𝑦
 

Equivalent wt. of H2O=
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟  𝑤𝑡 .𝑜𝑓𝑤𝑎𝑡𝑒𝑟

𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑡𝑦
 

 



 

 

Consumption of TDI by Polyol (in grams)= 
100×𝑂𝐻 𝑣𝑎𝑙𝑢𝑒  𝑜𝑓 𝑝𝑜𝑙𝑦𝑜𝑙  ×𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡  𝑤𝑡 .  𝑜𝑓  𝑇𝐷𝐼

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟  𝑚𝑎𝑠𝑠  𝑜𝑓  𝐾𝑂𝐻 𝑖𝑛  1𝑘𝑔 𝑜𝑓  𝑝𝑜𝑙𝑦𝑜𝑙
–[4] 

where, OH value of Polyol= 56mg KOH/g 

 

The polymerization reaction between polyol and TDI was reduced because Foam I-1 had 

50% less TDI content than the ideal amount of TDI. As a result, the I-1 foam development 

was incomplete, and no strength in foam was detected due to lack of polymerization and 

urethane formation during foaming process. Foam I-2, which had a TDI content that was 25% 

lower than the ideal amount, demonstrated the isocyanate and polyol reaction in order to 

produce urethanes in FPU foam. Since, an adequate amount of TDI was not delivered, the 

resulting foam lacked appropriate stability and gelation, limiting the foam's rise height and 

leading to formation of a ruptured foam. Foam-N with the proper concentration of TDI 

demonstrated the optimal foam height and strength as a proper reaction was established 

during foam the production process.  

The excess isocyanate that is typically added to I-3 and I-4 foam formulations will further 

react with the urea and urethane groups, consolidating the structure through the production of 

crosslinks. A 25% increase in TDI concentration in I-3 foam resulted in an elevated foam 

height compared to foam:N, which reduced the foam's density. The exothermic reaction 

during foaming is enhanced by excess TDI in the I-3 foam formulation, which in turn speeds 

up the foam's reaction and shortens its full rise time. Small splits and detected 

dead/temporary hardness in the foam are prompted by the abrupt surge in foam. It is 

demonstrated that the increased covalent cross-linking that is caused by the presence of 

excess isocyanate groups is directly responsible for this increase in hardness which is because 

of complete consumption of isocyanate reactive sites. As a result, higher isocyanate 

concentrations enable harder PUFs by offering more hard segments [7]. This means that an 

increase in TDI content reduces the viscoelastic strength of polyurethane foam, which results 

in a decrease in the switch-off factor and permanent pressure. It was found that it resulted in 

an increase in shrinkage rate [13]. Foam I-4 produced surplus polyurea due to the presence of 

50% more TDI concentration than the recommended quantity. Excess polyurea is deposited 

on struts, preventing appropriate cell growth and resulting in the production of a shrinked 

foam. Figure:3a articulates the final products obtained with different TDI concentrations, and 

Figure:3b reflects the quality of the resultant foams. 

 
Fig. 3a: A pictorial representation precisely demonstrating the  influence of quantity of TDI on the final finished 

flexible polyurethane foams obtained at different concentrations of TDI. 



 

 

 
Fig. 3b: A visual illustration of the  impact of varying TDI concentrations on the quality of eventual flexible 

polyurethane foams. 

Note: (I-1) = Foam with approximately 50% lesser TDI conc. than optimum TDI conc., (I-2) =Foam with 

approx. 25% lesser TDI conc. than optimum TDI conc., (N) = Foam with optimum conc. of TDI, (I-3) =Foam 

with approx. 25% higher TDI conc. than optimum TDI conc., (I-4) =Foam with approx. 50% higher TDI conc. 

than optimum TDI conc. 

 

Distilled water is used as a blowing agent.Water is a source of active hydrogens. Only 

demineralized water should be used for foam production [9].  One practical method for 

creating a gas that can be used for blowing the polymer into a foam structure is the reaction 

of polyisocyanates with water. Isocyanate reacts with water to yield polyurea molecules and 

carbon dioxide gas. The gas leads to the expansion of foam by diffusing into the nucleated 

bubbles and pores are formed in the mixture. The final polymer's characteristics are 

influenced by the invasion of polyurea molecules [6,9].The initial viscosity is attained 

through the production of polyureas.The amount employed will help foster the gelling 

reaction in addition to delivering a more influential blowing reaction [6]. PU foams are 

manufactured by blowing agents which plays a crucial role in defining the morphology, cell 

structure, and physical characteristics of PU foams [4]. The blowing agent plays a significant 

role in determining porosity of the foam as it is directly related to the generation of bubbles. 

An ideal quantity of blowing agent ought to produce homogeneous, evenly distributed pores. 

Thus, it's critical to regulate the blowing agent's quantity. All W-series foams were created 

with varying distilled water concentrations to investigate its impact on PU foam.  

Foam W-1 had 50% less water concentration than the required dosage of water which 

resulted in inappropriate production of polyurea molecules and insufficient expansion of PU 

foam as lesser amount of was CO2 generated. As a result, Foam W-1 did not expand properly, 

which caused the foam matrix to compress and produce a shrunken foam. Although foam W-

2 with 25% less water showed rise and expansion, the foam shrank during the curing period 

because the cell membranes in the foam were unable to break down by the escape of CO2 gas, 

resulting in an erratically porous foam. This happened mainly because the water content was 

too low for a blowing reaction to occur in the foam and the amount of CO2 gas produced in 

the foam was insufficient to rupture the foam's cell membranes. Foam N with the optimum 

amount of water demonstrated proper production of polyurea molecules and adequate cell 

expansion, yielding an acceptable porous material. 



 

 

The foam's exothermic temperature rises with increasing water level in the formulation [10]. 

When the concentration of water increases, the overall exotherm that these formulations 

produce displays a more reactive system. The foam generates higher maximum temperatures 

and takes a shorter period to attain its final growth with a linear progression of the gelling 

reaction [6]. Higher water levels might raise the chance of scorching, which could lead to a 

fire. Consequently, this means that the blow index which is a measurement of the water and 

secondary blowing agent level is the primary factor influencing the foam density. As the 

amount of water increases, the foam's density and cell count inevitably drop [10].  

The increased dosage of blowing agents results in lessdense PU foams that have inferior 

mechanical attributes. The resulting polymer could display low compressive strength or 

become fragile when subjected to a load [4]. The W-3 foam attained a higher height than the 

ideal foam because its composition had 25% more water, which increased the amount of CO2 

gas released. Due to insufficient gelation to balance the blowing or gas evolution process, the 

excess gas generated resulted in split foam. A physical separation (a split) took place when 

the motive force of the expanding gas bubbles eventually exceeded the polymer matrix's 

tensile strength. Due to the formation of extra polyurea molecules during the foaming 

process, Foam W-4 with a 50% higher water concentration demonstrated inferior foam 

strength. Additionally, the height acquired was comparable to W-3 foam and the foam 

displayed several splits, which have been triggered by an excess of CO2 gas generation. 

Figure 4a illustrates the finished products obtained at varying concentrations of H2O, whereas 

Figure 4b illustrates the caliber of the resulting foams. In order to achieve the ideal 

characteristics like a regular cellular structure, a desirable density, and robust mechanical 

qualities, the right amount has to be chosen [4].  

Fig. 

4a: A pictorial representation precisely demonstrating the  influence of quantity of water on the final finished 

flexible polyurethane foams obtained at different concentrations of  water. 



 

 

Fig. 

4b: A visual illustration of the  impact of varying water concentrations on the quality of eventual flexible 

polyurethane foams.Note: (W-1) = Foam with approximately 50% lesser H2O conc. than optimum H2O conc., 

(W-2) =Foam with approx. 25% lesser  H2O conc. than optimum  H2O conc., (N) = Foam with optimum conc. 

of  H2O, (W-3) =Foam with approx. 25% higher  H2O conc. than optimum  H2O conc., (W-4) =Foam with 

approx. 50% higher  H2O conc. than optimum  H2O conc. 

 

Research has shown that the most effective catalysts are amines and organometallics. Various 

combinations of catalysts are utilized in order to establish a proper balance between the chain 

propagation (isocyanate with hydroxyl) reaction and the blowing reaction (isocyanate with 

water). The polymer and gas formation rates must be balanced in order to ensure the gas is 

efficiently entrapped in the gelling polymer and the cell walls achieve enough strength to 

sustain their structure without collapsing or shrinking.  The completion of the reaction, or 

"cure," in the final foam is yet another reason why catalysts are crucial [9].The concentration 

of stannous octoate (tin) was adjusted while producing the T-series foams to study its effect 

on PU foam. Foam T-1 was produced without tin, resulting in collapsed foam due to 

insufficient strength for sustaining the structure. Therefore, the foam rose to a point where 

urethane linkage could be seen, but then it abruptly collapsed because the foam's cell 

walls/struts lacked the strength needed to hold the foam's structure.  

After then, a slight increase in the concentration of stannous octoate will result in a fine open 

foam with some relaxation or "sigh back." Foam T-2 had tin to hold the structure together, 

but not enough to sustain an ideal quality of the foam. Foam T-2 exhibited internal splits as 

well as a setback in foam, since it had 50% less tin content than the optimal amount. If the 

struts have not reached an adequate mechanical strength at the moment of cell-window 

rupture, film rupture will propagate.The resultant defect is referred to as a split if the rupture 

stops within a few inches [9]. Foam splits occur when there is insufficient gelation to balance 

the blowing or gas evolution reaction and after some point when the motive force of the 

expanding gas bubbles exceeds the tensile strength of the polymer matrix and a physical 

separation (a split) occurs [9].  Each foam formulation requires experimental determination of 

the specific concentration levels and it is possible to control the degree of cell openness 

practically by modifying the catalyst package [9]. Foam gradually becomes more tightly 

packed at ideal tin catalyst concentration, which eventually stopped relaxation in Foam N. 

The appropriate concentration of tin in Foam N demonstrated an ideal foam quality, urethane 

linkages, and strut strength for sustaining the PU foam structure.  It is ideal to have a high 



 

 

population of cell windows that are ruptured naturally through the gelling and blowing 

reactions in the manufacturing of flexible polyurethane foams. A sufficient number of open 

windows will reduce the pneumatic character of the foam, resulting in it being a better choice 

for applications demanding comfort cushioning. Additionally, it has been reported that a 

foam with greater open-cell will function better under fatigue [9].   

The chemical events that take place up until the moment of polymer gelation culminate in the 

ultimate stability of the cells in a foam. At the gelation stage, all film movement and 

expansion of cells ceases except for the disruption caused by external physical forces which 

result in anisotropy [9]. Higher quantities of tin cause the foam to gel more quickly, resulting 

in mild to severe shrinkage and stronger, harder-to-break cell windows. A more compact cell 

structure of polyurethane foam is generated by increasing the amount of tin catalyst in 

polyurethane foam, which additionally enhanced the gelling reaction at the expense of the 

blowing reaction [5]. This refers to samples with high cross-linking polymers with excellent 

mechanical properties. Due to the existence of more closed cells, foam T-3 with a 50% extra 

tin concentration displayed characteristics of a dead foam with a minor setback.  Increasing 

the proportion of tin catalyst increases the compressive strength of polyurethane foam 

because tin catalyst promotes the gelling process between polyether polyol and 

polyisocyanate [5]. Although the compressive strength of the foam improved, its ability to 

bounce back deteriorated, thus reducing the foam's resilience. Foam has to be compressed 

with more pressure; nevertheless, it will not return to its initial state once the pressure is 

released. As the amount of tin catalyst increases, so does the maximum temperature attained 

by the foam. Additionally, a shorter full rise time is required for attaining the maxima. 

Stability times decrease with increasing tin because it stabilizes foam more quickly and 

causes a slight rise in temperature [6]. Foam T-3 height was higher than optimal foam N due 

to the maximum temperature attained by the foam contributed to an increase in foam height, 

and additional tin provided more stability to the foam to hold the elevated structure. 

When there is a significant number of foam cells with intact windows at the end of the foam 

manufacturing process, and these cells are filled with hot, pressurized carbon dioxide gas, the 

flexible foam shrinks [9]. When the foam cools, two things happen: the internal gas pressure 

decreases, and carbon dioxide diffuses out of the cells around fifteen times quicker than air 

does into the cells. The overall consequence is a partial vacuum in the cell, which, when 

applied to a population of closed cells, causes the foam to shrink and lose its physical 

dimensions [9]. Foam T-4 with twice as much tin as what was required, which caused the 

simultaneous gelling and blowing reactions to become unbalanced and leading the foam to 

shrink. The correct proliferation of cells in the PU matrix was hampered by the gelling 

reaction, which happened significantly earlier than the blowing reaction.Thus, these findings 

lend credence to the theory that stannous octoate functions primarily as a gelling catalyst. The 

blowing and gelling stages respective contributions to the total exotherm can be used to 

determine their relative relevance [6]. This necessitates careful consideration of the tin 

concentration and processing in the foam formulation in order to achieve a better end product 

with more open cells and adequate foam strength to restore to its former state after stress or 

load. The final products obtained at ranged concentrations of stannous octoate (tin) are 

displayed in Figure 5a, while the quality of the ensuing foams at different tin levels is 

demonstrated in Figure 5b.  



 

 

Fig. 5a: 

A pictorial representation precisely demonstrating the  influence of quantity of stannous octoate (tin) on the 

final finished flexible polyurethane foams obtained at different concentrations of tin. 

Fig. 5b: A visual illustration of the  impact of varying  stannous octoate (tin) concentrations on the quality of 

eventual flexible polyurethane foams 

.Note: (T-1) = Foam without tin, (T-2) =Foam with 50% lesser tin conc. than optimum tin  conc., (N) = Foam 

with optimum conc. of tin , (T-3) =Foam with 50% higher tin conc. than optimum tin conc., (T-4) =Foam with 

100% higher  tin conc. than optimum  tin conc. 

 

Metal complexes and amine-based catalysts are the two main categories of catalysts utilized 

in the PU synthesis process [4,7]. Catalysts are employed to enhance the interaction between 

isocyanates and polyols and isocyanates and water [7].Proper expansion is achieved by 

establishing a balance between the processes of polymerization (gelling) and gas generation 

(blowing) [5,7]. The blowing gas which is carbon dioxide, permeate into these tiny air 

bubbles and cause them to expand in size. The bubbles enlarge and the foam starts to rise as 

more blowing is produced. More blown gas emergence results in the enhancement in the 

diameter of the initiated bubble, whereas the number of initiated bubbles often remains 

constant [10]. Tertiary amines make up the majority of amine-based catalysts for flexible 

polyurethane foam, and their molecular structure and basicity are linked to their activity 

[4,9].Reduced steric hindrance on the N atom and higher basicity in the catalyst can lead to 

enhanced catalytic activity. By donating the pair of electrons from the tertiary amine to the 

partly positive C in the isocyanate group, these catalysts form a complex bond with the 

isocyanate [4].  



 

 

In order to investigate the effect of amine on polyurethane foam, the optimal quantity of 

amine was reduced and increased by 50% and 100% during the manufacturing process of A-

series foams. Delay in the cream time in Foams A-1 and A-2 was noted, which will further 

prolong the full rise time or the total period of time taken for the production of PU 

foam.Catalysts are the agents that accelerate the rate of reaction.A key factor in industrial 

applications is the enhancement in reaction rate, as higher reaction rates translate into higher 

production rates [4]. Additionally, the absence of amine in foam A-1 resulted in reduced cell 

expansion and more closed cells, which increased the foam's density and decreased its overall 

height.Since a greater size of micropores tends to lower the density of the foam and can 

increase the overall flexibility of the material thus, controlling the morphology via blowing 

agents plays a crucial role in foam processing [4]. Despite having nearly, the same height as 

foam N, foam A-2 with a 50% lower amine concentration had fewer open cells as a result of 

improper blowing. The perfect PU foam formation with adequate cell expansion was 

achieved by the right quantity of amine in Foam N, delivering an ideal porous matter. 

Foam A-3 had a shorter cream time than foams A-1, A-2, and N, whereas foam A-4 had the 

lowest cream time among all the foams in the A series. In consequence of the extreme 

blowing, internal and side cracks are observed in both foams. However, compared to foam A-

4, foam A-3 showed fewer splits. Among the whole A series of foams, foam A-4 had the 

finest and smallest cells and was the most open foam.A greater amount of blowing causes 

collapsed foams, while a greater degree of gelation causes a closed-cell structure and 

shrinkage [5]. Further enhancement of amine concentration will lead to larger splits or even 

collapsed foam due to unbalanced gelling and blowing reactions, but increasing amine level 

to this extent resulted in just formation of finer cells. Figure 6a shows the end products 

obtained at various dosages of amines, and Figure 6b depicts the resultant foam's quality at 

different concentrations of amines.The A series foam results emphasize the role that amine 

plays in cell expansion and in the development of open foam.Accordingly, adjusting the type 

and quantity of catalysts has a significant impact on the expansion of the PU foam [7]. 

Fig. 6a: A pictorial representation precisely demonstrating the  influence of quantity of amine on the final 

finished flexible polyurethane foams obtained at different concentrations of amine. 



 

 

 
Fig. 6b: A visual illustration of the  impact of varying  amine concentrations on the quality of eventual flexible 

polyurethane foams. 

Note: (A-1) = Foam without amine, (A-2) = Foam with 50% lesser amine conc. than optimum amine  conc., (N) 

= Foam with optimum conc. of amine , (A-3) = Foam with 50% higher amine conc. than optimum amine conc., 

(A-4) =Foam with 100% higher amine  conc. than optimum amine conc. 

 

 

Silicone surfactants counteracts the defoaming effect of any solids added to or formed during 

the foam reaction, such as precipitated polyurea structures, lower surface tension, emulsify 

incompatible formulation ingredients, encourage the nucleation of bubbles during mixing, 

stabilize the rising foam by reducing stress concentrations in thinning cell-wall, and so on [9]. 

The silicone surfactant functions as an emulsifier and lowers the polyol's surface tension, 

which advances the mixing operation substantially. The silicone surfactant therefore helps to 

stabilize the foam thereby preventing it from collapsing [4,10].Lowering the surface tension 

of a system by introducing a surfactant, reduces the work required to disperse a gas in the 

system and also promotes the development of smaller bubbles [9].They also control the rate 

of window film thinning (by drainage into the struts) and prevent rupture by localised 

thinning until the cell-opening event occurs [7]. The surfactant prevents the coalescence of 

rapidly expanding cells until they have gained enough strength through polymerization to be 

self-sustaining. The absence of this action would result in complete foam collapse from 

ongoing cell coalescence [9]. The optimal quantity of silicone was decreased and raised by 

50% and 100% during the production of S-series foams in order to examine the effect it had 

on polyurethane foam. Figure-7a displays the final products obtained at different silicone 

dosages, whereas Figure-7b illustrates the overall quality of the resultant foam at varied 

silicone concentrations. 

To generate commercially viable foam, each foam composition requires a minimum quantity 

of surfactant.A foaming system without a surfactant will typically undergo catastrophic 

coalescence and display the boiling event [9]. Bubbles resembling the boiling effect could be 

observed in Foam S-1 which had no surfactant at all. Foam S-2 system demonstrated greater 

stability and control over cell size than S-1 foam, which was not even developed, but had 

inferior quality than foam N since the surfactant concentration was 50% lower than the 

optimal concentration of silicone. Stable although imperfect foams are frequently generated 

by adding a little amount of surfactant. More stable open-cell foams can be developed at 



 

 

optimal concentrations [9]. An excellent and reasonably priced market product was achieved 

by incorporating an appropriate quantity of silicone in Foam N, thereby allowing the 

formation of PU foam with acceptable cell expansion and strength. Higher dosages of 

surfactant in foam S-3 and S-4 caused the cell windows to become overstabilized, resulting in 

tighter foams with diminished physical characteristics. Foam S-4 demonstrated overstablility 

much more than any other S-series foams. Although they are used in much smaller amounts 

than TDI and polyol, surfactants are an important raw ingredient in the manufacturing of 

flexible polyurethane foam and have a substantial financial impact [12]. This also highlights 

the fact that the cost of production will also increase for foam S-3 & S-4. Thus, surfactants 

play a significant role in regulated cell opening through their impacts on bubble nucleation 

and stability. 

Fig. 7a: A pictorial representation precisely demonstrating the  influence of quantity of silicone on the final 

finished flexible polyurethane foams obtained at different concentrations of silicone. 

Fig. 

7b: A visual illustration of the  impact of varying  amine concentrations on the quality of eventual flexible 

polyurethane foams. 

Note: (S-1) = Foam without silicone, (S-2) =Foam with 50% lesser silicone conc. than optimum silicone conc., 

(N) = Foam with optimum conc. of silicone, (S-3) =Foam with 50% higher silicone conc. than optimum silicone 

conc., (S-4) =Foam with 100% higher silicone conc. than optimum silicone conc. 



 

 

 

CONCLUSION 

This detailed observational analysis was conducted in order to evaluate the impacts of TDI, 

water, surfactant, stannous octoate, and amine on unfilled 32-density foam to study examine 

their effects on forming process, texture and quality of the resultant flexible polyurethane 

foam (FPU). A moderate amount of TDI produced a slitted foam, however increasing TDI 

concentration prompted hard segments in the foam matrix and exhibited a shrunk resulting 

foam. Considering that TDI reacts with water to produce urea molecules and polyol and TDI 

interact to form urethane linkages, rigid segments in foam are the outcome of these reactions. 

Excess TDI resulted in the development of excess urea and urethane linkages, which dropped 

the foam bounce effect (resilience) in foam, whereas moderate levels of TDI resulted in no 

foam strength due to the shortage of hard segments and split in foam was noted. Extreme 

water quantities promotes a strong blowing reaction during the foaming process, which 

reduces the density of the foam and causing it to split. Modest water concentrations cause the 

foam to shrink owing to the fact that a smaller amount of carbon dioxide gas is generated, 

which hinders the proper expansion from proceeding. A legitimate PU matrix failed to 

develop and a shrinked foam was obtained asa consequence of inappropriate cell expansion.  

The manufacturing of foam with outstanding characteristics at a reasonable cost demands a 

balanced blowing and gelling reaction. Tin-free foam lacked the strength required to attain 

the structure, thus resulting in a collapsed debris whereas tin concentrations too high resulted 

in dead/ closed-cell and shrunken foams. Tin, as a gelling ingredient, is required in foam 

formulation to provide strength to the foam while preserving its structure. Foam without 

surfactant showed no cell growth and development, while foam with high surfactant 

demonstrated exceptionally stable and finer cells. This proves that surfactant is crucial for the 

proper stability of cells in foam. In order to achieve a final product that is acceptable and 

permeable, amine is required. In contrast to foam with an adequate quantity of amine, foam 

without amine displayed a higher number of closed cells, whereas foam with double the 

quantity of amine exhibited more open cells.Comparative analysis indicated that amine 

regulates the finished material's porosity, silicone is essential for offering stability to cells and 

cell struts, stannous octoate delivers sturdiness required to maintain its structural integrity of 

the foam, TDI substantially impacts the foam's the degree of hardness and water serves as a 

blowing agent, which is necessary for initiating the foam's transition from liquid components 

to a compressible solid. Every component significantly affects the final material's chemistry, 

foaming process, and physical properties. Therefore, it is of the utmost importance to 

incorporate an optimum quantity of chemicals during the foaming process with the intention 

to yield an end-product foam with the superior physical attributes at an affordable price.  

This study delivers solutions for foaming challenges encountered by novices, researchers, and 

industry professionals functioning in the PU foam sector by merely observing and monitoring 

the physical texture of the resulting PU foam, the reason for the problem can be easily 

detected, assessed and rectified. Achieving the finest quality foam is the primary objective of 

this study of foam principles, that is designed to demonstrate, regulate and improvise the 



 

 

boundaries of foam characteristics. This work presents an informative and in-depth 

perspective of the relationships between the FPU's structure, physical attributes, formulation 

components as well, and chemical mechanisms. 
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