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Abstract 

The effect of filler shape and volume content on the properties of low-density rigid 

polyurethane foams was investigated. Mechanical properties of foams filled with milled 

carbon fibers of average length 100 and 60 m and glass microspheres with average 

diameter 65 m were compared. An increase of characteristics in compression in the foam 

rise direction with increasing of filler content was noticed. Critical content of fillers above 

which the appropriate mechanical properties of filled foams began to decrease, was found. 

The order of distribution of different type of filler in the elements of polyurethane foam 

cellular structure was studied. 

 

 

1 Introduction 

Various types of fillers are commonly used to improve properties of foamed polymers. 

Among them nanoparticles, attract particular interest [1, 2]. Despite traditional fibrous and 

disperse fillers [3] nowadays seems fell by the wayside, they still remain in use and are 

attractive for researchers. New modifications of already known fillers, as well as materials, 

never used before as filler, come into use. In particular, now rigid polyurethane foams often 

fill with natural fibrous materials with different grinding degree [4, 5]. 

Despite of wide variety of new types of fillers, general questions of theory and practice of 

filled foams remain the same: when use of filler of certain dimension and shape gives 

expected effect and when not. 

The reinforcing mechanism of the filled polymeric foams depends, first, on the filler 

dimensions. Most commonly, dimensions of the filler (e.g. chopped fibers) significantly 

exceed cell dimensions. In such cases the fibers, coated with polymer in effect set up 

additional composite strands, running through the cellular structure of foam. At that adjacent 

cells grow in direct contact with such strands. Thus, the dimensions of cells adjacent to the 

fibers can vary locally depending on amount of heat absorbed by the filler. 

Structural models, proposed for such type of filled polymeric foams and numerous 

experimental works [6–8], evidenced that successful result can be achieved with fiber length 

exceeding certain critical value. The critical length of the fibers in its turn is function of the 

foam density. Besides, successful results can be achieved only if the fiber content does not 

exceed maximal allowable amount, which is a function of fiber length [3]. 

The other way of polymeric foams reinforcement consists in use of very short (milled) fibers 

or dispersed particles, which directly strengthen elements of cellular structure, being entirely 
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distributed in cells’ struts, nodes or walls. However, few experimental works consider such 

kind of fillers. 

Particularly, it was shown in work [9], that loading milled glass fibers of various lengths in 

rigid polyurethane foam cause significant increase of their strength and modulus of elasticity. 

At that, the shorter are fibers the bigger is strengthening effect. Yet, if the polymeric foam 

density is less than 80-100 kg/m
3
 the effect of such filler loading can be also negative. 

Use of such particular dispersed filler as hollow microspheres, is also effective in polymeric 

foams of medium and high density. Strengthening effect of microspheres increases with 

polymer foams density [10–12]. However, as with other type of fillers, use of microspheres in 

low-density rigid polyurethane foams by no means always give successful results. 

It is known, that cellular structure of low-density rigid polyurethane foams composed of struts 

(ribs), nodes and walls of cells shaped as polyhedrons. Dimensions of listed structural 

elements are quite small. Filler can cause various structural defects of foamed polymer 

cellular structure and corresponding decrease of mechanical properties, if dimensions of filler 

particles are bigger then dimensions of cells’ struts and nodes. 

The other important influence is quality of filler dispersion in the foamed polymer. Critical 

content of filler, above which used technology cannot completely disperse all filler in polymer 

matrix as separated particles, is typical for all types of filled materials. Upon that, remaining 

or newly formed particle aggregates cause, as a rule, decrease of mechanical properties of 

polymeric foams. 

The influence of shape and content of filler (milled fibers and glass microspheres), which 

dimensions comparable with that of cellular structure elements, on mechanical properties of 

low-density rigid polyurethane foam was examined in the present work. The influence of 

mentioned factors on cellular structure and filler distribution in structural elements of rigid 

polyurethane foams was also evaluated for various foam densities. 

 

 

2 Materials and testing methods 

Milled carbon fibers Tenax®-A HT M100 with average length 100 (50–150) and 60 (40–70) 

m and hollow glass microspheres of 3M Scotchlite with average diameter 65 (15–125) m 

was used as fillers. Microspheres true density was 125 kg/m
3
 (type K1). Carbon fibers 

diameter was 7 m and density 1780 kg/m
3
. 

Rigid polyurethane [13], obtained from mixture of polyether and polyester of Elastogran 

Group with total OH value 597 mg KOH/g and polyisocyanate Voratec SD 100 with NCO 

content 31.5% and functionality 2.7 of Dow Chemical was used as base matrix material to 

prepare filled polymeric foams. 

Filled polyurethane foams samples were prepared by hand mixing method. Initially the 

selected filler was loaded into a polyols mixture containing also catalysts and a surfactant. 

Then after careful stirring, the filler suspension in polyol was deaerated to remove all air 

bubbles. Further the suspension with partly settled fibers (floated microspheres) was 

repeatedly stirred and then foamed, adding calculated amount of a foaming agent [Solkane 

365/227 (87:13)] and polyisocyanate. Quantity of foaming agent varied to get filled and neat 

polyurethane foams with various densities. The polyurethane composition was stirred in IKA 

RW20.n laboratory mixer at stirrer rotational speed 2000 rpm. Finally mixed polyurethane 

composition was poured into open 250×250 mm forms. 

Loading of filler substantially increase viscosity of polyol mixture. Thus, the maximal 

viscosity of polyol, at which qualitative mixing of polyurethane composition still was 

possible, determined maximal amount of filler to be loaded. Maximal volume content for 

milled fibers was 8.4% of total amount of polyurethane components, without foaming agent. 
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Maximal volume content for glass microspheres was 34%. Hereinafter content of filler if not 

otherwise specified always valued in volume percents. 

The quantity of used catalyst was minimized for maximal prolongation of stirring time (up to 

10–12 s) and delay of cream time. Time of stirring is very important factor determining 

quality of filler dispersing in the composition. Delay of cream time specifies time, when air 

bubbles, captured during mixing could float on the mixture surface, thus not converting into 

structural defects of foamed polymer. 

It is known, that with increase of filler content the quantity of urethane reaction heat, absorbed 

by the filler also rises [3], thus causing the increase of polyurethane foam density. To 

compensate such influence some additional quantity of foaming agent was loaded in 

compositions with high filler content. Besides that, correction of weighted portion of 

components allowed obtaining blocks of polyurethane foam of different densities with equal 

height, thus reducing eventual influence of cell oblongness in blocks of various thicknesses. 

Providing all mentioned actions ended in preparing of polyurethane foam blocks with slightly 

varying thicknesses (50 to 60 mm), at that the foam densities in each set of samples slightly 

deviated of desired values (54, 65, 80 and 90 kg/m
3
). 

Polyurethane foam testing on tension and compression was performed according to the basic 

requirements of ISO standards 1926:2009 and 844:2007. Testing samples were made 

following known procedure [13]. Strain rate in all tests was equal 10% min
-1

. Compression 

tests were carried out in parallel (z) and perpendicular (x) to the foam rise direction, but 

tensile tests – only in perpendicular direction. All mechanical tests were performed on 

universal testing machine Zwick/Roell (500 N). Each experimental point is based on 6 tested 

samples. Sampling for the same type of testing was made from similar zones of the foam 

blocks core. 

Closed cells volume content (ASTM D6226–10) was measured using gas pycnometer 

AccuPyc 1340 (Micrometrics Instrument Corporation). Cellular structure and filler 

distribution in the cellular structure elements were examined with optical microscope Leica 

5500B and scanning electronic microscope Vega Tescan 5136MM. 

 

 

3 Materials and testing methods 

3.1 Properties of filled polyurethane foams 

The technology used for filled polyurethane foams preparation allowed obtaining foam blocks 

with homogeneous structure and uniform distribution of filler in the foam volume. In 

particular, coefficient of variation for most of determined properties was in the limits of 5–

10%. 

Certain defects were found in cross-sections of the polyurethane foam blocks with high filler 

content. It was small air bubbles, caught during polyurethane component stirring and not 

floated on the surface of very viscose polyurethane composition before foam rising process 

starts. 

Densities of polyurethane foams in various lots of blocks slightly differed despite of provided 

technological corrections. For this reason, approximating relations between polyurethane 

foam properties and density were obtained for each filler contents. Similar relations were also 

obtained for neat polyurethane foam [13]. 

Properties of filled foams were compared with properties of neat foams of the same density. 

In cases, where the real foam density slightly differed of desired value, characteristics to be 

compared were corrected using respective approximating curves. It should be noted, that 

characteristics of studied polyurethane foams at compression in examined range of densities 

quite precisely approximated with linear functions. Tensile properties of polyurethane foams 
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approximated with sufficient precision by second order polynomial. In most cases, the 

coefficient of determination R
2
 was within the limits of 0.95–0.98. 

The results of comparison presented in relative units as the ratio between characteristics of 

filled and neat foams. Analysis of the obtained experimental results revealed the following 

tendencies. 

As would be expected, 100 m long milled fibers proved to be the most effective filler for 

rigid polyurethane foam properties at compression in the foam rise direction. Loading of 3% 

of 100 m long fibers (CF 100) in 90 kg/m
3
 foam caused increase of modulus of elasticity at 

compression (Ez) by 30% (Fig. 1). At that, Ez of foam filled with 60 m long fibers (CF 60) 

increased only by 20%. While filling of the polyurethane foam with 9% of glass microspheres 

(GM K1) caused increase of Ez merely by 12%. 
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      Figure 1. Modulus Ez and Ex (on the right) at compression of 90 kg/m

3 
foam vs. filler content.  

 

Maximal increase of compressive strength by 20% in the foam rise direction (z) was also 

found in the foams, filled with 100 m long fibers (Fig. 2). In case of two other fillers, 

increase of z was much the same: by 12% with 60 m long fibers and by 10% with 65m 

microspheres. Contrary to Ez, strength of filled foams decreased at milled fiber content 

exceeding 3% for both fiber length, and at microspheres content exceeding 9%. 
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      Figure 2. Compressive strength z and x (on the right) of 90 kg/m

3
 foam vs. filler content. 

 

Somewhat different behavior was observed for polyurethane foam characteristics at 

compression in perpendicular direction. Modulus of elasticity (Ex) and strength at 

compression (x) increased in a greater degree in foams, filled with short fibers (60 m). 

However, increase of Ex by 12% and x by 7% was notably fewer then corresponding increase 

of the same characteristics in parallel direction (Fig. 1, 2). Changes in Ex of foams filled as 
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with 100 m long fibers as well as with microspheres was less then of foams filled with 60 

m long fibers. Strength x decreased at loading more, than 5% of milled carbon fibers, or 

more than 16% of glass microspheres. Strength x of filled foams became less than the 

strength of neat polyurethane foam in the case of 100 m long fibers and glass microspheres. 

 

0.9

1.0

1.1

1.2

1.3

1.4

0 10 20 30
vol [%]

E
z 

[r
el

.u
n
it

s]

CF 100

CF 60

GM K1

 

0.9

1.0

1.1

1.2

1.3

1.4

0 10 20 30
vol [%]

E
x 

[r
el

.u
n
it

s]

CF 100

CF 60

GM K1

 
      Figure 3. Modulus Ez and Ex (on the right) at compression of 53 kg/m

3
 foam vs. filler content 
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      Figure 4. Compressive strength z and x (on the right) of 53 kg/m

3
 foam vs. filler content. 

 

As far as the foam density decrease, use of filler for enhancing of compressive properties in 

foam rise direction gradually became less effective. Thus, Ez of rigid 53 kg/m
3
 polyurethane 

foam (Fig. 3) after loading of used fillers increase respectively by 18, 10 and 7%. At that, z 

of these foams after filling with fibers and microspheres decreased and became inferior of the 

neat polyurethane foam characteristic (Fig. 4). It was found that the limiting density, when 

filled polyurethane foam has the same compressive strength in foam rise direction as neat 

foam is on the level of 70–80 kg/m
3
. 

In case of filling with microspheres, decrease of the foam density had insignificant influence 

on compressive properties in perpendicular direction. Completely different situation was 

found in case of filling with fibers. At loading of 3% of milled carbon 65 m and 100 m 

fibers in rigid polyurethane foam 53 kg/m
3
 Ex and x increased by 27% and 20% 

correspondingly. Both, strength and modulus of elasticity decreased at fiber contents 

exceeding 3% (Fig. 3, 4). 

The influence of mentioned fillers on foam characteristics at tension in perpendicular 

direction was completely different. Modulus of elasticity at tension (Etx) of 90 kg/m
3
 filled 

polyurethane foam increased by 15–20%. In case of 53 kg/m
3
 foams, slight rise of Etx was 

revealed only for fiber type fillers. Spherical filler had no practical influence on Etx of 53 

kg/m
3
 foam (Fig. 5). 
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      Figure 5. Modulus of elasticity at tension of 90 and 53 kg/m

3
 foams vs. filler content 
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      Figure 6. Tensile strength (tx) and elongation (etx) (on the right) of 90 kg/m

3
 foam vs. filler content. 

 

Tensile strength of polyurethane foam in perpendicular direction (tx) increased only by 5–

7%, but only up to certain limit of filler content (Fig. 6). Higher content of filler – one 

exceeding 3% for fibrous and 16% for spherical fillers caused decrease of tx below the 

strength of analogous neat foams. Tensile strength of the 53 kg/m
3
 foam decreased on using 

of all types of mentioned fillers. 

The most significant fact was that elongation at break (etx) of filled polyurethane foams in all 

cases was lower than elongation of neat foam (Fig. 6). At that, bigger filler content and lower 

density caused stronger decrease of elongation. Elongation etx decrease occurred in a greater 

degree in foams, filled with milled carbon fibers. 

 

 

3.2 Cellular structure of filled polyurethane foams 

Provided studies has shown that the volume content of open cells in polyurethane foams 

increased with growing of filler content, however filed foams retain in general closed cell 

structure. Thus, neat polyurethane foam had open cell volume content about 3–4%. At loading 

of short 60 m fibers, the content of open cells increased up to 5-7%. However, using longer 

fibers of 100 m the content of open cells reached 7-10%. Microspheres content higher than 

15% caused increase of open cells content up to 6–8%. The number of defects like air bubbles 

and open cells at the same filler content increased with decrease of the foam density. 

The average cell dimensions in longitudinal and in transverse directions of the foam with 

given density demonstrated modest change at loading of relatively small amount of filler (≤5 

% for milled fibers and ≤9 % for microspheres), also due to the recipe adjustments allowed to 

keep almost the same density of the foams. Further increase of the filler content caused 
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decrease of average size of the cells. With that also increased dimensional inhomogeneity of 

the cells. Besides, the cellular structure of the foams comprised, besides small air bubbles 

mentioned before, also big merged cells. 

However, far more important was the filler distribution in the elements of cellular structure. 

At low filler content (≤3% for the fibers and ≤9% for the microspheres), it was possible to 

disperse the filler particles quite evenly in polymer matrix. Completely separated filler 

particles (fibers or microspheres) were distributed in the cell structural elements such as struts 

and nodes. At that, the particle location depends on the particle shape and dimensions. 

Individual microspheres as a rule were located in the cells’ nodes. Only the smallest 

microspheres of 10-20 m diameters could be found in the struts, because their dimensions 

were comparable with the struts thickness of the foams of the given density. Some of the 

biggest microspheres with diameter 85 m and more formed the node by themselves where 

several cells contacted together. 

As concerned milled fibers, it was impossible to observe them on the SEM pictures because 

practically they were completely immersed in the cells’ struts and nodes. It was possible to 

detect the main features of milled fibers distribution in the polymer cellular matrix by means 

of transmitted light optical microscopy. More long separated fibers at moderate filler content 

up to ≤ 3% mostly located in the struts, oriented in foam rise direction. Few long fibers were 

also found outside the struts. Shorter fibers were found in the struts oriented in other 

directions. Several short fibers were found as well in the cells’ nodes. Their orientation in the 

nodes was arbitrary. 

Such different modes of long and short fiber distribution in parallel and other directions can 

explain experimental observation that long fibers (100 m) enhance the strength of polymer 

cellular structure in a greater degree in parallel (foam rise) direction. Short fibers (60 m) had 

better strengthening effect on cellular matrix in perpendicular direction. 

At low filler content separated fibers located only in some struts and nodes. Many struts and 

nodes of cellular matrix did not have filler particles at all, as it was also noted in the work 

[11]. However, increase of filler content was accompanied not only by increase of relative 

number of reinforced struts and nodes. It was not possible to separate all fibers at milled fibers 

content more then 3% and some part of them remain embedded in cellular matrix as fiber 

bundles. For this reason significant increase of fiber content did not cause any further increase 

of compressive properties but, quite the opposite, caused decrease of compressive strength. 

Similar pattern with filler particles aggregates was also observed in the foams filled with 

microspheres, when the filler content exceeds 9%. Pattern of microspheres distribution and 

character of structural defects remained quite the same in the foams with lower density. 

At that, more light foams of 52-55 kg/m
3
, filled with milled carbon fibers, revealed one 

essential particularity: a number of long fibers were arranged not in the foam rise, but in 

transversal direction, among others also out of struts. At higher volume content, the fiber 

bundles disposed mainly in the cells’ nodes. Much of the fibers in the bundles were also 

oriented preferably in the same transversal direction. These facts explain why compressive 

strength of the low-density foams filled with fibers increased in perpendicular direction in a 

greater degree than in the foam rise direction. 

The mentioned effects of low-density polyurethane foams filling largely agree with the results 

described before in other works, for example [10–12]. Nonetheless, it is possible to make 

important amendment to previously known facts. Generally, in the cited works mechanical 

properties of filled foams were investigated mainly in the foam rise direction. At that there 

was short of results regarding filled foam properties in perpendicular direction. 
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4 Conclusions 

Loading of fillers cause increase of compressive properties of rigid polyurethane foams. 

Properties of foams with density 80–90 kg/m
3
 increased more significantly in the foam rise 

direction than in perpendicular direction. Alternatively, 53 kg/m
3
 foams filled with milled 

carbon fibers demonstrated bigger increase of compressive properties in perpendicular 

direction, comparing with properties in the foam rise direction. 

The most significant growth of modulus of elasticity and compressive strength in the foam 

rise direction (30 % and 20% respectively) was found at loading of 100 m long milled fibers 

in polyurethane foam with a density 90 kg/m
3
. 

Increase of the mentioned fillers content caused significant decrease of polyurethane foam 

tensile elongation. The less was polyurethane foam density the more decreased tensile 

elongation. Maximal reduction of tensile elongation was observed for polyurethane foams, 

filled with 100 m long milled carbon fibers. 

The critical volume content of the filler, over which the foam properties got worse, was 3% 

for milled fibers and 9% for microspheres. 

 

 

References 

[1] Ibeh C.C., Bubacz M.: Current Trends in Nanocomposite Foams. Journal of Cellular 

Plastics, 44, pp. 493–515 (2008). 

[2] Dolomanova V., Rauhe J.C.M, Jensen L.R., Pyrz R., Timmons A.B. Mechanical 

properties and morphology of nano-reinforced rigid PU foam Journal of Cellular 

Plastics, 47, pp. 81–93 (2011). 

[3] Tarakanov O.G., Shamov I.V., Alperin V.D. Filled plastic foams. Khimiya, Moscow 

(1988) (in Russian). 

[4] Mosiewicki M.A., Dell’Arciprete G.A., Aranguren M.I., Marcovich N.E. Polyurethane 

foams obtained from castor oil-based polyol and filled with wood flour. J. Compos. 

Mater., 43, pp. 3057–3072 (2009). 

[5] Kuranska M., Prociak A. Porous polyurethane composites with natural fibres. Composites 

Science and Technology, 72, pp. 299–304 (2012). 

[6] Methven J.M., Dawson J.R. Reinforced foams in “Mechanics of cellular plastics”, edited 

by Hilyard N.C. Scientific and Technical Books, New York, pp. 323–358 (1982). 

[7] Siegmann A., Kenig S., Alperstein D., Narkis M. Mechanical behavior of reinforced 

polyurethane foams. Polymer Composites, 4, Issue 2, pp. 113–119 (2004). 

[8] Cotgreave T.C., Shortall J.B. The fracture toughness of reinforced polyurethane foam. J. 

Mater. Sci., 13, pp. 722-730 (1978) 

[9] Schamow I.W., Tscherepanov W.P., Tarakanow O.G., Petrow J.A. Anwendung 

zerkleinerter Glasfasen als modifizierender Zusatz für Polyurethanhartsghaumstoffe. 

Plaste und Kautschuk, 26, S. 23-25 (1979). 

[10] .Barber E., Nelson J., Beck W. Improving Properties in Rigid Urethane Foams Using 

Glass Bubbles. Journal of Cellular Plastics, 13, pp. 383 – 387 (1977). 

[11] Hagarman J.A., Cunnion J.P., Sands B.W. Formulation and Physical Properties of 

Polyurethane Foam Incorporating Hollow Microspheres. Journal of Cellular Plastics, 21, 

pp. 406 – 408 (1985). 

[12] Xiang-Cheng Bian, Jian-Hua Tang, Zhong-Ming Li Flame retardancy of hollow glass 

microsphere/rigid polyurethane foams in the presence of expandable graphite. Journal of 

Applied Polymer Science, 109, pp. 1935–1943 (2008). 

[13] Yakushin V., Stirna U., Belkova L., Deme L., Sevastyanova I.
 
Properties of rigid 

polyurethane foams filled with milled carbon fibers. Mechanics of Composite Materials, 

46, pp. 679-688 (2011). 

http://www3.interscience.wiley.com/journal/107639242/home
http://www3.interscience.wiley.com/journal/109606050/issue
http://www.springerlink.com/content/txk777068151561g/?p=4a68d8d7e94b40318bc67b66b4db196e&pi=60

