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Abstract 

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

polyurethane foams at cryogenic temperature was investigated. Mechanical properties of 

foams filled with milled carbon fibers with an average length of 100 and 60 m and glass 

microspheres with an average diameter of 65 m at 77 K were compared. A considerable 

increase of modulus of elasticity in compression in the foam rise direction with increasing 

filler content was observed. Compressive strength of foams in both directions at cryogenic 

temperature upon the loading of milled carbon fibers of both types decreased. Compressive 

strength of foams with a density of 90 kg/m
3 

somewhat increased only upon the loading of 

glass microspheres. 

 

 

1. Introduction 

 

To improve the mechanical properties of foams, various types of fillers are used, differing, 

first of all, by the geometrical sizes and shape [1]. The smallest of them are nanoparticles, the 

sizes of which are much less than the sizes of the foams’ cellular structure elements [2,3]. On 

the other pole are chopped fibers, the length of which, estimated in mm, is much greater than 

not only the sizes of the cellular structure elements, but also the foam cells themselves [4,5]. 

Naturally, the mechanism of reinforcement of those foams is its own in each case [6]. The 

intermediate location between those two groups of fillers is filled by milled fibers and 

disperse particles of different shape [7,8]. Their sizes, estimated in m, are comparable with 

the sizes of the foams’ cellular structure elements. 

 

The effect of the reinforcement of foams upon the loading with such fillers depends, first of 

all, on the quality of dispersing the particles of the filler in the foam’s volume, as well as on 

the density of the foam itself. The quality of dispersing the filler depends, to a great extent, on 

the filler’s concentration in the polymeric matrix. The optimal content of the filler for each 

type of the filler, depending on its shape, may be different. 

 

In the previous works, on the example of two types of milled carbon fibers of different length 

and on the example of glass hollow microspheres, the effect of the filler shape and volume 

content on the properties of low-density rigid polyurethane foams at room temperature has 

been investigated [9-11]. In the present study, the effect of the mentioned factors on the 

mechanical properties of filled foams at cryogenic temperature (77 K) is evaluated. 
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2. Materials and testing methods 

 

Milled carbon fibers Tenax®-A HT M100 of two types with an average length of 100 (50-

150) and 60 (40-70) m and a diameter of 7 m, as well as hollow glass microspheres of 3M 

Scotchlite type K1 with an average diameter of 65 (15-125) m were used as fillers. All the 

fillers were preliminarily loaded in a polyol mixture, representing a composition of polyethers 

and polyesters of the Elastogran Group with the total OH value 597 mg KOH/g, as well as 

catalysts and a surfactant. 

 

After the careful stirring and deaeration, the necessary amount of the blowing agent Solkane 

365/227 (87:13) was added to the composition, and mixed again. Then the corresponding 

amount of the polyisocyanate Voratec SD 100 of Dow Chemical was added and mixed with 

the help of a laboratory mixer at a stirrer rotational speed of 2000 rpm during 10-12 s. The 

mixed polyurethane composition was poured into open 250×250 mm molds. 

 

The amount of the blowing agent was varied to obtain series of polyurethane foam blocks of 

filled and neat foams of different density (from 55 to 90 kg/m
3
). The amount of the loaded 

filler was also varied. In the present study, the maximal content of the filler, which enabled 

the quality mixing of the filled compositions and obtaining of foam blocks with a minimal 

quantity of defects, for milled carbon fibers was 12 wt.%, and for glass microspheres – 5 wt.% 

of the total amount of polyurethane foam, except for the amount of the blowing agent. Taking 

into account the density of carbon fibers 1780 kg/m
3
 and true density of glass microspheres 

125 kg/m
3
, the maximal volume content of the filler in the foam for milled carbon fibers and 

glass microspheres was equal to 8.4 and 34 %, respectively. 

 

Owing to the used process methods and certain corrections, described in detail in [10], series 

of blocks of polyurethane foams with minimum variations in their thickness (50-60 mm) were 

obtained, while the density of polyurethane foams in each series only insignificantly differed 

from the assigned values (55, 65, 80 and 90 kg/m
3
). 

 

 a)                 b) 

Figure 1. Appliances for foam samples compression (a) an tension (b) at cryogenic temperatures. 

 

A Static Materials Testing Machine Z100 (Zwick GmbH & Co. KG) with 1 kN force cell and 

the basic program testXpert V11.02, a compact cryogenic facility (cryostat) and special 

appliances for compression and tension of the original construction, described in detail in 

[12], were used for foam samples testing at 77 K. Cylindrical samples, 20 mm in diameter and 

http://www.zwick.de/en/products/static-materials-testing-machines.html
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22 mm in height, were used for compression testing (Fig. 1, a). The foam’s compressive 

properties were determined in parallel (z) and perpendicular (x) directions to the foam rise. 

Ring samples, 13-14 mm in width, with the inner diameter 43 mm and the outer diameter 53 

mm (Fig. 1, b), were used for tensile characteristics determination. The strain rate in all tests 

was 10%/min. 

 

 

3. Results and discussion 

 

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

blocks with a homogeneous structure and a uniform distribution of the filler in the foam 

volume. In particular, coefficient of variation for most of the determined properties was in a 

range of 5-10%. Certain defects were found only in the cross-sections of the polyurethane 

foam blocks with high filler content. Those were small air bubbles, caught during 

polyurethane components’ stirring and not floated at the surface of the very viscose 

polyurethane composition before the onset of the foam rising process. 

 

Since the density of polyurethane foams in different series of blocks of the filled foams, 

despite the technological corrections, somewhat differed from one another, approximating 

relations between the characteristics of the filled polyurethane foams and their density were 

obtained for each content of the filler. Similar approximating dependences were also found 

for the neat polyurethane foam. 

 

The properties of the filled polyurethane foams were compared with those of the neat 

polyurethane foam of a specified density. When the actual density of a foam somewhat 

differed from the given one, for comparison, the values of the characteristics, corrected 

according to the corresponding approximating relation, were taken. It should be noted that, as 

in the case of room temperature [11,12], the relations between the characteristics of the 

polyurethane foams at cryogenic temperature in compression and their density (in the range of 

the investigated densities), with a high accuracy, were approximated by linear dependences, 

while those in tension – by polynomial dependences of the second degree. In most cases, the 

coefficient of determination R
2
 was within a range of 0.95-0.98. 

 

The results of the above comparison are presented further in Figures in relative units (ratios 

between the values of the characteristics of filled and neat foams). An analysis of these results 

revealed the following tendencies. 

 

With increasing volume content of the fillers, moduli of elasticity in compression for the 

foams at cryogenic temperature varied approximately as at ambient temperature. Thus, 

modulus of elasticity in compression in the foam rise direction (Ez) for the foam with a 

density of 90 kg/m
3
 increased to the greatest extent upon the loading of 100 m long milled 

carbon fibers (CF 100). At the maximal content (8.4%) of these fibers, modulus of elasticity 

increased by 30% (Fig. 2). The increase of modulus of elasticity in the foam rise direction for 

the foams filled with 60 m long milled carbon fibers (CF 60) was much lower. Modulus of 

elasticity upon the loading of 15% glass microspheres (GM K1) increased by 20%. In this 

case, for the foams filled with glass microspheres, at the same content of microspheres, 

modulus of elasticity in perpendicular direction to the foam rise (Ex) also increased by the 

same 20%. For the foams filled with milled carbon fibers, the increase of modulus of 

elasticity in compression in perpendicular direction was slightly lower. 
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Figure 2. Moduli of elasticity in compression in parallel Ez and perpendicular Ex directions for 90 kg/m3 foam 

vs. filler content.  
 

Somewhat different effects were observed for the foams of lower density (55 kg/m
3
) (Fig. 3). 

Modulus of elasticity in compression in the foam rise direction increased to a greater extent 

upon the loading of 8.4% of 60 m long milled carbon fibers (by 30%). In the case of loading 

the foam with 100 m long milled carbon fibers, modulus of elasticity in the foam rise 

direction increased by 15% at the volume content of fibers 4.2%. At the further increase in the 

content of these fibers, modulus of elasticity in compression in the foam rise direction 

decreased. For the foam filled with glass microspheres, with increasing content of the filler, 

modulus of elasticity in the foam rise direction increased only by 15%. 
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Figure 3. Moduli of elasticity in compression in parallel Ez and perpendicular Ex directions for 55 kg/m3 foam 

vs. filler content. 
 

The increase of modulus of elasticity in compression in perpendicular direction to the foam 

rise for the foams with a density of 55 kg/m
3
 upon the loading of glass microspheres was 

negligible. Upon the loading of 4.2% milled carbon fibers, modulus of elasticity of the foams 

increased by 10%. At a greater content of milled carbon fibers, modulus of elasticity in 

perpendicular direction of the foams decreased. 

 

A similar character of the variation in moduli of elasticity in compression for filled foams is 

explained, as shown in the previous studies [11,12], by the corresponding distribution and 

orientation of the fillers in the cellular polymeric framework. In foams of greater density, at a 

small content, the filler was sufficiently well dispersed in the polymer in the form of separate 

fibers and microspheres. The fibers were located mainly in the cell struts oriented in the foam 
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rise direction. In the foams of the lowest density, a considerable amount of fibers was located 

in the perpendicular direction to the foam rise. Microspheres, in contrast to fibers, were 

located mainly in cell nodes. At a higher content, quality dispersing of the filler in the 

polymeric matrix was not possible, and besides separate fibers or microspheres, numerous 

small bundles of fibers or microsphere agglomerates were observed in the cellular framework. 

Those agglomerates disturb the homogeneity of the cell structure and are actually the main 

defects that worsen the mechanical properties of filled foams. 
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Figure 4. Compressive strength in parallel sz and perpendicular sx directions for 90 kg/m3 foam vs. filler 
content. 
 

Compressive strength of the foams at cryogenic temperature varied quite in a different manner 

than in the case of ambient temperature. Thus, at increasing content of glass microspheres, the 

compressive strength of the foam with a density of 90 kg/m
3
 in both parallel (sz) and 

perpendicular (sx) direction to the foam rise increased by no more than 5% (Fig. 4). Still at 

the increasing content of milled carbon fibers, the foam’s strength at cryogenic temperature in 

both directions notably decreased. In this case, it decreased to a greater extent upon the 

loading of 100 m long milled carbon fibers. For the foams with a density of 55 kg/m
3
, the 

pattern was even worse (Fig. 5). The drop in strength upon the loading of milled carbon fibers 

was even greater. In this case, compressive strength for foams in perpendicular direction to 

the foam rise was much greater than that in the foam rise direction. Also the strength of the 

foams filled with glass microspheres decreased in this direction. 
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Figure 5. Compressive strength in parallel sz and perpendicular sx directions for 55 kg/m3 foam vs. filler 
content. 
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The obvious reason for the drop in strength at cryogenic temperatures upon the loading of 

fillers is the difference in the coefficients of thermal expansion of the filler and the polymer. 

In this case, when using carbon fibers, this difference is very great. Owing to the difference in 

coefficients of thermal expansion at the deep cooling, thermal stresses take place in the cell 

structure of the filled foam, causing non-negligible initial damages, which decrease the 

strength of the foam. Similar effects at cryogenic temperatures were observed also by other 

researchers [13]. 
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Figure 6. Modulus of elasticity in tension in perpendicular direction for 90 and 55 kg/m3 foams vs. filler content. 

 

Upon the loading of all mentioned fillers, modulus of elasticity in tension in perpendicular 

direction to the foam rise (Etx) at cryogenic temperature increased approximately as the 

modulus of elasticity in compression. For the foams with a density of 90 kg/m
3
 at increasing 

content of each of the mentioned fillers, the modulus gradually increased (Fig. 6). For the 

foams with a density of 55 kg/m
3
 only in the case of loading glass microspheres at increasing 

content of the filler, modulus of elasticity also gradually increased. For the foams filled with 

milled carbon fibers, modulus of elasticity increased only at increasing content of the filler up 

to 4.2%. At the further increase in the content of milled fibers, modulus of elasticity in 

perpendicular direction decreased. 
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Figure 7. Tensile strength in perpendicular direction for 90 and 55 kg/m3 foams vs. filler content. 

 

Tensile strength in perpendicular direction (stx) at cryogenic temperature only upon the 

loading of glass microspheres negligibly increased for the foams with a density of 90 kg/m
3
. 

For the foams with a density of 55 kg/m
3
, at increasing content of glass microspheres, tensile 

strength at cryogenic temperature decreased (Fig. 7). Upon the loading of milled carbon 
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fibers, the strength of the foams of all the densities decreased. In this case, the decrease in 

strength was the greater the less was the density of the foam and the longer the fibers. 
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Figure 8. Elongation at break in perpendicular direction for 90 and 55 kg/m3 foams vs. filler content. 

 

Elongation at break (etx) at cryogenic temperature upon the loading of all the mentioned types 

of fillers decreased (Fig. 8). This occurred to a lesser extent in the case of loading glass 

microspheres. Elongation at break decreased to a greater extent upon the loading of 100 m 

long milled carbon fibers. At such a notable drop of tensile elongation, the decrease in density 

of the foam turned to be much lower than in the case of the compressive strength in 

perpendicular direction to the foam rise. 

 

 

4. Conclusions 

 

Upon the loading of fillers, moduli of elasticity of the foams at cryogenic temperature tend to 

increase. In this case, modulus of elasticity in the foam rise direction for the foams filled with 

milled carbon fibers increase to the greatest extent. 

 

Compressive and tensile strength of the foams with a density of 90 kg/m
3
 at cryogenic 

temperature upon the loading of glass microspheres remains approximately on the same level. 

Upon the loading of milled carbon fibers, both compressive and tensile strength at cryogenic 

temperature for the foams decrease.  
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