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1. Introduction and state of the art

In the field of polymer foams, polyurethane foams (PUF) rep-
resent by far the most prominent and important foam class. 
Due to their low density, very good thermal conductivities and 
almost universally adjustable mechanical properties, PUF have 
become an indispensable part of our daily lives. They are the ideal 
materials for lightweight and structural construction, thermal 
and acoustic insulation, as well as a wide range of functional and 
comfortable building elements (e. g., for the automotive sector 
and sports / leisure industries) [1]. Briefly, there are almost no 
limits to the range of applications for PUF.

In this context, PU integral skin foams (PU-ISF) represent an 
important group. These are molded foams with an open-cell foam 
core enclosed by a dense outer skin, the so-called integral skin [2]. 
Both the foam core and the outer skin are made of one and the 
same material. Figure 1 shows a common PU-ISF and its main 
properties. Due to the very robust and coatable outer skin, but also 
the adaptable mechanical properties of the foam core, PU-ISF are 
popular and versatile materials. Particularly in fields like medical 
technology, indoor and outdoor furniture, as well as personal 
protective equipment, they often depict the measure of all things.
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The search for safe and sustainable solutions plays a central role in the field of physical 
blowing agents for polyurethane foams. The complete elimination of all blowing agents in 
the PU sector with a Global Warming Potential of > 150 must be completed by the end of 2022 
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Therefore, in this article we will focus on modern integral skin foam systems and the versatile 
possibilities that are entailed by environmentally friendly blowing agent alternatives.
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Fig. 1: Illustration of a soft PU integral skin foam (PU-ISF) with a dense outer skin. 
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The pivotal role in the production of PU-ISF is typically taken 
by low-boiling, physical blowing agents (BA). The classical 
production of such foams is achieved by simultaneous:

1. foaming of the reaction mixture by evaporation of the BA due 
to the highly exothermic reaction and

2. subsequent condensation of the BA near the cool mold wall.

This temperature gradient leads to differential expansion of the 
BA and ultimately to the formation of a compacted edge zone [3]. 
However, it is these physical BAs that have been used in the PU 
sector that have an enormously negative impact on our envi-
ronment and ozone layer [4]. These include chlorofluorocarbons 
(CFCs) such as R-11 (trichlorofluoromethane) or hydrochloro-
fluorocarbons (HCFCs) with well-known candidates like R-141b 
(1,1-dichloro-1-fluoroethane). These first- and second-generation 
BAs have long been history for use in PUF production in the EU.

With the F-Gas Regulation, the EU is introducing a further 
tightening of the use of physical BAs from January 01, 2023. 
Thus, from this date onwards, only BAs with a Global Warming 
Potential (GWP) of < 150 may be used for PUF production [5]. With 
this forward-looking measure, the third generation of physical 
BAs, the hydrofluorocarbons (HFCs), will very soon disappear 
from the scene. The USA is also following this restriction with 
the “Significant New Alternatives Policy” (SNAP) program of 
the Environmental Protection Agency (EPA) [6]. But what comes 
after the established HFCs? What are the important criteria that 
more sustainable BA alternatives for PUF should or must meet? 
In figure 2 several crucial characteristics are displayed.

Next to the GWP, the Ozone Depletion Potential (ODP) is one of 
the most important parameters. Both GWP and ODP should be as 
low as possible, which means that the impact on climate change 
and the ozone layer is correspondingly low. With regard to the 
physicochemical parameters, a suitable boiling point, ideally no 
flash point and no flammability should be mentioned, as well 

as easy handling and low toxicity. In addition, solubility and 
stability in the polyol components are of significant importance, 
in particular for formulating long-term stable PUF systems. Fur-
thermore, it is the economic aspects such as price, availability, 
the required application quantity and ultimately the performance 
that are decisive factors for making a reasonable BA choice.

With the end of the HFCs (e.g., R-245fa and R-365mfc), the way is 
now finally paved for the fourth generation of physical BAs. The 
so-called hydrochlorofluoroolefins (HCFOs) [8,9] or hydrofluor-
oolefins (HFOs) [10] represent new and less hazardous classes of 
BAs, which will be from 2023 used in the field of PU-ISF. As shown 
in figure 3, the commercially available R-1233zd(E) (HCFO) and 
R-1336mzz(Z) (HFO) are indeed far superior to third-generation 

Fig. 2: Important criteria of an ideal BA and which BA classes are still al-
lowed in PUF production from 2023 [7].

Fig. 3: Chemical structures of HFCs and H(C)FOs with their respective GWP and ODP values [11].



Science

PU MAGAZIN No.01 – febrUAr 2023

8

BAs in terms of GWP and ODP. Both have practically ideal GWP 
and ODP values around 1 and 0, respectively. Moreover, all other 
sustainability criteria can be considered quite positive as well. 
The current price development of HFCs is clearly forcing their 
early replacement with, for example, R-1233zd(E), which is now 
already less expensive. However, it remains to be mentioned that 
the quite limited number of manufacturers of H(C)FOs entails 
a certain risk for the whole value chain.

Furthermore, the BA class of hydrocarbons (HCs), such as isomer 
mixtures of pentane, or co-propellants such as methylal [12] are 
more in focus nowadays. With a GWP < 25 and an ODP = 0, pentane 
is one of the sustainable and widely available cost-performance 
winners, although there are several drawbacks in handling and 
safety [13]. Purely water-driven PU-ISF [14, 15] and e.g. recent 
approaches based on novel amine-CO2-adducts as BA [16] are 
also pioneering and have been already investigated. Infinitely 
available BAs like water and CO2 represent very attractive options 
due to their ideal ecological profiles.

But what are the advantages of all the mentioned sustainable BAs 
in terms of the finished PUF? Is the latest generation of BAs like 
H(C)FOs, HCs and water capable in formulating and producing 

high-performance PU-ISF in a sustainable and safe manner? 
Within this technical article, we will look in more detail at the 
switch from HFA-based PU-ISF to contemporary alternatives. 
In this regard, approaches based on R-1233zd(E) and pentane 
will be specifically investigated and compared with the HFA-
based standards. The direct comparison of purely water-driven 
systems with those based on H(C)FOs and HCs will also provide 
information that these systems must also be in no way inferior 
to those formulated with physical BAs.

2. The transition from HFA- to H(C)
FO-based blowing agents

PUF-Systems based on R-245fa (1,1,1,3,3-pentafluoropropane) and 
R-365mfc (1,1,1,3,3-pentafluorobutane) have been the standard, 
particularly, in the PU-ISF sector. With GWPs of 858 and 804, 
respectively, these must now stand back to the more environmen-
tally friendly fourth BA generation of H(C)FOs. Comparing the 
main characteristics of R-1233zd(E) (trans-1-chloro-3,3,3-trifluoro-
propene) and R-1336mzz(Z) ((Z)-1,1,1,4,4,4-hexafluoro-2-butene), 
respectively, with those of the HFCs, one could consider a direct 
drop-in of these BA classes as very likely (fig. 3).

In terms of physicochemical properties, dosage, and performance, 
only minor differences are perceptible. Moreover, concerning 
their processing reliability, process capability on existing 
(small-scale) equipment and ease of post-dosing, the fourth BA 
generation is on the same level like the HFCs. Due to availability, 
price development and end properties, often R-1233zd(E) is 
used as appropriate HFC replacement. Accompanied with this 
exchange, however, various system adaptations are unavoidable. 
For example, the classical catalysis of HFC-based PU-ISF is 
often no longer suitable for systems based on R-1233zd(E). It 
is sometimes necessary to switch to new catalyst systems that 
the same final properties and long-term stabilities can be real-
ized [17]. Thus, advances in the availability of suitable catalysts 
are essential. Especially for system houses reformulations and 
additional R&D work have been a challenge to overcome. Table 1 
shows a direct comparison of the most important end properties 
of PU-ISF produced with HFCs and R-1233zd(E).

Regarding the density and hardness, similar values can be 
achieved for the HFC and R-1233zd(E)-blown PU-ISF. With typ-
ical densities of ~ 350 g / dm3 and Shore A hardness around ± 45, 
respective PUFs are very robust and dimensionally stable, while 
offering good flexibility and haptics. If the elongation values and 

DIN EN ISO 
845

DIN-EN ISO 
7619-1

Abrasion 
resistance

JIS Z 2801:2010  
ISO 22196

Skin Core Skin Core

R-245fa
R-365mfc

350+50 45+5 ≥ 150 ≥ 80 ≥ 1.5 ≥ 0.7  

R-1233zd(E) 350+50 45+5 ≥ 150 ≥ 80 ≥ 1.5 ≥ 0.7  

Volume weight 
[g/L]

Shore A 
(after 3 s) 10000 Cycles Antiviral

(Vaccinia Virus )

Blowing agent Strain [%] Tensile strength [N/mm 2 ]

DIN-EN ISO 1798

Fig. 4: Direct comparison of PUFs produced with I) HCFO, II) n-/iso-pentane 
and III) purely water (soft setting) as BA. Important addition: All shown 
samples were produced by hand foaming in a mold at TM = 50 °C.

Tab. 1: Mechanical properties of machine-produced PU-ISF using HFA and HCFO as BA.
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tensile strengths of the integral skin are compared with those 
of the foam core of all systems, the densified outer skin is far 
more resilient. This behavior is due to the up to five times higher 
density of the integral skin (approximately 900 g / dm3) compared 
with the softer foam core.

The thickness of the integral skin can be adjusted by the ap-
propriate choice and quantity of BA, thus decisively controlling 
its resistance to external influences. The consequence of an 
optimally adjusted skin thickness is an excellent abrasion and 
scuff resistance, even over many repeating cycles, as well as good 
impermeability to most aqueous liquids. Here, the new H(C)FO-
based PU-ISF are equal to the HFC-based systems. Moreover, no 
limitations are to be expected with regard to contemporary end 
properties such as antiviral surface finishing. Therefore, it can 
be stated that the latest PU-ISF systems based on R-1233zd(E) are 
able to successfully replace the HFC-based standards. However, 
it should be mentioned that PU-ISF based on R-1336mzz(Z) can 
also meet the mechanical properties depicted in table 1. Hence, 
the potential use of R-1336mzz(Z) is also conceivable.

3. Pentane – A cost-effective and 
sustainable alternative?

Looking at the BA class of HCs, the isomers of pentane (C5) are 
clearly the preferred choice. The C5 aliphatics are readily avail-
able, inexpensive and have an attractive ecological profile. With 
regard to the formulation and long-term stability of HC-based 
ISF systems, no disadvantages are to be expected. Furthermore, 
the good flowability of such systems should be mentioned. In 
addition, the thickness of the integral skin can be precisely 
controlled. However, HCs are quickly limited, particularly in 
terms of safety and applicability. With very low flash and boiling 
points, easy flammability, and narcotic effects, the strictest safety 
precautions must be taken. Thus, pentane-blown PU-ISF can 
only be processed on explosion-proof machinery and thus is 
not directly accessible to all processing plants. Table 2 shows 
typical mechanical properties of commercial pentane-blown 
PU-ISF and systems based on R-1233zd(E).

The achievable densities are within the same range for pentane- 
and R-1233zd(E)-blown PU ISF. With Shore A hardness around 
35 ± 5, pentane-based ISF are generally a little softer. In all 

other respects, such as the elongation and tensile strength, no 
differences are seen for the final PUF. The surface finish is also 
excellent, despite the tendency towards lower final hardness. In 
addition, the processability (e.g., flowability) and skin thickness 
can be adjusted by combining for example pentane isomers, 
including n- and iso-pentane. Ultimately, it is the application 
and parts per unit which are decisive factors whether pentane 
systems and the associated (extra) costs for the necessary safety 
equipment pays off.

4. Water as mere blowing agent – 
possibilities and limitations

Water is a straightforward chemical BA and forms the basis of 
almost all PUFs. The isocyanate-water reaction forms CO2 in-situ, 
which then acts as the physical BA and foams the reaction mixture. 
It is cheap, available in unlimited quantities, has no environmental 
drawbacks and is safe to use. But can truly competitive PU-ISFs 
be formulated or replicated purely on a water base? With regard 
to the compacted and clearly defined edge zone: no. This effect is 
only possible by using physical BAs that are in a certain boiling 
range. However, the end properties of purely water-based PUFs 
can be adjusted along their complete cross-section so precisely 
and uniformly that they are at least equally good as classical 
PU-ISFs. Due to the large number of components that can be 
utilized, the formulation of water-based PUF systems allows 
extremely variable end properties of the foams.

Additionally, they are superior to ISF systems based on H(C)FOs 
or HCs in terms of their ecological footprint. For a direct com-
parison of the BA influence, three PUFs based on I) R-1233zd(E), 
II) n- / iso-pentane and III) water are compared in figure 4. The 
distinct edge zones are displayed in figure 4-I) and figure 4-II). 
Both R-1233zD(E) and the mixture of n / iso-pentane lead to clas-
sical PU-ISF. In contrast, the purely water-driven PUF (fig. 4-III)) 
shows a rather homogeneous density profile and virtually no 
condensed edge zone.

Comparing the final properties of these foams in table 2, the 
outstanding performance of the water-blown PUFs are to be 
recognized. In the lower part of table 2, characteristic me-
chanical properties of purely water-blown PUF with a harder 
setting as well as a softer setting are shown. In both cases, bulk 

DIN EN ISO 
845

DIN-EN ISO 
7619-1

Abrasion 
resistance

JIS Z 2801:2010  
ISO 22196

Foam Skin Core Foam Skin Core

R-1233zd(E) 350+50 45+5 ≥ 150 ≥ 80 ≥ 1.5 ≥ 0.7  

n-/iso-pentane
mixture

350+50 35+5 ≥ 150 ≥ 80 ≥ 1.5 ≥ 0.7  

Water 450+50 45+5 ≥ 200 – ≥ 1.7 –  possible

Water
(soft setting)

350+50 35+5 ≥ 200 – ≥ 1.5 –  possible

10000 Cycles Antiviral
(Vaccinia Virus )

Blowing agent

DIN-EN ISO 1798

Volume weight
[g/L]

Shore A 
(after 3 s)

Strain [%] Tensile strength [N/mm 2 ]

Tab. 2: Mechanical properties of machine-produced PUFs based on HCFO, n-/iso-pentane and water as BA.
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densities and Shore hardness are adjustable in the same order 
of magnitude as for PU-ISF. The elongation values with ≥ 200 % 
and tensile strengths of ≥ 1.5 N / mm2 are in no way inferior to 
classic PU-ISF. Moreover, their surface is extremely resistant to 
external influence, even despite the lack of integral skin. The 
abrasion and scratch resistance are identical to those of PU-ISF, 
and an antiviral finish can be simply implemented, if required. 
Accordingly, systems free of physical BA can meet the highest 
requirements and represent a truly sustainable and cost-effective 
solution for many applications.

5. Summary

In this review article, we have taken a closer look at physical BAs 
in the PU-ISF field and highlighted the transfer to more sustain-
able BA alternatives. In the wake of the F-Gas regulation coming 
into force, we were able to show that H(C)FOs, pentane mixtures 
as well as pure water function as environmentally friendly BA 
alternatives. Appropriately formulated PUF systems are stor-
age-stable, highly variable in their mechanical end properties, 
and will contribute to the production of sustainable PUFs. Based 
on the application and series size, an economical choice can be 
made between different BA options. Consequently, any associated 
investment costs in machinery and / or safety equipment can be 
well assessed. On the long run, purely water-driven PUFs are an 
excellent alternative to classic ISF systems and make the use of 
physical BA redundant for many applications.
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