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Thermal insulation materials typically used in low-temperature applications such as pipelines for trans-
porting liquid natural gas can become brittle and are therefore susceptible to impact damage. New
feather-fibre biomaterials developed in this work have extremely low thermal conductivity but retain
high impact resistance at low-temperatures. The experiments reported demonstrate the improved
impact resistance of feather fibre biomaterials compared to foamed nitrile rubber. The microstructural
characteristics of feather-fibre biomaterials that allow them to be used as impact resistant thermal insu-
lation at low-temperatures are discussed.
� 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Natural gas is stored and transported as liquid natural gas (LNG)
using thermally insulated pipelines [1] that consist of a stainless
steel inner pipe surrounded by typically ~50 mm of thermal insu-
lation material encapsulated in a relatively thin outer protective
flexible steel or aluminium alloy sheet. LNG is produced by cooling
natural gas to approximately �162 �C and during transportation
evaporation occurs if the thermal containment is compromised
[2]. The thermo-mechanical properties of the thermal insulation
materials are therefore critical to the supply of LNG. The surface
temperature of pipes containing LNG is approximately �110 �C
and assuming an ambient temperature of ~20 �C, the mean tem-
perature of the thermal insulation surrounding the pipe is around
�65 �C [3]. Polyurethane and polyisocyanurate foams and closed-
cell nitrile rubber elastomeric foams are currently used for thermal
insulation at low temperatures [4]. These materials become extre-
mely brittle and are susceptible to impact damage that occurs dur-
ing routine maintenance of LNG pipelines [5].

Feathers have a unique set of properties, including high tough-
ness and low thermal conductivity. They consist predominantly of
the protein keratin but have a complex microstructure consisting
of a hollow shaft (quill) and rachis, with vanes consisting of barbs
and barbules [6]. Recent research has investigated new beneficial
reuse applications for waste feathers [7,8]. Fibres produced from
feathers can be engineered to form a range of new biomaterials
using air-laid processing [9,10]. This work aimed to develop ther-
mal insulation materials with improved impact properties made
from feather-fibres for use at low temperatures. Selected thermo-
mechanical properties of the non-woven air-laid feather fibre
materials are reported and compared to elastomeric foam (nitrile
rubber) currently used in low-temperature thermal insulation.
2. Materials and methods

Washed, disinfected, and dried chicken feathers were granu-
lated (Rapid 2040 granulator, Sweden) to produce feather fibres
[10]. Air laid feather-fibre biomaterials were then prepared bymix-
ing the feather-fibres with 25 wt% of short (6 mm) bi-component
fibres and 12.5 wt% of 32 mm long cotton fibres. The materials
formed were manufactured using pilot-scale manufacturing facili-
ties. A schematic diagram of the air-laid production process is
shown in Fig. 1a). The bi-component fibres were made from poly-
ethene (PE) with a polyethene (PP) core (LMF-Bico, Fipatec). These
form a coherent non-woven feather-fibre mat when the outer PE
surface of the bi-component fibre softens during the heating and
compaction stage of the air-laid process, bonding the feather and
cotton fibres into a coherent isotropic mat. The cotton fibres act
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Fig. 1. a) Schematic of the air laid production process used to form feather fibre samples. The mixed feather and bi-component fibres form a bed that moves into a heated
consolidation zone where the composite material is formed, b) typical air laid non-woven feather fibre composite material produced by the process and c) SEM image of the
top surface of the air laid non-woven feather fibre material showing feather barb, barbules and quill/rachis.
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as a processing aid. Air-laid non-woven feather-fibre biomaterial is
shown in Fig. 1b) and the corresponding microstructure of the
material is shown in Fig. 1c) (SEM, Hitachi TM4000Plus).

Commercially available elastomeric foams used for low temper-
ature thermal insulation were obtained (Class O Armaflex,
Armacell).

Ten cylindrical samples (28 mm Ø, 13 mm high) of the feather
fibre biomaterial and the elastomeric foam were tested in com-
pression to characterise the load-deflection behaviour (Zwick/Roell
Z010). The tests used a crosshead speed of 13 mm.min�1 and con-
tinued until the sample thickness had reduced by 25%. Samples
were tested at room temperature and immediately after immer-
sion in liquid N2 for 10 min.

The thermal conductivity of the air-laid feather-fibre samples
and the elastomeric foam (20 � 20 � 1.3 cm) was determined
using a heat flow meter over the temperature range between
�10 �C and 20 �C using a DT of 10 �C between the hot and cold
plates (Netzsch HFM 446, Germany).

Additional tests were completed using guarded hot plate equip-
ment to measure the thermal conductivity of air-laid feather-fibre
biomaterials at �65 �C using a temperature difference across spec-
imens (DT) of 10 �C (GPH 456 Titan�, Netzsch, Germany). Speci-
mens had dimensions of 300 � 300 � 25 mm and the tests were
completed in a N2 atmosphere.

The impact resistance was assessed by dropping a standard
170 g spherical snooker ball (phenolic resin) from 1.2 m using a
vertical transparent tube to ensure impact occurred at the centre
of fully supported test samples with dimensions of
70 � 70 � 13 mm. Impact tests were completed at room tempera-
ture (~20 �C) and on samples that had been immersed in liquid N2

for 10 min until immediately prior to testing. This improvised test
was used because a relevant standard test to characterise the
impact performance of these types of thermal insulation materials
at low temperatures is not currently available.
3. Results and discussion

Average compressive stress-strain data for the materials tested
under different conditions is shown in Fig. 2. The elastomeric foam
(Class O) and feather fibre composites show very similar behaviour
when tested at room temperature and they are predominantly
elastic materials with similar stiffness. However, they behave very
differently when tested after immersion in liquid N2. The elas-



  a)                                                                                       b)

Fig 2. Compressive stress-strain data for a) elastomeric foam (nitrile rubber) and b) air laid feather fibre material tested at room temperature (RT) and immediately after
being removed from immersion in liquid nitrogen for 10 min (cryogenic testing CT). The materials are very similar when tested at RT but show very different behaviour after
immersion in liquid nitrogen at �195 �C.
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tomeric foam stiffness increases during loading, although this
decreases as the test continues, possibly because the sample tem-
perature increases during the test. The stiffness of the feather-fibre
sample also increases after cooling, but not to the same extent as
the elastomeric foam, and the stiffness continues to increase as
the applied load increases.

Thermal conductivity data between �10 �C and 20 �C is pre-
sented in Fig. 3. The air-laid feather-fibre biomaterial has mar-
ginally higher thermal conductivity than the elastomeric foam
over this temperature range (0.030 W/m.K for the feather fibre
biomaterial compared to 0.028 W/m.K for the elastomeric foam
at �10 �C), with thermal conductivity increasing as the temper-
ature increases. Thermal conductivity in the temperature range
tested is mainly determined by conduction, involving molecular
motion transferring heat from the hot to the cold regions. The
effects of convection and radiation are minimal and can be
neglected. Increasing the sample temperature during thermal
conductivity testing increases heat transfer by both solid and
gas conduction.
Fig 3. Thermal conductivity of elastomeric foam (nitrile rubber) and air laid feather fibr
446, Germany). The standard deviation of the measured data was 0.0004 W/m.K.
The thermal conductivity of the air-laid feather-fibre sample at
�65 �C determined using the guarded hot plate was 0.024 W/(m.
K). This corresponded to a thermal resistance of 1.044 (m2.K)/W
for the sample thickness tested. This compares favourably to data
from the manufacturer on the thermal conductivity of the nitrile
rubber elastomeric foam at �65 �C of 0.0308 W/(m.K) (ArmaFlex,
Armacell data).

Room temperature impact tests did not damage to either sam-
ple. Representative samples tested after immersion in liquid N2

and subjected to same impact are shown in Fig. 4. This demon-
strates the poor impact resistance of the elastomeric foam com-
pared to the feather fibre biomaterial. Impact tests were repeated
five times and consistent results were obtained for both materials.
The elastomer was extensively fractured while the feather-fibre
biomaterial was unaffected by the impact.

Immersion of samples in liquid N2 can produce a N2 gas layer at
the solid-liquid interface that forms a thermally insulating layer.
This breaks down within a few seconds for most materials.
Feather-fibres are particularly effective at trapping gas in their
e material between �10 �C and 20 �C, tested using a heat flow meter (Netzsch HFM
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Fig 4. Impact samples that were tested after immersion in liquid N2 for 10 min. The image clearly shows the brittle nature and catastrophic failure of the elastomeric foam.
The same impact on air laid feather fibre samples immersed in liquid N2 had no observable effect on the material.
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surface structure, but during 10 min immersion the samples will
equilibrate to the temperature of liquid N2.

The thermo-mechanical properties of the air-laid samples are
primarily determined by the composition and microstructure of
feather-fibres [6]. Elasticity is determined by the di-sulphide bonds
in the keratin polypeptide chains that form feathers and flexibility
and elasticity are not influenced by temperature [11]. The protein
matrix retains high toughness below temperatures associated with
embrittlement of other materials. The impact and compressive
strength tests show that feather-fibre mats retain excellent physi-
cal properties when exposed to low temperatures [12].

Nitrile rubber elastomeric foams behave very differently. At low
temperatures these semi-amorphous materials exhibit a glass
transition temperature. Elasticity and flexibility are strongly corre-
lated to the free volume available within the material. At low tem-
perature the free volume reduces and polymer molecules become
rigid, causing the material to become brittle [13]. The glass transi-
tion temperature can be controlled by changing the product for-
mula but this is likely to increase thermal conductivity.

The thermal conductivity of feather-fibre samples at�65 �C was
0.024W/(m.K) and this compares favourably with the thermal con-
ductivity of the commercially available insulating materials at this
temperature, which vary between 0.020 and 0.036 W/(m.K) [14].
The thermal resistance of feather-fibre materials is comparable to
current commercially available materials.

In summary, air-laid feather-fibre materials can provide low
thermal conductivity at low temperatures with the advantage of
significantly improved impact resistance compared to materials
typically used for low temperature insulation. A potential applica-
tion for air-laid feather-fibres biomaterials is thermal insulation for
LNG transport where the low impact resistance of current elas-
tomeric foams is an issue.
4. Conclusions

Thermal insulation biomaterials made by air-laid processing of
feather-fibres combine low thermal conductivity at low tempera-
tures with high impact resistance compared to the materials cur-
rently used for low temperature thermal insulation such as
elastomeric foams. Feather-fibres have inherently low thermal
conductivity and high impact resistance is determined by the prop-
erties of a-keratin combined with the microstructure formed by
the air-laid process. Potential applications are in low temperature
thermal insulation and specifically transport of liquid natural gas
(LNG).
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