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Elastocaloric effect dependence on pre-elongation in natural rubber

Zhongjian Xie, Gael Sebald,a) and Daniel Guyomar
University de Lyon, INSA-Lyon, LGEF EA682, 8 rue de la Physique, F-69621 Villeurbanne, France

In the context of solid-state-cooling, the elastocaloric effect offers a very large controlled

entropy change based in low-cost polymers, especially natural rubber which is environmentally

friendly. However, large elastocaloric activity requires large elongation (>5), which makes this

material impractical for cooling systems due to the large change in sample’s area. By performing

a pre-elongation, area change is limited, and b ¼ �@c=@k (where c is the specific entropy and k 
is the elongation) is larger. The highest b value is obtained when pre-elongation is right before 
(at the “eve”) the onset of the strain-induced crystallization, which is also interpreted in the view

of molecular conformation. Experimental results obtained on a natural rubber sample showed

an adiabatic temperature change of 4.3 �C for pre-elongation of 4 with further elongation of 4 
(true strain change of 69%). Furthermore, the entropy exhibits a quasi-linear dependence on elon-

gation, and the b value is found to be 6400 J K�1 m�3.

The elastocaloric effect, with other caloric effects such

as magnetocaloric, barocaloric, and electrocaloric, can be

used for solid cooling systems, and is thus expected to renew

present cooling devices that are based on the vapor compres-

sion of hazardous gases. Electrocaloric materials are limited

by their dielectric strength,1,2 whereas magnetocaloric mate-

rial are mostly made of rare earth elements,3 which are

hardly sustainable. Shape memory alloys are conventional

elastocaloric and barocaloric materials.4–6 For example,

Ni-Ti alloy exhibits a very large elastocaloric effect.7 The

elastocaloric effect of rubber (called the Gough-Joule effect)

was first observed by Gough and further investigated by

Joule.8 Natural rubber (NR) can be chosen as a solid cooling

material due to its non-toxicity, sustainability, and low cost.

However, to obtain large temperature variations, the NR

needs to be stretched to several times its initial length. Like

in active magnetic regenerator (AMR), where a porous bed

of magnetic refrigerant material is used to transfer heat effi-

ciently,9 theoretical calculation of elastocaloric cooling sys-

tem was developed by Tu�sek et al.,10 in which an active

regenerative cycle was demonstrated. A similar elastocaloric

regenerator by using NR material can be conducted. A NR

tube is chosen as elastocaloric regenerator. It has double

functions, one is for the elastocaloric effect and the other is

for the passage of heat transfer fluid. The NR tube should

have enough area at the extension and retraction state. When

the retraction state is assured to have an enough area, the

extension state would be too large. These factors make NR

impractical in the design of compact cooling devices. In this

background, a pre-elongation effect is investigated. This pa-

per describes the elastocaloric coefficient b ¼ �@c=@k de-

pendence on elongation, where c represents the specific

entropy and k represents the elongation. The elastocaloric

effect of NR with and without pre-elongation was measured

and compared, and the underlying mechanism related to the

strain-induced crystallization (SIC) is discussed. In this

paper, two deformation variables are used, one is elongation

and the other is true strain. The elongation variable k ¼ l=l0

is defined as the ratio of the elongated length l of the sample

to the initial length l0. The true strain variable is the loga-

rithm of the elongation. The true strain variable is used for

highlighting the benefit of pre-strain condition from view of

material. The elongation variable might however be more

easily understood for large strain levels. The experimental

part of the study consisted of tensile tests using an Ironless

Linear Motor (XM-550, Newport, New York) and tempera-

ture measurements.11 The cross section area of NR film

(Xinyinte Rubber Products Co., Ltd.) is 15 mm � 70 lm and

the original length is 10 mm. The temperature was detected

by an Infrared Camera (NEC G-120, NEC, Japan) through a

hole. Infrared (IR) images were recorded at a frame rate of

10 Hz, and the noise level of the temperature information

from the IR camera was 60:1 �C.12

The stress-elongation behavior with elongation rate of

0.028 s�1 is shown in Fig. 1. The stress-elongation hysteresis

is relatively stable after 20 cycles. Part of the mechanical

FIG. 1. Stress-elongation curve of relative stable state after 20 cycles at

elongation rate of 0.028 s�1.a)gael.sebald@insa-lyon.fr
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hysteresis may be due to SIC.13–15 The stress upturn during

loading process is usually considered to be due to the domi-

nant reinforcement effect of SIC. More deeply, it can alterna-

tively be interpreted as the distortion of backbone bond angles

as a network chain is extended beyond its contour length.16

The lower stress during unloading process is due to the larger

degree of SIC, which shows the dominant stress relaxation

effect of SIC. Another part of mechanical hysteresis may how-

ever be due to the chain rupture during stretching process.16

For our sample, the adiabatic limit elongation rate was

measured to be around 10 s�1. In the experiment, the elonga-

tion rate of 30 s�1 was chosen for measuring the temperature

change. The larger adiabatic limit elongation rate compared

with Ni-Ti alloy7,17 is because of the smaller thickness of

NR. Fig. 2 displays a typical time profile of the temperature

with time. The difference of measured temperature change

between loading and unloading can be explained by the dif-

ferent kinetics properties of SIC and melting.13,18,19 SIC

requiring time to be completed, part of the SIC occurs while

the elongation is constant.20 This part of SIC will not be

measured due to heat loss with outer medium. In the unload-

ing process, the melting is much faster than SIC. So, nearly

all the SIC will melt during the unloading process and con-

tribute to temperature decrease. As a result, there is a differ-

ence of temperature change in the measurement; even the

total entropy change should be the same during loading and

unloading. This result was also observed by Sakata at larger

elongation.21

Network chain density of the sample was estimated

according to Eq. (1) based on the standard theory of rubber

elasticity22

r ¼ NkTðk� k�2Þ; (1)

where r is the stress, N is network chain density, k is the

Boltzmann constant, T is the absolute temperature, and k is the

elongation. The material has N value of 2:8� 10�4 mol cm�3

that is calculated from the initial region of stress-elongation

curve, which is of the same order of magnitude as published

material.23

The adiabatic temperature variation DT is proportional

to the isothermal elastocaloric entropy variation Dc

T0 � DcjT¼T0
¼ �c� DTjc¼c0

; (2)

where T0 ¼ 295K is the temperature at which the elasto-

caloric effect is observed, c0 is the entropy when undergoing

an adiabatic measurement, and c ¼ 1:8� 106 J K�1 m�3 is

an estimation of specific heat of NR,24 and assumed to be in-

dependent of the elongation and temperature. So,

Dc ¼ � c

T0

DT: (3)

The elastocaloric coefficient b ¼ �@c=@k was used to

evaluate the elastocaloric conversion effectiveness of elasto-

caloric materials. It can be calculated by deriving DT versus

k function

b ¼ c

T0

� @ DTð Þ
@k

: (4)

According to the new paradigm for the molecular basis

of rubber elasticity,25 three extension regimes should be

identified: low, medium, and high. In the low extension, the

rubber elasticity is associated with the distribution of end-to-

end distances of molecular kinks.26 In the medium extension,

the rubber elasticity is caused by the rotational conforma-

tions of (poly)isoprene molecules.27 In the high extension,

the rubber elasticity is caused by the purely enthalpic chain

stretching.16

As Hanson and Martin have demonstrated, bond rupture

occurs at relatively large strains for polybutadiene, which

implies that purely enthalpic chain stretching must com-

mence well before tensile failure occurs.16 This phenomenon

can also be interpreted in the view of SIC theory. SIC in the

draw direction relaxes the remaining amorphous chains.28–30

So, SIC decreases the stress and increases the strain at

break.31 The breakage of chain is due to the saturation of

SIC as the molecules may have no room to move to the mini-

mum energy position at high strains.31 At the same time, it

has been extensively evidenced that SIC of NR occurs at

around elongation of 4 at 25 �C.13,23,32,33 So, it can be proved

that the upturn of temperature change from elongation of 4 is

due to the enthalpic process by both the theories of Hanson

and Martin at high extension16 and the SIC. Also, in Fig. 2,

the difference of measured temperature change between

extension and retraction can be explained by the part of

SIC of post-stretch20 (more detail in the description part of

Fig. 2). The temperature change of post-stretch process can-

not be explained by the entropy elasticity because the instan-

taneous coil�stretch transition proposed by De Gennes.34

Mitchell and Meier35 also show that SIC is dominant

for temperature change. Upon the stretching of NR, irreversi-

ble entropy variation may occur due to the rupturing of net-

work chains.36 In our work, only the temperature decrease

upon unloading was presented in order to avoid any irreversi-

ble effect. To get a high elastocaloric coefficient, a pre-

elongation can be applied. The low elastocaloric coefficient

region can be skipped and go directly into the high elasto-

caloric coefficient region. In the experiments, a pre-elongation

of 3, 4, 5, and 6 are applied to the NR sample and the adia-

batic temperature change is measured upon further elongation

(Fig. 3). The true strain variable calculated by the logarithm

FIG. 2. Typical temperature—time signal of rubber with an elongation of 5

recorded as determined by an infrared imaging camera. Inset shows enlarge-

ment of temperature increase at the time of elongation step.
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of the elongation is used for highlighting the benefit of pre-

strain condition. The pre-elongations (3, 4, 5, and 6) corre-

sponds to pre-strains of 1.1, 1.4, 1.6, and 1.8 respectively. It is

obviously shown through true strain variable that the slope of

the temperature change is enhanced by the pre-strain condi-

tion. For pre-elongation of 4, further elongation to 8 (corre-

sponding to an additional true strain of 0.69) leads to a

temperature variation of 4.3 �C. Considering the pre-elongated

sample, its relative elongation l=lpre�elongated would then be

only 2.

From the previous experiments, the elastocaloric coeffi-

cient is calculated for the different pre-elongations. As the

temperature change depends almost linearly on the elonga-

tion, we provide with a single value of coefficient for each

pre-elongation as shown in Fig. 4. For pre-elongation experi-

ments, it is observed that the b value is larger than no

pre-elongation stretching. Comparing the different pre-

elongations, it is worth to notice that the b value obtains a

maximum value when a pre-elongation of 4 is applied at the

eve of SIC. This is the same mechanism as for the stress

upturn: the distortion of backbone bond angles as a network

chain is extended beyond its contour length.16 When pre-

elongation is located at SIC region, the b value decreases

again.

In case of no pre-elongation stretching, the maximum

value of b can be estimated in the region of 4 < k < 8 with

b � 8100 J K�1 m�3, which is larger than pre-elongation con-

dition (maximum around 6400). In order to better interpret SIC

mechanisms at different elongations, the NR sample is

stretched to different elongations and is kept. In the inset of

Fig. 2 is shown the temperature signal for an enlarged time

scale. It is observed a much larger creep effect for an elongation

of 5. This is because of the longer SIC incubation time37,38 and

crystallite nuclei have more room to grow at onset of SIC com-

paring with the high elongation. Accompanying the tempera-

ture creep, stress relaxation occurs.20 SIC, taking up less space

in the lateral direction23,39 and relaxing the remaining amor-

phous chain in the stretching direction,28–30 approaches the one

of minimum potential energy.40 This phenomenon corresponds

to the theoretical result of Hanson et al.:27 the poly-isoprene

configurations with shorter end-to-end distances tend to have

higher energies. Isoprene units along the chain backbone are

mechanically forced from their equilibrium distributions to a

smaller subset of states, restricted to more linear conformations

with the greatest end-to-end distances.27

As a consequence, further elongation from a pre-elongation

of 5 results in lower degree SIC than a no pre-elongation pro-

cess, the material being closer from the saturation of SIC, and is

the reason for the decrease of the b value when pre-elongations

locate at SIC region.

Corresponding to the thermal response, the stress response

of different pre-elongations condition is also measured. After

the holding time at constant elongation, it is increased abruptly

up to elongation of 7 for all tested pre-elongations. When

the final elongation is reached, the final stress is recorded. In

Fig. 5, the stress between pre-elongation and final elongation is

compared for the different pre-elongation conditions. The max-

imum stress is obtained between elongation of 5 and 7. As

crystallite is a big network point binding a large number of

chains41 and thus divides the original chain into short one, this

reduces the limit of extensibility and contributes to the stress.

As discussed before, the molecular chain can crystallize to a

large extent at onset of SIC, which means one crystallite at

onset of SIC can bind more chains than one crystallite at high

FIG. 3. Comparison of temperature change of no pre-strain deformation and

pre-strain deformation.

FIG. 4. Different elastocaloric coefficients at different pre-elongations and

no pre-elongation conditions. The pre-elongation of 1 indicates the no pre-

elongation condition.

FIG. 5. The stress between different pre-elongations (from elongation of

2–6.5) and the same final elongation of 7. The maximum stress occurs between

elongation of 5 and 7. The stress does not decrease from pre-elongation of 2–5

even the decreasing strain change.
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elongation. Thus, the SIC can contribute more to the stress in

the further elongation when the pre-elongation is at the onset

of SIC. The large increase of the stress is then associated with

a larger crystallization at the pre-elongated state, but limiting

further crystallization upon elongation up to 7. So, even there

is a maximum entropic stress between elongation of 5 and 7,

the temperature change is lower compared to the elongation

from 4 to 7. The opposite tendency of stress and temperature

shows that the entropy change upon elongation is mainly due

to the crystallization and associated enthalpy of melting, and

the entropic elasticity contribution is secondary. Considering

the large mechanical energy input but small temperature

change output at pre-elongation of 5, pre-elongation of 5 is not

recommended for application.

As a conclusion, the effect of pre-elongation on the elas-

tocaloric effect is investigated. Compared with the no pre-

elongation deformation, the low elastocaloric coefficient

region can be skipped and go directly into the high elasto-

caloric coefficient region due to SIC by applying pre-

elongation. Especially, the elastocaloric coefficient obtains

the highest value when pre-elongation is applied at eve of

SIC, whereas elastocaloric coefficient decreases again when

pre-elongation goes into SIC region. Also, the stress input is

the maximum when pre-elongation is applied at onset of

SIC. The eve of SIC should then be chosen as the pre-

elongation rather than onset of SIC. For application, any irre-

versible process (overall damaging) should be avoided due

to large elongation,36 since it results in overall heating of the

sample and is too close to the toughness limit. Further inves-

tigation on fatigue property of different pre-elongations and

final elongations is necessary for potential application.

Furthermore, according to Tu�sek et al.,10 a similar elasto-

caloric regenerator by using NR material can be conducted.
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