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Abstract

Leather materials are subjected to various deformation states during their elaboration and their
use as a final product. Although the mechanical response of leathers under tension has been
studied in the literature for decades, scarce information is available on the nature of their
elasticity and more generally on their thermomechanical behavior. In the present study, four
leathers were tested under uniaxial loading conditions while temperature changes were

measured at the specimen surface using infrared thermography. Two types of tests were
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performed at constant ambient temperature: monotonous displacement-controlled tests until
failure, and cyclic load-unload tests with increasing amplitudes. The heat sources at the origin
of the temperature changes were also determined by using a version of the heat diffusion
equation applicable to homogeneous tests. Results enabled us to discuss the nature of
thermoelastic couplings in leathers. Intrinsic dissipation caused by mechanical irreversibility
was also detected and quantified. Distinct responses are evidenced depending on the type of

leather tested.

Keywords: infrared thermography, leather, heat source, thermoelastic coupling, mechanical

dissipation

Introduction

The mechanical response of stretched leathers has been studied in the literature for decades
[1-8]. However, only scarce information is available on the nature of their elasticity and more
generally on their thermomechanical behavior. Some physical phenomena involved in their
deformation mechanisms have been proposed to model the mechanical response in terms of
stiffness, rupture or relaxation. Beyond mechanical tests, some measurements have been
carried out using infrared (IR) thermography to analyze temperature variations at the surface
of leathers. Two approaches are reported in the literature:

e non-destructive control of final leather products [9]. Pulsed-phase thermography was
performed to evaluate the quality of the leathers in terms of hidden scratches and
texture in depth;

e analysis of the thermal response of leathers under mechanical loading, especially
self-heating under cyclic loading [10-12], in order to define a limit of acceptable
damage for leather products.

The present study belongs to the latter type of approach, and aims to study the

thermomechanical response of leathers under different types of mechanical loading. The



objective is to improve knowledge on the mechanical behavior of leathers via temperature

measurements, at the same time enabling us to review their elasticity, viscosity and damage.

Any material produces or absorbs heat when mechanically loaded, due to thermomechanical
couplings. The latter are composed of couplings between the temperature and the elastic strain
(thermoelastic couplings) and couplings between the temperature and the other state variables.
Two types of thermoelastic coupling can be distinguished:
e “classical” thermoelastic coupling, which occurs in metallic materials and polymers
below their glass transition temperature; this is sometimes called isentropic coupling
[13], and leads to a temperature decrease when the material is stretched;
e entropic coupling, which mainly occurs in rubber-like materials [14]. It leads to a

temperature increase when the material is stretched.
It should be noted that rubbery materials feature both types of thermoelastic coupling: at low
stretches (<10%), the temperature decreases, meaning that the effect of isentropic coupling is
greater than that of entropic coupling. At higher stretches, entropic coupling becomes
preponderant and the temperature increases [15, 16].
When mechanical irreversibility such as plasticity, fatigue damage and viscosity occurs, heat
is produced (the corresponding heat power density is called intrinsic dissipation or
mechanical dissipation) and material self-heating is induced. Measuring temperature changes
at the surface of specimens is therefore relevant in order to improve our understanding of the
behavior of materials. However, temperature is affected by heat diffusion and heat exchanges
with the specimen’s environment (through conduction with the jaws of the testing machine,
convection with the ambient air, and radiation). This is why heat sources are generally
preferred to temperatures in analyzing material behavior, since they correspond by definition
to a quantity which is not affected by heat diffusion and heat exchanges. By “heat source”, we
mean the heat power density in W/m® produced or absorbed by the material itself due to a
change in its thermodynamic state. The calculation of heat sources enables, for instance, the
quantification of the intrinsic dissipation over a thermodynamic cycle, even under
non-adiabatic conditions. In practice, the heat source fields can be reconstructed from the

temperature fields using the heat diffusion equation [17, 18]. This equation can be simplified
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when the heat sources are homogeneous in the specimen, i.e. when the strain fields are
homogeneous. In this case, a zero-dimensional (0D) formulation of the heat diffusion
equation can be used. This approach has been successfully applied to rubbers [19-25],
shape-memory alloys [26-32], polyamide 6.6 [33-37], PMMA [38], aluminum alloy [39],
steel [40] and copper [38, 41]. To the best of the authors’ knowledge, heat source calculations

have never been performed for leathers.

In the present study, four leathers were tested under different uniaxial mechanical loadings
while temperature changes were measured at the specimen surface using IR thermography.
Two types of tests were performed at constant ambient temperature: monotonous
displacement-controlled tests until failure, and cyclic load-unload tests with different stretch

amplitudes.

Experimental setup

Four types of leather, denoted A, B C and D in the following, were tested. Table 1
summarizes the thickness and type of each specimen. Animal hides are usually sliced into
several layers: the grain leather (also named top-grain leather or top-side leather) is the upper
part of the hide, while the split leather is the underside. It should be noted that leather B and D
contained a plasticizer. This was highlighted by spectrophotometric analysis, which revealed
the presence of an ester group COOR. The presence of plasticizer in leathers B and D was
confirmed by thermogravimetric analysis (TGA). It is to be noted that leather D was
mechanically softened (operation consisting of pummeling the leather with a pin wheel)

during the elaboration process and fed by a fatty acid during re-tanning.

Insert here Table 1: Characteristics of the four tested leathers. The time constant zin the final

column characterizes the ability of the specimen to exchange heat with the external

environment, see Eq. (1) in the “Data processing for heat source calculation” section



The experimental setup is presented in Figure 1. Rectangular specimens (5 mm in width and
110 mm in length) of each leather type were cut from a sheet; see Fig. 1-a. These dimensions
differed from the recommendations of ASTM standards D2209 and D2211 [42, 43] dedicated
to the measurement of the elongation and strength in tension of leather, but it should be
recalled that the objective of the present study is to improve knowledge of the
thermomechanical behavior of leathers via temperature measurements using an IR camera.
Dimensions were thus chosen as a compromise between machine capability and the ability to
detect temperature change due to stretching. Uniaxial tests were performed using a
home-made biaxial testing machine featuring four independent IAIl electrical actuators
(RCP4-RA6C-1-56P-4-300-P3-M) driven by a PCON CA 56P | PLP 2 0 controller, four
PCON-CA (IAl) controllers coupled to an in-house LabView program, and four load cells
with a capacity of 1094 N. In the present study, the testing machine was used to stretch the
specimens with the two vertical actuators (initial distance Lo between the grips set to 63 mm,
corresponding to the specimens’ useful length), while one horizontal actuator was used to
move a reference specimen close to the tested one: see Fig. 1-b. The role of the reference
specimen, made of the same leather as the tested one, was to track the temperature variation
of the close environment. Reference specimens were therefore not stretched during the tests:

see Fig. 1-c.

Insert here Figure 1: Experimental setup: a) four leather sheets used to extract specimens for

uniaxial tensile tests, b)schematic view of the measurement zone featuring the tested
specimen and a reference specimen, c) photo of the experiment, d) location of the two

temperature measurement zones during each test

Temperature measurements were performed with a FLIR infrared camera equipped with a
focal plane array of 640x512 detectors operating in wavelengths between 1.5 and 5.1 um. The
thermal resolution (or noise equivalent temperature difference) was equal to 0.02°C for
temperatures between 5°C and 40°C. The IR camera was powered up 3 hours before starting
the tests in order to ensure a stable internal temperature. The integration time and the

acquisition frequency were set to 1000 us and 25 Hz, respectively. Calibration of the camera
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detectors was performed with a black body using a Non-Uniformity Correction (NUC)
procedure. The variation in mean temperature change of the tested specimen was defined
with respect to the reference specimen. It can be noted that spatial averaging operations over
the measurement zones (on the tested specimen and the reference specimen, see Fig. 1-d)
strongly improve thermal measurement resolution. The latter can be estimated to within a few

hundredths of a degree.

Analysis of monotonous displacement-controlled tests

A typical nominal stress-stretch curve of each type of leather at 100 mm/min until failure is
presented in Figure 2-a. The nominal stress is defined as the ratio between the force and the
initial area of the specimen’s cross-section. The stretch A is defined as the ratio between the
current length L and the initial length Lo. The value chosen here for the displacement rate
differed from the recommendation of ASTM standards D2209 and D2211 (254 + 50 mm/min)
[42, 43]. It also differed from ASTM standard D412 (500 = 50 mm/min) for vulcanized rubber
and thermoplastic elastomers in tension [44]. However, as discussed concerning the choice of
specimen dimensions, the objective here to detect temperature change in order to perform a
thermomechanical analysis. It can be observed in Fig. 2-a that split leathers (A and B) are
stiffer than grain leathers (C and D). The higher ductility of leather D compared to leather C
can be explained by the presence of plasticizer and the softening operation which was
performed during the manufacturing process (see Table 1). The nominal stress-stretch curves
of leathers A and C are linear, while they are strongly non-linear for leathers B and D. This
can be related to the presence of plasticizer in leathers B and D. Temperature changes with
respect to the stretch provide additional information (see Fig. 2-b). The following comments
can be drawn from these curves:
e split leathers A and B clearly exhibit a strong temperature decrease during the first part
of the test (-0.12°C at A = 1.1 for leather A, -0.19°C at A = 1.2 for leather B). This

response is a clear expression of classic isentropic coupling, see the Introduction



section. Then the temperature increases and becomes slightly higher than the ambient
temperature (+0.06°C at failure for leather A, +0.15°C at failure for leather B);

grain leather C also first exhibits a slight temperature decrease (-0.04°C at A = 1.07),
before a significant temperature increase (0.35°C above the ambient temperature at the
end of the test). Note that the slight initial temperature decrease was not clearly
observed in other tests performed on leather C (temperature changes of around
-0.01°C);

grain leather D is characterized by a nearly isothermal response up to 4 = 1.1, which
can be explained by an equilibrium between the effects of isentropic coupling
(negative heat “sources”) and entropic coupling (positive heat sources) at low
stretches. Then the temperature strongly increases, reaching more than 1.8°C above
ambient at the end of the test. This high temperature increase could be due to entropic
coupling and mechanical irreversibility (viscosity and/or damage);

for the four leathers, global self-heating can be explained by the effects of entropic
coupling and/or mechanical irreversibility occurring in the materials. Both effects are
associated with the production of a (positive) heat source. The next section goes
further into the analysis of the thermomechanical response of the tested materials by

considering another type of mechanical loading.

Insert here Figure 2: Tensile tests at 100 mm/min until specimen failure: a) nominal stress

with respect to the stretch, b) temperature change with respect to the stretch.

Analysis of cyclic load-unload tests with different stretch

amplitudes

This section, dedicated to cyclic tests, is divided into three parts. First, the loading conditions

and mechanical responses are presented. Then the data processing for the heat source

calculation from temperature measurements is described. Finally, material behavior is
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analyzed in terms of temperature change and heat source variation.

Loading conditions and mechanical responses

Loading consisted of four series of 5 load-unload cycles. The series are denoted #1, #2, #3
and #4 (see Figure 3-a), corresponding respectively to stretch amplitudes of 25%, 50%, 75%
and 100% of 0.9 Amax, where Amax is the stretch at failure under tension of the considered
leather. Two displacement rates were tested: £100 mm/min and £300 mm/min. The factor of
three between the two loading rates is a compromise between machine capability and
sufficient heat production to distinguish thermoelastic and viscous effects at different
stretching rates. For instance, Figure 3-a shows a typical nominal stress-stretch curve obtained
for leather B at £100 mm/min. Fig. 3-b shows the variation in nominal stress as a function of
time. Within each series of load-unload cycles, a classic accommodation effect is visible: the
maximum nominal stress o} ,, decreases at each cycle (i from 1 to 5). It can be also
observed in Fig. 3-a that during the first loading stage (i = 1) of each series, the nominal stress
recovers the values that would have been attained if the loading had been monotonous. In fact,
the nominal stress increases more when the stretch exceeds the previously encountered
maximum stretch. These phenomena show a strong similarity with the Mullins effect [45] in
rubber (stress softening and stiffness recovery for stretches never applied before). The same
trends were obtained for the other three leathers and for the two displacement rates: Figure 4
shows the values of the ratio o ., /0k., Within each series of load-unload cycles at +100
mm/min (Fig. 4-a) and at £300 mm/min (Fig. 4-b) for all the tested leathers. The following
observations can be made with respect to this figure:

e the curves at £100 mm/min and +£300 mm/min are quite similar. This shows that the
loading rate has very little impact on the stress softening phenomenon. A similar
conclusion was arrived at in Reference [4] concerning the effect of the loading rate on
stress-stain curves;

e the stress softening phenomenon is much greater for grain leathers (C and D) than for

split leathers (A and B). At the fifth cycle (i = 5), the stress loss is equal to 15% for



leather C and 34% for leather D compared to the stress at the first cycle. It is equal to
only 10% for leathers A and B;

o for split leathers, the maximum stresses are nearly stabilized at the fifth cycle,
especially at £300 mm/min (ratios o},,./okax for i =4 and for i =5 are nearly
equal).

As for the monotonous tests in the previous section, additional information can be revealed by

analyzing the thermal data.

Insert here Figure 3: Cyclic test for material B at £100 mm/min: a) nominal stress with

respect to stretch, b) nominal stress with respect to time.

Insert here Figure 4: Cyclic tests: ratio of the maximum stress in each load-unload cycle over

the maximum stress of the first cycle. The four series of load-unload cycles are denoted #1, #2,

#3 and #4 (see Fig. 3-a). The cycle number in each series is denoted i.

Data processing for heat source calculation

As mentioned above in the Introduction section, a zero-dimensional (0D) version of the heat
diffusion equation can be used when heat sources are homogeneous in the specimen, i.e. when
the strain fields are homogeneous (which is the case for the present experiments). This
equation can be used to calculate the heat sources produced or absorbed by the material from
the knowledge of the mean temperature changes. Equation (1) shows the relation between the

heat source s (in W/m?) and the mean temperature change 6:

s=pC(G+7)

(D

where p is the material density, C the specific heat and 7 a time constant characterizing the

global heat exchanges with the environment of the specimen. The value of T was initially
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measured for each specimen by considering a natural return to ambient temperature, the
specimen being placed in the jaws of the testing machine as for the mechanical tests. Indeed,
the solution to Eq. (1) for s = 0 is an exponential function whose decay constant is 7, which
can be easily identified from the experimental temperature decrease. Table 1 provides the

values for the four leather specimens.

By dividing Eq. (1) by pC, we obtain

,_do | 6

dt T

2

where

3)

which can still be named “heat source”, but then expressed in °C/s. It corresponds to the
temperature rate that would be obtained in adiabatic conditions. Note that by using this unit, it
1s not necessary to know the values for the density and the specific heat. In practice, the heat

sources from Eq. (2) can be calculated by finite differences.

Thermal and calorific analysis of the cyclic tests

After some preliminary tests on various samples, cyclic loadings were applied to each type of
leather at the two loading rates. It can be noted that, as is usual for full-field measurement
techniques, a huge amount of data was recorded (temperature video files of between 50 Mo
and 500 Mo per test, depending on the test duration). Figure 5 shows the temperature change
and heat source variations for split leather A at the two displacement rates. Time periods

corresponding to buckling are highlighted by gray shaded rectangles in the graphs. The times
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corresponding to maximum stretching are indicated by vertical solid lines. The following

observations can be made concerning this figure:

a global temperature increase is observed for both displacement rates. The global
temperature rate is of about 1.2 mK/s for the test at +£100 mm/min (global increase of
0.17°C in 140 s), and about 6.2 mK/s for the test at +300 mm/min (global increase of
0.3°C in 48 s). These global temperature increases can be attributed to viscosity and/or
damage. Within each load-unload cycle, the temperature decreases and increases in
agreement with an isentropic coupling effect. Results show that temperature
fluctuations increased with the stretch rate. However, it is difficult to draw further
conclusions because temperature change depends on the heat exchanged with the
outside environment of the specimen;

the heat sources (expressed in °C/s) are negative during loading and positive during
unloading. The curves are not piecewise constant, meaning that the heat sources are
not only of isentropic-coupling type. Indeed, heat sources due to isentropic coupling
are proportional to the stretch rate. It was verified that the temporal integration of the
heat sources over the whole test duration (total heat produced) is positive, in
agreement with the global temperature increase over the duration of the test. This
reveals the production of intrinsic dissipation due to viscosity and/or damage. It is
interesting to note that during the first loading phase within each series of load-unload
cycles (see blue arrows in the graphs), the heat source starts to increase before
reaching the maximum stretch. This calorific response confirms the production of

intrinsic dissipation, which counters the effect of isentropic coupling.

Insert here Figure 8: Cyclic tests for leather A. Gray zones correspond to specimen buckling.

Vertical black lines correspond the maximum stretch in each mechanical cycle.

The same qualitative analysis can be made for split leather B (see Figure 6) and grain leather

C (see Figure 7), although quantitative differences can be highlighted. For split leather B, the

global temperature rate is of about 4 mK/s for the test at £100 mm/min, and about 14 mK/s

for the test at £300 mm/min. These rates are higher than those obtained for the other split
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leather (A), revealing a greater viscosity effect. This is confirmed by the variations in the heat
sources. The heat source starts to increase before reaching the maximum stretch for more
loading phases than for leather A: see red arrows in the graph. As a general comment, it can
be claimed that the effect of viscosity is calorically much greater in leather B than in leather A,
due probably to the presence of plasticizer in the former. For grain leather C (see Fig. 7), the
overall trend in terms of temperature increase is less linear. A global temperature rate of about

16 mK/s can however be estimated for the test at 300 mm/min.

Insert here Figure 6: Cyclic tests for leather B. Zones in gray correspond to specimen

buckling. Vertical black lines correspond the maximum stretch in each mechanical cycle.

Insert here Figure 7: Cyclic tests for leather C. Zones in gray correspond to specimen

buckling. Vertical black lines correspond the maximum stretch in each mechanical cycle.

Figure 8 shows the temperature change and heat source variations for grain leather D at the
two displacement rates. Graphs are limited to the first three series because the strong buckling
in series #4 prevented us from extracting accurate thermal data. The following comments can
be made for this figure:

e cach loading phase is associated with a temperature increase. This can be attributed to
the effect of viscosity and/or entropic coupling. It can be noted that the first loading
phase in each series is associated with a stronger temperature increase than those of
the subsequent cycles: see red arrows. This thermal phenomenon can be related to the
fact that the stretch exceeds the previously encountered maximum stretch. A similar
calorific response was observed to that of the Mullins effect in rubber (see calorific
analysis in [21]). Each unloading phase is associated with a temperature decrease.
After each strong temperature increase (indicated by the red arrows), the temperature
globally decreases, meaning that the calorific effect of viscosity decreases over the
cycles;

o the total heat produced by the material over the whole test duration (temporal

integration of the heat sources) is clearly positive, showing the strong influence of the
12



viscosity. It can be noted that during the unloading phases, the heat sources are slightly
negative, meaning that the viscosity nearly counteracts the entropic effect in terms of

heat production.

Insert here Figure 8: Cyclic tests for leather D. Gray zones correspond to specimen buckling.

Vertical black lines correspond the maximum stretch in each mechanical cycle.

Conclusions

The mechanical response under tension of leathers has been studied in the scientific literature
for decades. The present study aimed at providing new data concerning their
thermomechanical response, namely the temperature changes caused by material stretching.
For this purpose, IR thermography and heat source calculations were performed to analyze the
response under tension of different leathers. Split leathers and grain leathers were compared
during monotonous tests and cyclic tests. Beyond the mechanical responses, the following
conclusions can be drawn from the calorific response of the tested specimens:

e the two tested split leathers (cow and calf), as well as the grain pigskin leather,
featured “classic” isentropic thermoelastic coupling. Typically, the materials absorbed
heat when starting the loading under tension;

e the tested grain calf leather, which was mechanically softened during the elaboration
process and fed by a fatty acid during re-tanning, featured entropic thermoelastic
coupling, such as in rubber-like materials. Typically, it produced heat at the start of
loading. Moreover, a strong similarity with the Mullins effect in rubber materials was
observed in both the mechanical and the calorimetric responses;

e the presence of plasticizer in the tested leathers led to a higher level of heat production
throughout the tests, probably due to the additional viscosity induced.

This type of information could be used to propose accurate thermomechanical behavior laws

for specific leathers. An analysis of the tearing response of leathers is also available in [46], in
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which investigations were carried out at the local scale using two full-field techniques (IR
thermography and digital image correlation) in order to discuss the material’s resistance in
terms of thermal activity in the crack zone of influence. Finally, temperature measurements
under stretching may be used for quality control at different steps of the manufacturing
process, in order for instance to assess viscosity properties from the material’s calorific

response.
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Fig. 4 Cyclic tests: ratio of the maximum stress in each load-unload cycle over the maximum
stress of the first cycle. The four series of load-unload cycles are denoted #1, #2, #3 and #4
(see Fig. 3-a). The cycle number in each series is denoted i
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