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Stress measurements on chrome-tanned leather
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A sensitive method has been developed for the measurement of mechanical stresses in
compliant planar samples originating from changes of their solvent content or
temperature. The samples are mechanically conjoined with a silicon wafer. Thus, an
alteration of the sample stress causes a spatial displacement of the wafer which is detected
capacitively. The method is applied to the measurement of stresses in both acetone-dried
and air-dried chrome-tanned leather which has been exposed to a stepwise modulation of
ambient humidity. The stress development in the sample can be well characterized by a
first-order exponential decay. The mean moisture content exhibits a similar time
dependence. However, the relation between stress development and moisture content
differs for swelling and shrinkage. This behavior is explained on the basis of a novel
two-capillary model. Moreover, the response of the sample to the alteration of ambient
humidity is found to be related to the structure of its collagen fiber network. The tight
structure of air-dried leather with a poor isolation of fibrils yields much higher stresses than
acetone-dried leather. © 2001 Kluwer Academic Publishers

1. Introduction nent is superimposed. Thus, small deformations can
The corium, the main layer of animal hides, is the rawbe detected with a higher accuracy than in common
material for leather manufacturing. It consists of a tightstress-strain investigations by tensile testing machines
network of collagen fibers and fibrils, the water sorption[1]. The characteristic differential strain in the studies
of which, and therefore swelling and shrinkage of thediscussed below is in the range of about 103 to
network, strongly depend on temperature, humidity and x 10~3. This is about one order of magnitude smaller
pH. The process of drying is known to be the most im-than achieved in the “low strain region” of common
portant fabrication step in leather manufacturing since istress-strain investigations [2, 3]. Strain due to external
determines already to a wide extent the resulting properforces is completely avoided by fixing the unstrained,
ties of the leather depending on the structural alignmenplanar material on a mechanically stiffer substrate
of its fibers. The latter is influenced by capillary forces which acts as flexible plate of a capacitor. Thus, shrink-
during water removal from the specimen. Thereforeage or expansion of the specimen under investigation,
different drying pathways can lead to variant leatherinduced by environmental driving forces such as tem-
quality. Because of the importance of the area yield foperature or humidity, cause a spatial displacement of
the leather industry, there is a great demand for fast anthe substrate which can be detected capacitively with
technically robust methods to characterize the dryinghigh resolution. This technique also allows a more pre-
behavior of differently treated leatheirs situ during  cise evaluation of conformational changes of leather
manufacturing. than corresponding stress-free strain measurements of

Also in further processing the viscoelastic propertiesunconstrained leather.
of leather are very important. One current example is Besides methodical aspects, this paper mainly fo-
the usage of leather for surface finishing of automotivecuses on the investigation of the dependence of the me-
dashboards. If unsuitable leather is used, dashboard$anical stress;, on the moisture contert, of leather.
can be deformed due to growing mechanical stresse3oth entities are controlled dynamically by the relative
under the influence of high temperature and low hu-humidity of the surrounding air at constant temperature.
midity. Also in shoe manufacturing the stress formation
in leather during the lasting process (especially durin2. Experimental and materials
“heat setting”) is of great interest. 2.1. Capacitive stress measurement

In this paper, a novel technique is described by which transducer
the stress development in leather can be recorded dFhe method for detection of stresses in plain leather
rectly under changing environmental conditions. In dis-sheets is based on the measurement of the deformation
tinction to previous methods, no static stress compoef a mechanically attached disk of known elastic
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Figure 1 Schematic viegraph of the experimental set-up used for the 0 2'0 4'0

stress measurements. The capacitive stress transducer is mounted in
climate chamber. Differential shrinkage or swelling of the leather sample,

glued to a Si water, results in a slight bending of the wafer. This benOIIngFigure 2 Calibration curve of the stress measuring device. External

is measured by recording the capacity change between the Si WafeIrCJads provoke different curvature of the Si wafer. These are observed

which is metal-coated on the bottom side, and the metallic support wit ) ) .
. ) y an optical displacement meter and correlated with the output voltage
an AC capacitance bridge (RCL). : o ;
signal of the capacitive transducer device.

Load [g]

constants. Shrinkage or expansion of the leather are

transferred into a smooth curvature of the disk cause&nidgy c?n dbg con.tr.olled ((I;ig. 1).dThe rt?[lative htumidit)q
by the stress in the substrate whiclaigriori not sensi- IS adjusted by mixing a dry and a wet gas stream. in

tive to anisotropic behavior. Thus, shrinkage or expan:[hls way, the relative humidity can be adjusted between

sion of the fiber network can be quantified in terms of5% and 90% at a temperature of about@pavoid-

forces. In similar techniques the disk curvature is usu"9 condensation of water or very high gas flow rates.

; ._Thus, gradients of both humidity and temperature are
ally detected by alaser displacement meter[4] or optical uppressed within the climate chamber. Typically, the

interference techniques [5]. However, optical methodssh teristic relaxation time f itching 7 ¢
require a high reflectivity of the materials surfaces. Tocharacteristic relaxation ime for switching irom oné to

overcome this disadvantage, we measure the Curvc';\tuP(~_nother humidity yqlue IS Iess_ than two.mlnutes. Tem-
of the disk by monitoring the capacity change betweerPerature and humidity of the air in the climate chamber

the metal coated bottom side of the disk and a fixed'© measured with a P570 senddogtmann Electronic

capacitor plate (see Fig. 1) following the technique de-GmbH Wertheim Germany. The data acquisition of

: . tress and climate values was usually done every 10 s
veloped by Willcock and Campell [6]. Previously, the S o e
capacitive transducer technique has been e.g. succe 8-60. s. The humltdréy Coiﬁ'c'e?t c|>f theitpure wafer Zyst-
fully applied to gas pressure gauges [7], and to stres r2n 'S\’/ as e1>$ec Iet" e>;] fe”?;.ty Or:N' co;resiﬁon s 1o
measurement of both thin growing films [8] and drying ~* MV per 17 relative humidity change. For the mea-
ceramic precursors [9]. surements presented, usually the fol!owlng humidity-
In order to employ substrate disks with reproducibletlme regime was chosen: at the beginning of the ex-

mechanical properties, we have used Si waldsdker periment the relative humidi_ty is set toa defau!t_ va_llue
Siltronik, Frepibeprg, Germany with a thickness of of 50% and kept there overnight to achieve equilibrium

380m and a diameter of 3 Inch. In addition, the wafersconditionS; then, the hum.idity was cy_cled t\_/vice for one
' hour to 20%:; thereafter, it was two times increased to

have been electrochemically metallized from the bot-800 ; h h le. Th is K
tom side with a gold layer of aboutdm thickness. The 0 for one hour eac cycle. The temperature Is kept
capacitive change due to differences in the disk curvagonstant over the duration of whole experiment.
ture were detected with a Wheatstone bridge, whichwas
operated at 10 kHz. The system was calibrated by me&.2. Investigated samples and preparation
suring the capacity changes for different loading of theAll investigations were done with chrome-tanned
pure Si-wafer. The corresponding voltage output signabovine leather without any additional retannage, fatli-
of the Wheatstone bridge is given in Fig. 2. This signalquoring or finishing. The samples originate from the
turned out to depend nearly linearly on the applied loadutt of the hide. After passing the beamhouse they were
in the region investigated. Simultaneously, the corretanned with 1.3% GKO3 per pelt weight. Thereafter,
sponding disk curvatures were recorded with an opticabne half of the samples were acetone dried, and the
topography scannefFLEXUS-2140 KLA-TENCOR  other half were air dried. The two drying procedures
Canadag. The long-term stability of the built-up capac- result in remarkable differences in the sample thick-
itive transducer is smaller than 2 mV measured over aess of 2.4 mm and 1.0 mm, respectively. In addition,
period of 10 h. The temperature coefficientis 15 mV/K.some of the acetone-dried samples were split into a
With this system, differences in the disk curvaturegrain layer, how the surface layer of leather is usually
down to 1.3x 1074 m~* could be detected correspond- called, an upper corium layer and a lower corium layer.
ing about to a wafer displacement of Quin and/or a The apparent thickness of these layers was 0.7 mm,
stress of 0.5 Pa. However, the sensitivity can easily b&.1 mm and 0.9 mm, respectively.
improved by more than a factor of ten if necessary. The samples (grain side facing the wafer) were glued
The capacity transducer device is placed in a climat@nto the uncoated side of the Si wafers with a two-
chamber, in which the temperature and the relative hueomponent epoxy glueJHU plus schnellfestUHU
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GmbH Biihl, Germany at a relative humidity of about where E is the Young’s modulusy is the Poisson’s

50%. The glue was applied on the Si wafer as arratio,e(t)isthe straing(t) is the moisture concentration

about 10um thick film by means of a slanting plate. andg is a constantfactor. The overlined symbols denote

The leather samples are fixed without applying laterathickness averages.

stresses. In our experiment, the average stress in the leather
layer,o", has to be derived from the curvature of the

2.3. Characterization of sample structure conjoined systemy. This can be obtained by taking

2.3.1. SEM observation iqtq consideration that Equation 1 is valid for each in-
Both, acetone- and air-dried leather samples, hav«g'vIdual layer:

been examined by low-voltage scanning electron mi- _ E_ _ _

croscopy GEMINI DSM-982 ZEISS Oberkochen o) =g E@®=p-c),

Germany at 1 kV allowing fibrillar resolution of

the leather microstructure. For these examinations osi(t) = Esi - &silt). 2)
the samples have been cross sectioned by a micro- 1-vsi

tome HM340E Microm Laborgeéte GmbHWalldorf, ot the indexeSi and L denote the wafer and the
Germany and afterwards coated with an about 30 NMygather respectively. Using Kirchhoff's theory for lay-

thick sputtered Pt film. ered plates [12] withs; = € andas; - hsi + o7 - hy
= 0, 0" can be calculated by:

2.3.2. Porosity and inner surface Ee . h

Porosity has been estimated in two different ways: first, & (t) = St L (14 e0®) - k(t).

from density considerations, and alternatively, a 2D 6-(1—vsi)-p?-(1+0p) 3
porosity has been derived from SEM image analysis, ) ] ] )

i.e., the area of pores has been analyzed in relation toere, the d|menE3|?nIess factossande are given by
the entire image area. The inner surface has been dé-= p- ande = ﬁ

termined by the specific adsorption of nitrogen (BET) In Equation 3 all values are revealed excepé be-
after Brunauer, Emmet and Teller [LOA$AP 2000 causeE, andv are unknown. Therefore, itis not possi-
MICROMERITICSNorcrossUSA), employing~2.5g  ble to calculate” directly from Equation 3. Usually, at

of leather, cut into pieces of 5 mm 5 mm in size, for  this point the Stoney’s approximation1) is applied
one measurement. The typical equilibration times ardor thin films [13]. However, the layer thickness of the
>11 h. The BET measurement yields a value in unitdeather samples is large compared to the Si-wafer thick-
of surface per weight, which is of course not directly Ness. In our casg, ranges from 2 to 5. Therefore, we
related to the dimensionless volume porosity. Howeverhave evaluated the factor-{e- o®) of Equaton 3 taking
this value takes the separation of structure elements ifito consideration tha for soft materials like leather

the range of a few nanometers more specifically intdanges between 2 10-2 and 5x 1072, In Fig. 3 the
account. ratio ;¢ is plotted versus the leather sample thick-

ness for differené. On the one hand, it can be seen that
e x p3 is much smaller than 1 fdn_ <1 mm. In this

2.3.3. Moisture-sorption characteristic case Equation 3 reduces to:

Moisture-sorption characteristics have been obtaine
via mass analysis of the samples by an analytical Esi-he

balance AT 20Q Mettler, Greifenseg Switzerlangl. oL(t) = 6-(1—vsi)-p2-(1+ p) EAONNC)
For this, the gas mixing system from the stress,

measurement device including the temperature/ humid- —

ity sensor has been adapted to the balance housing. All oL _ ; (5)
measurements were performed with samples mounted of 1l+e-pd

on Si wafers.

2.4. Data analysis

In general, forces and thermodynamical state variables
characterizing the stress development in a planar sam
ple depend on spatial positiorx,(y, z), and timet. In

our particular case, the stressin the flat, cylindrical sam- 87
ple can be well described by an isotropic biaxial stress o, /o,
state because of the sample symmetry. Moreover, ne

glecting thickness variations of the stress field, we can 061
average over the sample thickndssThis leads to state

variables depending only on time. According to [11],

the mechanical stress in linear and isotropic materials 0.4

under isothermal conditions(t), can be described by 05 10 _ 18 20 25
Layer Thickness [mm]

1.0 pemess

E(t) — E . (e_(t) _ ,BAE(I)), (1) Figure 3 The depepdence ofthe ratgé onthe leather sample thickness
1—v according to Equation 5 for different valuesef
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Here,o| is the stress of the leather sampleffipr— 0. TABLE | Characterization of the porosity, derived from both density
On the other hand Fig 3 illustrates that it is possiblea”d SEM feature analysis, and of the specific surface analysis of the
. . : : : investigated [
to obtain an estimate foe by plotting the thickness ' cSdated Sampies
dependence ¢ and fitting the results with Equation 5. Acetone-dried Air-dried
' chrome leather chrome leather

2.5. Description of the stress relaxation Apparent density (g/c) 0.52 0.65

Exchange and loading processes in finite volumes unEg;ngg :gm geE”'\j'?égt’/"ze 521 ‘;j
. .. . I u

der stepwise-constant drlvmg_forces can be described analysis (% area of pores)

by an exponential decay functidi(t) = fo+ > ; Ai-  specific surface (BET) (#g)  16.6 0.52

exp(— (t;—_t‘))) with a spectrum of relaxation times[14],
which reduces in the case of only one dominating mech-
anism to:
(t — to) different capillary forces in the porous leather during
f(t)= fo+ A.exp<— 0 ) (6) itsdrying.

T In fact, definite differences in the fiber alignment de-
spending on the applied method of drying are clearly
es,tated in Fig. 4B/C, and 4E/F which show SEM mi-
rographs of the upper corium layer. After air drying,
e fiber bundles are packed much tighter together than

In our case the dominating driving force for the stres
development is the relative humidity since temperatur
is kept constant during the experiment. In accordance t
this, we observed that the stepwise change of humidit

causes a stress in the sample, the time dependence f;er acetone drying as it can be easily seen from the

which can be well fitted with a first order exponential inlrZﬁEgﬁgngriopqezem:%Erli:I;g.vtricingrg. ﬂ'\]/leorserg;ﬁ_r’
decay function as given in Equation 6 (see Section 3'2)ést structure elements of the bundles, tend to loose
their structure and to denature partially depending on
3. Results bundle size (cf. Fig. 4F). The periodicity of parallel
3.1. Structure analysis by SEM aligned fibrils located at the surface of larger bundles
The structure of the fibril network of the studied can be hardly resolved by SEM, whereas single fibrils
hides changes continuously from the grain towards thend amorphous tethered fibrils conserve both their peri-
corium layer (see Fig. 4A and D). In the grain layer nearodicity and cylindrical shape. Larger fibril bundles are
the surface of the hide the fibrils are packed in relativelyclearly separated by pores with diameters comparable
small bundles. The average diameter of these bundlds the bundle size. In acetone-dried leather the pores are
is~2 um. They are composed of about ten fibrils with much smaller and often filled by amorphous tethered
a typical diameter of several hundred nanometer. Offibrils. Here, the periodicity of all fibrils, even in large
ten, these bundles do not exhibit a cylindrical shapebundles, can be resolved clearly (see Fig. 4C).
but show a more plate-like or lamella-like structure. In  These observations are supported by porosity and
addition, we observe large regions of loosely tetheredpecific surface analysis (see Table I). Acetone-dried
fibrils which, in contrast to the crystal-like arrangementchrome-tanned leather shows both a higher porosity
of the fibrils in the tightly packed bundles, can be con-and a higher specific surface than air-dried chrome-
sidered as an amorphous phase. tanned leather. The difference in porosity yields 20—
Towards the corium layer the diameters of the bun-50%, while the difference in the specific surface is
dles grow. Atthe same time the amorphous regions vara factor of about 30. Both methods give different re-
ish increasingly and can be only found in the marginssults, because the routines used to determine the poros-
and crossing points of fibril bundles. Further below, theity are not sensitive to nano-scale features, neither the
structure of the cross section remains fairly constantcalculation from density measurements nor the estima-
Here, the bundles having a diameter~af00 um are tion from SEM analysis. Or in other words, nanopores
tightly packed. in-between the fibers, which are not closed by cap-
The description of the section cut of the hide givenillary forces during drying, do not considerably con-
above is not specific only to one particular sample, butitribute to the volume porosity, however they result in
can be regularly found regardless of the applied tannin@ large inner surface of the material. Thus, the large
and drying processes. Nevertheless, the direct compaspecific surface of acetone-dried leather has to be at-
ison between Fig. 4A and D shows that the particulattributed to a well developed fiber isolation. On the
way of drying has large influence on the leather struc-contrary, the isolation of individual fibers in air-dried
ture as a whole. While acetone drying resulted in deather (Fig. 4E/F) is much less than in acetone-dried
sample thickness of 2.4 mm (Fig. 4A), the thickness ofleather while bundle separation is more pronounced.
the air-dried sample is only 1.0 mm (Fig. 4D), althoughIn comparison to the large difference between the
both samples have beeninitially prepared from the samacetone-dried and the air-dried sample, the variation of
material. Furthermore, air-dried leather is much hardethe specific surfaces of the different sub-layers of the
than the acetone-dried one. This draws attention to thacetone-dried sample is found to be relatively small.
fiberisolation, which differs considerably depending onThe measurement of the specific surface of the grain
the applied drying process. The large influence on botlayer, the upper corium layer and the lower corium
fiber alignment and isolation is caused by the differencdayer yielded 25.6 g, 18.9 nt/g and 14.4 rf/g,
of the surface tensions of acetone and water, leading tespectively.
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Figure 4 Low voltage scanning electron micrograph of a section cuts of acetone-dried chrome-tanned leather (A—C) and of air-dried chrome-tanned
leather (D—E). (A) The white arrows in the top region of the image indicate the border lines between the different layers: (from left to right) grain
layer, upper corium layer and lower corium layer. The scale bar denotegrB0(B) Micrograph of the upper corium layer. Scale bar 200. (C)
High-resolution micrograph of the upper corium layer. The fibrils exhibit a clear isolation, that is, the fibrils in the bundles are separated from each
other. The lateral periodic structure along the fibrils of 67 nm is resolved. Scale/bar £D) Section cut of the air-dried leather. Compared to the
acetone-dried leather (A), here the sample thickness is considerably smaller. Furthermore, larger pores appear. The scale bar dengtes 500
Micrograph of the upper corium layer. Dense bundles with diameters of aboutri@ppear. Scale bar 2¢0n. (F) High-resolution SEM micrograph

of the upper corium layer. Compared to acetone-dried leather (C), the fibril isolation is rather bad, i.e., they do not separate clearly, but merge into
larger bundles. The 67-nm periodicity is hardly resolved. Scale lan2All section cuts were prepared with a microtome and coated with Pt prior

to imaging.

3.2. Mean stresses in leather under (standard regime) is shown in Fig. 5. Here, four well-
changing relative humidity discernible features are important:
3.2.1. Acetone-dried leather First, as expected, the leather contracts when the hu-

In this Section we compare the stress development imidity is lowered and expands in the opposite case.
the as-received acetone-dried leather samples to the cddotwithstanding, in the applied regime the stress am-
responding contributions of their individual sublayers. plitude does not develop to its equilibrium value within
For this, first, the as-received leather, and second, santhe half cycle period of 1 h. Thus, exclusively the ini-
ples after splitting into the grain layer, the upper coriumtial stress development caused by an abrupt humid-
layer and the lower corium layer were investigated. ity change is studied. In additional experiments (not

A typical example for the observed stress responsshown) we found that the equilibrium value is only
of the as-received leather to stepwise humidity changetgached after a period ef5-6 h.
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Figure 5 Time dependence of humidity induced stress changes in the — ¢ : \“\\
as-received acetone-dried leather sample. The stress amplitude (op10“_5 A A \‘\\
circles) is plotted toggther with the relative‘humidi_ty_ (dashed line) and — o1 04_ é o \\\ .-
temperature (dotted line). Abrupt changes in humidity lead to an expo-< R r N A " -Af Y}
nential stress relaxation (full line: fit of the experimental data). Lowering ’5 ‘>‘<‘\_\ A A2 \
humidity yields higher stress amplitudes than an increase of humidity. "g % g e A3 A
D 1x104 A IS S
3 X X A5 el
Second, the reference stress level (corresponding t o -Aé
50% relative humidity) does not remain constant wher A A7
the ambient humidity is cycled. Usually an offset is © A8
observed the time dependence of which develops ex 05 10 15 20 25
ponentially with a typical time constant of about 1-2 h, _
reaching a constant value after about 3 cycles (no Layer Thickness [mm]

shown). When the sign of humidity change is switched,F_ 6 Thick denend ‘ the fit ants for the st

- S . S igure ickness dependence of the fitting constants for the stress
the Sign of _the offset W”_I I_IkeWIS? Change' AS ,It W!‘” be relaxation in acetone-dried leather: the time constantsnd the prefac-
discussed in more detail in Section 3.3, a similar “long-yos, A, from the fit of the experimental data of each humidity cycle with
term” relaxation of the 50% reference level was ob-Equation 6 are plotted. The amplitudes are clearly separated for different

served for the water sorption of the investigated leathesign of humidity change (open symbols: negative humidity change; filled
samples. symbols: positive humidity change). The dashed line denotes the fit of

Third, the time development of the stress can be wel he data point with Equation 5 and the dotted line gives the values in the

. . : ) ; ith— 0.
fitted with a first order exponential decay function (cf. e
Equation 6) with a typical time constantof~ 20 min

(after subtracting the above discussed “long-term” CONhumidity cycles from Equation 6, are plotted versus
tribution to the stress relaxation). That is, the initial sample thickness. This plot clearly indicates that both
stress development can be regarded as an exponentig|yes are rather defined by the thickness of the partic-
relaxation process. Itis worth noting that the relaxatlonu|ar|y investigated sample than by the structural differ-
time constant was found to be nearly constant for allances petween grain and corium layer as observed in
humidity cycles independently whether the humidity iSthe SEM investigations.
increased or lowered. o ~ As mentioned aboveA decreases with increasing
Fourth, in contrast to the relaxation time, the ampli-jayer thickness. That is, the mean stresses are lower in
tude of the observed change in stress differs considefne entire specimen, (though total forces are of course
ably depending on the sign of the humidity aIteratlon.higher)_ This behavior is found for both regimes, for
Starting from 50% humidity, the total change in Stres'Iositive as well as for negative humidity changes. How-
is much larger when the relative humidity decreasecyer, the corresponding stress values are always larger
by 30% in comparison to the case where the humidity, the |atter regime. The fits of the thickness depen-

increases by the same amount. Thus, the time constaggnce of theA with Equation 5 yield elastic ratios of
and the amplitude of the humidity induced stress relaxs — 3 x 10-3ande=5 x 10~2for negative and positive

ation in leather are independent values which are NOkumidity alteration, respectively.
directly correlated. This behavior was observed for all | gistinction to that, the calculated time constants,

measured samples—for the as-received sample as Wej}e fairly constant over the whole range of layer thick-
as for the various sublayers. _ ness. For all thin leather samples, the time constants for
The additional investigation of the grain layer, the up-positive and negative humidity changes are equal within

per and the lower corium layer revealed that their stresghg errors of the measurement. They do not depend on
development is very similar to the behavior of the as-ne sign of humidity change.

received acetone-dried leather in all four items. In par-

ticular, we found that the time constants are much the

same, whereas the amplitudes of the developed mea®2.2. Air-dried leather

stresses decrease with increasing sample thickness. Tlie response of the mechanical stress in an air-dried
results are summarized in Fig. 6, where the time conleather sample to stepwise changes of humidity (stan-
stants,r, and the prefactorsd, derived for different dard regime) is plotted in Fig. 7. The general features
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3.0x10%— . . . 90 ¥  Inaddition, the water-sorption kinetics was repeatedly
a0t e o deo >  measured for two complete cycles of humidity change
& I R P~ between 50% and 80% (cycle numbers 9-12) after the
o 200% R P zero reference level has been reached again within a
§ 1.5x104 ... Bevamnt . o H E E . 150 FJ pel’iOd Of 13 h
& 14 f e A As expected, the weight of the sample decreases,
ST AL U 19 when the humidity is lowered to 20%, and increases,
S soxt0f PR S E R 1% £ when the humidity is raised to 80%. In the case of equi-
0.0 b fF=eees o - 20 ‘g librium conditions we would anticipate from the ad-
P P o P plly g  sorptionisotherms [1_5] a change_oyc the sample mass of
i about 10% for both signs of humidity alteration. How-

Time [hh:mm . .
[ ] ever, the measured mass alterations are found less in all

Figure 7 Response of air-dried leather to stepwise humidity changesCas€s. This emphasizes once more that the presented

The amplitude of the obtained mechanical stress is a factor of 100 higheinvestigations focus especially on the initial period of

in comparison to acetone-dried leather (Fig. 5). The symbols are thgyater exchange far from equilibrium.

same as in Fig. 5. It should be noted that the mass reference level (cor-
responding to 50% relative humidity) does not remain

of the time dependence of the stress development igonstant when the ambient humidity is cycled. It ex-
similar to the behavior of the acetone-dried Sammeshlblts initially a similar exponential behavior as the
however, the obtained amplitudes are about a factor digference level of the stress measurement (cf. Fig. 5.
100 larger. In the regime of negative humidity change<*9@in, typical time constants of about 1-2 h are found.
mean stress values of 2 x 10° Pa have been obtained. N order to ascertain whether this “long-term” effect
We suppose that this result is a consequence of the pr&€Pends on the “pre-history” of the sample treatment,
nounced differences in the structure of the both sample§1€ Positive humidity-change cycles were carried out
after drying. under different conditions. In the beginning, the water
Despite the large differences in the stress amplitudeSOrption (cycle numbers 5-8) was measured directly
the characteristic time constants are found to be nearf@fter finishing two negative humidity-change cycles.
the same as in the acetone-dried samples. Howevefhen, with a time lag of 13 h, this measurement was
here the time constants clearly depend on the sign of thi€Peated (cycle numbers 9-12). This particular inves-

applied humidity change. Time constants~e28 min tigation gave two results: First, the observed shift in
are obtained in the negative humidity-change regimefeference level vanishes again to zero after keeping the

whereas time constants sf14 min are calculated for Sample at 50% humidity for a period of at least 12 h.
the opposite regime. Second, Fig. 8 shows that the reference level offset does

depend on the “pre-history” of the sample. Although the
characteristic time constants for both positive humidity-
change cycles are found to be similar= 107 min for

Parallel to the stress relaxation, the gravimetric massSYcles 5-8, and =101 min for cycles 9-12), the am-
sorption kinetics of the samples was investigated. Arplltudes of the observed offsets differ. The am_plltude
example is given in Fig. 8, where the relative change idS found to be less by a factor of 2 after keeping the
mass of the lower corium layer is plotted versus time S2MPple at 50% humidity for 13 h.

Before starting the experiment the sample was kept at Afterthg correctlon for the refer_ence_level offset, the
50% relative humidity over night. Under these condi-Mmathematical analysis of the gravimetric measurements
tions the absolute water content in the sample is 1894 €vealed that the mass-sorption kinetics of the leather
The response of the sample is presented for one cons@mples exhibit the same exponential behavior as their

plete standard humidity regime (cycle numbers 1_8)§tres,_s relaxatiqn. This leads to the conclysi_on 'Fhat al-
terations of moisture content in the material is directly

driven by the concentration difference between inside

3.3. Moisture-sorption characteristic

00:00 02:00 04:00 06:00 20:00 22:00 24:00 and outside the material:
0.069 | 5 i N f
% o = ‘.'»."»_",_' - 180 1
S 20.04 : i C=—- (Ol - CRH — C). (7)
£ 8B : 3 ; : 2 T
2E | IERF M iF g0
£ 0021 : : TRE 1 4 H g . . . . .
28 ol g R e MR 3 Here,c is the moisture content in the materiaky is
% % 000 — 409 the relative humidity of the ambient air,is a propor-
= £ ! 5 tional factor respecting phase transition phenomenalike
R I V- - 1o Henry'slaw, and is the characteristic time constant for
cycle#ii#o | #3:#4 #5 #6|#7 #8 , |#9 #10#11#12 the process of moisture equilibration. The characteristic
00:00 0200 0400 06:00  20:00 22:00 24:00 time constants of the individual cycles (1-12) together

Time [hh:mm] with time constants from another control experiment
Figure 8 Relative mass analysis of the lower corium layer of acetone—a_lre given in Fig. 9. It can be seen that m.averag? Fhe
dried leather during switching the relative humidity according to the t|m_e ConSFantS for the positive and negaUV_e hum|d_|ty
standard humidity regime (cycles 1-8) and after equilibration for hu-regimes differ. The time constants for negative humid-
midity changes between 50% and 80% (cycles 9-12). ity changes (50%—-20%) are equal to the time constants
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A L same environmental conditions. Furthermore, the struc-
ture of the samples was characterized by SEM and BET.
The presented investigations show clearly that the de-
o o velopment of mechanical stress in leather is mainly gov-
00:45 - © L erned by two factors: by the water exchange between
o © o the leather sample and its surroundings, and by the in-
ternal structure of the fibrillar network. The specific
00:30 1 - network structure, in turn, is defined by the applied
_______ o, tanning and/or drying process. In particular, the in-
A A Q vestigated chrome-tanned leathers exhibit well distinct
00:15- " internal structures after application of different dry-
2 13 @ 5 7 18 10 <10 11 12 ing procedures. The acetone-dried specimens posses a
much larger specific surface than the air-dried samples,
Figure 9 Timg constants, evaluated_ from the relative mass a_nalysis otaused by a more efficient fiber isolation.
the lower corlum Iay_er. The open urcles denote va!ues obtained from Here, we will focus on the discussion of the results
the data shown in Fig. 8, and the triangles are derived from a second . . .
measurement. obtained for stepwise humidity changest80% start-
ing from a reference level of 50% relative ambient hu-
emidity with a cycle period of 2 h. In this “dynamic”

However, to our surprise we found the time constants€9'Me. both.r'ne.chanlcal stress and moisture content
are notin equilibrium. However, irrespective of the non-

for the positive humidity change regime (50%—-80%) to™ = .~ . ) oo
be larger by a factor of about 2. In addition, Fig. 9 showse.qu'“b”um conditions, the samples under investigation

that the time constants of respective first cycle of eacléf'.eldeeI sp_ecmc SIress responses depending on the ap-
humidity-change regime (e.g. cycles 1, 5 and 9) tend té)“ed tanning conditions. Thus, th_e present_ed method
deviate from the average time consta’nts We suppoé well suited for the characterization of particular me-
that this is caused by the large offset of the referenc& anical properties of leather.

level after the respective first cycle in each humidity- In the pr_esented studies we f_ound that bOth physi-
change regime and by the resulting difficulties to de-cal properties of leather, the moisture sorption and the

convolute both time dependent processes properly. Thaess development, show a similar time response to

plotted data, however, also manifest that the time con‘§.lerpt h“!“'d'ty changes. In both cases, an exponen-
stants for the remaining cycles of each humidity-chang(-{llal short-tlme'response anda Iong-term (elaxat|qn are
regime scatter considerably less. Furthermore, the Conp_bserved, W.h'Ch can be_ und_erstood_ W't.h'n the simple
parison between the time constants for cycles 5-8 Witt'lnOOIeI for dr!ven OSC.'”at'Or.'S in RC circuits. Th? Ior)g—
cycles 9-12 shows that the derived time constants glerm relaxation manifests itself in an exponential time

not depend on the “pre-history” of the sample. This alsg €SPONSe of the 50% reference level with a characteris-

confirms that the applied method of data analysis allowd!° t';ne Ic?'nsta?ir(])f abotut 1_% r} It dt(ra]scrlb?s the traﬁ'
reliable results in experiments which are not carried ou ient solution ofthe Sys ?TS elore . € System reaches
under equilibrium conditions. he steady state, where it “oscillates” around the mean

value of the driving amplitude. The steady-state solu-
tion is characterized by the above mentioned short-time
4. Discussion response of the system. Both processes, long-term and
A novel method, based on a capacitive transducer tectshort-time relaxation, can be regarded as independent,
nique, has been developed for the measurement dfecause differently chosen “pre-histories” of the sam-
mechanical stresses in planar leather samples. The ople only influenced the long-term relaxation and did
tained results for the stress development in acetoneiot act on the short-time behavior. Thus they can be
dried and air-dried chrome-tanned leather under changevaluated separately.
ing humidity demonstrate that this method allows the The exponential short-time stress response of
strain-free measurement of stresses with a resolutioacetone-dried samples was studied in great detail for
down to 0.5 Pa. From the maximum measured stressdke as-received sample as well as for the individual sub-
one can estimate equivalent values for the stress-free d&yers. Here, despite the fact that the sublayers exhibit
formation by Equation 1, which would be achieved un-a distinct microscopic structure and a slightly differ-
derthe ambient conditions described in this work for theent specific inner surface area, the characteristic time
hypothetical case of stress-free conditions (i.e. the santonstants were found to be independent of such pa-
pleis notfixed to the Siwafer). With a Young’s modulus rameters like the specific type of sublayer, the sample
for soft leather of about 10 MPa [3] this would resultin a thickness and the sign of humidity change. Within the
stress-free deformation of about110~3 —3 x 1073, error ofthe measurement time constants of about 20 min
For air-dried leather the stresses are higher, though th&ere derived under varying conditions, pointing out the
Young’s modulus should be higher as well. Here, stressexistence of only one underlying mechanism of stress
free deformations up to & 10-2 should be reasonable. relaxation. In contrast to the time constant, the stress
Thus, it turns out that the loading processes realizedmplitude afte 1 h does depend on ambient parame-
in this work range far beyond those of common stressters. We found that this value is rather determined by
strain experiments [3]. the sample thickness than by structural differences of
In addition to the stress development, the water sorpthe individual sublayers. The observed thickness de-
tion of the leather samples was investigated under thpendence can be explained by a simple mathematical
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Figure 10 Correlation of the relative weight change and stress develop-
ment for the same humidity regime.

unknown elastic ratie of the sample. Furthermore,
the stress amplitude depends on the sign of humidit
change. Water removal yields higher stress amplitudes
than water absorption. This clearly indicates that wet
samples allow a local rearrangement of collagen fibrils
and fibers whereas a dry sample does not, thus leadin
to a larger built-up of mechanical stress.

In comparison, the air-dried sample with a well dis- Figure 11 Schematic viewgraph of the “two-capillary model". In the
tinct microscopic structure exhibits considerable largefow-humidity regime (regime I) a liquid water phase is only formed in

stress amplitudes and distinct time constants for diffel‘Ehe small capillaries. At high-humidity (regime Il) water condenses in

) L } both types of capillaries. In addition, the capillary tension in capillary 1
ent signs of humidity change. The time constant foris changed due to the altered vapour pressure (see Equation 8).

the stress development is larger by a factor of two

in the negative humidity-change regime than that for

the opposite regime. We suppose that both effects ar@ water reservoir without contributing substantially to
caused by the loss of a nanoscopic fiber separation diie stress development. Such system allows to describe
to air drying as proved by BET measurements observthe observed differences in the time constants for stress
ing a much smaller inner surface area for the air-driedlevelopment and water sorption as observed in the pos-
sample. itive humidity-change regime.

Now we want to discuss the direct correlation be- Filling of the system takes place by capillary con-
tween stress development and driving moisture sorpdensation, where an undersaturated vapor can coexist
tion as illustrated in Fig. 10, where the Figs 5 and 8 aréwvith a liquid phase in small pores or capillaries [16].
combined by plotting the water content of the sampleThis phenomenon can be well described by the Kelvin
as a function of mechanical stress for each particulagquation [17]
moment of time. This plot shows that the correlation
behaves differently at low and at high humidity. Within Ins= _Y 'm, ) 8)
the errors of the measurement, the low-humidity region ke T ’
exhibits the behavior which is expected for a linear and
isotropic material under isothermal condition. Accord-whereS= £ is the vapor saturation ratio withis the
ing to Equation 1 the stress depends linearly on thectual vapor pressure ar@ is the saturation vapour
water content of the sample. A similar dependence ipressure of the liquid: is the surface tension of the lig-
found in the high-humidity region; however, the main uid, vy, is its molecular volume, and is the curvature
slope of the curve is different in comparison to the low-of the liquid surface. The curvature is, for ideal wetting,
humidity region, and a pronounced hysteresis is obgiven byk = %,wherer isthe capillary radius. The cor-
served. The hysteresis is mainly caused by the fact thaesponding capillary tension, exerting forces between
time constant for the water sorption (cf. Fig. 9) is largerthe structural elements of the filled capillary, can be
than that for the stress development. Or in other wordscalculated byrcap = 2y - k).
the stress in the sample grows faster than the driving According to Equation 8, at low humidity only the
change of water content in the sample! To explain thissmall capillaries will be filled since the water partial
relatively unexpected result, we have developed the folpressure, i.e. the relative humidity, is below the level at
lowing “two-capillary model”, schematically presented which condensation in the larger capillaries can occur
in Fig. 11. For simplicity, the model assumes the exis{corresponding to regime | in Fig. 11). Thus, the stress
tence of two types of capillaries in the collagen networkin the bulk material is exclusively governed by water
with well distinct radii. We will show that in this case the in the small capillaries, leading to a direct correlation
main stress alteration in the sample arises from fillingbetween moisture content and stress.
and emptying the capillary system 1 with the smaller When working at high vapour pressure (regime II)
diameter, whereas capillary system 2 acts basically asoth types of capillaries will be involved in the water

analysis (cf. Section 2.4) and allows to determine the
JI &
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sorption and consequently in the stress developmenity. The two drying procedures applied to the bovine
but they act differently. Due to the enhanced vapouleather yield collagen fiber networks which are com-
pressure, the curvature of the liquid surface of thepletely different at all investigated length scales. They
now completely filled small capillaries will decrease differ in their macroscopic appearance as well as in
(cf. Equation 8) and, hence, the capillary tension willtheir isolation of single fibrils at microscopic level.
change. At the same time the systems starts to fill-ug he obviously softer, acetone-dried leather exhibits a
the wider pores. Their volume is larger. That meansmuch better fibril isolation than the air-dried leather.
in the wider pores more water has to be condensed tdlso, much more loosely-packed, tethered fibrils are
achieve the same amount of capillary tension change asbserved between the tightly-packed bundles of fibrils.
in the smaller pores leading to an increase of the chaffherefore, in acetone-dried leather the fibrils are able
acteristic time constant for the water sorption in thisto re-arrange their network spatially during shrinking
regime. However, in comparison to regime | the timeor swelling. As a result the induced mechanical stress
constant for the stress development remains unchangésl~100 times smaller than the corresponding stress in
since the altered capillary tension in the smaller capair-dried leather.
illaries dominates the process of stress development. Boththe stress development as well as the water sorp-
The same behavior is expected when the humidity igion of the samples after a step-change of humidity can
lowered again because the model is reversible. That idie well described by a first-order exponential decay.
the characteristic time constant for water exchange islowever, the correlation between both items behaves
always longerthan the time constant for the stress devetlifferently in the positive and in the negative humid-
opment in regime Il, independently whether the waterity regime. As expected, the induced stress depends
is adsorbed ore removed. This explains the hysteresigearly on the moisture concentration of the sample
observed in Fig. 10. in the low-humidity regime. A similar dependence is
The above discussed two-capillary model is also infound in the high-humidity regime, but with a different
good agreement with the common water content clasmain slope of the curve. Furthermore, a pronounced
sification in leather. Relative to dry basis, correspond-hysteresis is observed, which is caused by the fact that
ing to the weight of leather after keeping the sampletime constant of the water sorption is larger than that
for 12 h at 110C, the moisture content of leather is of the stress development. This unexpected behavior
18% at 50% relative humidity. According to Fig. 10, in can be explained on the basis of a simple two-capillary
our experiment the moisture content was changed bewnodel.
tween 15% and 25%. Here, the lower value is located The technique offers various approaches for further
in the region of molecularly bound water (7%—25% investigations on leather such as, e.g., the study of the
moisture on dry basis), whereas the upper value corranfluence of temperature on stress development or the
sponds to the border between molecularly bound anthvestigation of the drying process of wet leather.
capillary-bound water (25%—50% moisture on dry ba-
sis). Physical evidence for a separate aqueous phase in
leather and other protein structures is also describe@cknowledgments
by Bienkiewicz [18] and Shambliat al. [19], respec- We would like to acknowledge many encouraging and
tively. Furthermore, the result is also supported by thehelpful discussions with Tilman Taeger. Financial sup-
calculations of Komanowsky [20], which show that the Port by the TFL Ledertechnik GmbH and Co. KG
capillary diameters, relevant for stress development if@dnd by the Max-Buchner-Forschungsstiftung (Grant-
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