
Macromol. Chem. Phys.200,405–412 (1999) 405

New aspects of thermal treatment effects on gelatin films studied
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SUMMARY: Microhardness measurements were carried out using various treatment cycles, including hea-
ting and cooling during different treatment times at high temperatures. Two possible processes to explain the
observed increase in the microhardness are proposed, namely crystallisation and crosslinking. In order to
distinguish between these two alternatives, differential scanning calorimetry (DSC), wide-angle X-ray scatte-
ring (WAXS), and swelling kinetics measurements were performed. The observed decrease of crystallinity
(from DSC and WAXS measurements) as well as the decrease of swelling ability with increasing temperature
and duration of thermal treatment are in favour of the occurrence of crosslinking reactions during thermal
treatment. It is suggested that the crosslinking, as a result of additional intra- and intermolecular condensation
processes, leads to a denser chain packing in the amorphous gelatin and consequently to higher microhard-
ness values.

Introduction
In a preceding study1), we reported on the unusually high
surface microhardness (H) of gelatin films after thermal
treatment. Even thermally untreated gelatin films show a
surprisingly high surface microhardness, as compared to
that of synthetic polymers2). Room-conditioned gelatin
films, containing about 15 wt.-% water – the latter having
a strong plasticizing effect and thus causing a significant
softening of the material3) – has a microhardness value of
about 200 MPa2). After drying, H increases up to
390 MPa in the temperature range 135–1608C2). It is
worth mentioning here that paraffins, polyethylene (PE),
and metals, such as Pb and Sn, exhibit microhardness
values below 100 MPa; semicrystalline poly(oxymethyl-
ene), poly(ethylene terephthalate), extended-chain PE,
poly(ethylene 2,6-naphthalate), and metals, such as Al,
Au, Ag, Cu, and Pt, show values between 100 and 300
MPa; carbon fibre-reinforced polymer composites (900
Mpa) and common metals, such as Zn and Co (2000 and
4000 Mpa, respectively) and white steel (5000 Mpa)4).
Thermally untreated gelatin with its microhardness of
400 MPa really surpasses most commonly used synthetic
polymers and soft metals, and the thermally treated poly-
mer, having a microhardness of almost 700 MPa1),
approaches the hardness values of carbon fibre-reinforced
composites.

The observed unusual increase in the microhardness of
gelatin films after thermal treatment was explained by the
chemical peculiarities of this polymer1). Being a polypep-
tide, in contrast to polyamides that are chemically close
to it, gelatin is characterized by the presence of a large

amount of free side-chain carboxyl, hydroxyl, and amine
groups, arising from the diaminomonocarboxylic and
monoaminodicarboxylic acids. On the other hand, con-
densation polymers are well known to undergo additional
condensation5, 6), involving the end groups when appropri-
ate conditions are available (temperature, catalysts, and
vacuum are the major factors accelerating the process6)).
Similar interactions between reactive side-chain groups
can be expected in the case of proteins7, 8). For instance,
the insolubility of gelatin after sufficiently prolonged eva-
cuation (days!) at a temperature between 65 and 1058C is
explained by the formation of a three-dimensional net-
work, resulting from interchain crosslinking7). This con-
clusion is supported by the fact that such an insolubility
is not observed with chemically modified gelatin (by
acetylation of the amino groups or by esterification of the
carboxyl groups9)). Finally, swelling ratio measurements
of thermally untreated and treated gelatin as well as the
change in the aggregative state of the annealed sample1)

recently led to the same conclusion. It was assumed1) that
as a result of the chemical link formation between chain
segments, regardless of whether intra- or intermolecular,
a denser chain packing was achieved. Such a densifica-
tion ought to lead to an increased microhardness, since it
is known that these two properties are closely related4, 10).

The purpose of this study is to provide a deeper insight
into the effect of thermal treatment conditions on the
microhardness of the gelatin films. To this end, micro-
hardness measurements were carried out using various
treatment cycles, including heating and cooling during
different treatment times at high temperatures. The
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microhardnessevaluation was selectedas a test method
for the surfacecharacterization becauseof its simplicity
and high sensitivity. It is known that this methodgives
useful information aboutthe microstructureof polymers,
provided that relationships betweenmicrohardnessand
crystallinity, crystallite perfection, chain conformation,
andother structuralparametershavebeenderived4,10,11).

Experimental part

Materialsandsamplepreparation

Gelatinpowder(type A: from porcineskin, 300 bloom) was
purchasedfrom Sigma. Films were preparedfrom gelatin
powdersoakedovernightin distilled waterat 58C, thendis-
persedby the addition of somewater at 508C (water bath)
andcastin analuminiumPetridish.An isotropicgelatinfilm
with a moisturecontentof about15–17 wt.-% wasobtained
after drying under room conditionsfor 2–3 d, and will be
furtherdesignatedasroom-conditionedsample(Sample3).

Samplesfor microhardness

A room-conditionedgelatinfilm wasdried for 5 h at 1408C
under vacuum.Then a piece from the dry film was mois-
tenedup to 11 wt.-% water contentby placing it for a few
minutesbetweentwo wet filter papersin orderto depressthe
glass transition temperature.The moistened gelatin was
insertedin a sealedbeakercontainingsomewaterat thebot-
tom. The beakerwas placedinto an oven at 908C for 5 h
until crystallizationtook place.Thereafter, the samplewas
driedat 808C for 5 h undervacuum(Sample1 in Tab.1).

Completelydry gelatin samplesusedto follow the time
dependenceof the microhardnessat high temperaturewere
preparedby placingthe room-conditionedgelatin film in an

ovenfor 22 h at 1058C andthenundervacuumfor 41 more
hoursat thesametemperature(Sample2 in Tab.1). Accord-
ing to YannasandTobolsky7), aftersucha treatmentthesam-
ple weightreachesa constantlevel (l0.05%).

Samples for swellingkineticsandWAXS

The room-conditionedgelatinfilm (Sample3 in Tab.1) was
cut into 1 cm2 squarepieces.Threeof thesepieceswereused
to obtainthestandardswellingkineticscurve,andthe fourth
one to obtain the native gelatin diffractogram.The other
piecesweretreatedin the sameway asSample1, i. e., dried
at 1408C for 5 h undervacuum,moistenedup to 11 wt.-%
water content,annealedat 908C for 5 h in water vapour
atmosphere, anddried againat 808C for 5 h undervacuum.
After this treatment,halvesof thesepieceswereplacedon a
heatingplateat 1008C for 10 min (Sample4). This wasdone
to simulatetheconditionsat thebeginningof thetemperature
dependencemeasurement of themicrohardness.Theremain-
ing halvesof the treatedpieceswere placedon the heating
plate at 1008C for 20 min, then the temperaturewasraised
up to 1238C andmaintainedfor 20 min. Thereafter, thesam-
pleswerekeptfor 30 min at 1468C, for 30 min at 1688C, for
35 min at 1808C andfor 10 min at 1918C (Sample5). The
final thermaltreatmentsimulatestheconditionsat theendof
the microhardnesstemperaturedependencemeasurement.
The samplepreparationconditionsandtheir designationare
summarized in Tab.1. Swelling kinetics curvesand WAXS
diffractogramswereobtainedwith Samples3, 4, and5.

Samples for DSC

Samplesfor DSC measurementswerepreparedin the same
way as Samples3 and 4 (seeTab.1); however, for the last
samplethe non-isothermaltreatmentwas performedin the
DSC cell ratherthanon the heatingplate.Immediatelyafter

Tab.1a. Samplespreparationconditions

Sample Initial water
content

————

Drying in vacuum Moisture
content
———

Annealing Drying in vacuum

wt.-% Temp:
�C

time
h

wt.-% Temp:
�C

time
h

Temp:
�C

time
h

Sample1 15–17 140 5 11 90 5 80 5
Sample2 15–17 – – – 105 22 105 41
Sample3 15–17 – – – – – – –
Sample4 15–17 140 5 11 90 5 80 5
Sample5 15–17 140 5 11 90 5 80 5

Tab.1b. Additional thermaltreatmentof thesamplesfor DSC,WAXS,andswellingkineticsmeasurements

Sample Annealing conditions

Temp:
�C

time
min

Temp:
�C

time
min

Temp:
�C

time
min

Temp:
�C

time
min

Temp:
�C

time
min

Temp:
�C

time
min

Sample3 – – – – – – – – – – – –
Sample4 100 10 – – – – – – – – – –
Sample5 100 20 123 20 146 30 168 30 180 35 191 10
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reachingthehighesttemperatureof thenon-isothermaltreat-
ment (1008C), a DSC themogramwas taken.Thereforethe
thermogramof Sample4 beginsat 1008C.

Techniques

Microhardnesswasmeasuredat elevatedtemperatures,using
aLeitz testerequippedwith asquare-baseddiamondindenter
in conjunctionwith a hot stage.Themicrohardnessvalue(in
MPa)wasderivedfrom the residualprojectedareaof inden-
tationaccordingto theexpression4):

H � k
P
d2

�1�

whered is the lengthof the impressiondiagonalin meters,P
thecontactloadappliedin N, andk is ageometricfactorequal
to 1.854.A loadingcycle of 0.1 min anda load of 2 N were
used.Tenmeasurementswereaveragedfor eachpoint.Since
thevaluesof Tg andTm of dry gelatinobtainedby microhard-
nesstestsdiffered from the reportedones3) as well as from
thosederivedby DSCusingthesamesamples12), acalibration
of thehot stagetemperaturewasperformedusingcrystalsof
sevenorganiccompoundscoveringthe temperaturerangeof
interest(70–2108C). The testsubstanceswereplacedon the
surfaceof thegelatinfilm wherethemicrohardnesswasmea-
sured.A fairly good linear correlation was achieved.The
microhardnessvaluesof thegelatinfilms weredeterminedas
follows: eachsamplewasplacedon the hot stageof a Leitz
testerat1008C and10indentationswereperformed. Thetem-
peraturewas raised to 1238C (for 20 min) and 10 further
indentationswere made.The microhardnessof the gelatin
samplewassimilarly measuredat 146,168,180,and1918C,
respectively. Thenmicrohardnessmeasurementsduringcool-
ing in orderof decreasingtemperatureweremade(from 180
to 1008C). Thereafterthenextheating-coolingcyclewasper-
formed.Betweeneachmicrohardnessdeterminationcyclethe
samplewaskeptin adesiccator. Fourcycleswereperformed,
eachtimereachingahigheruppertemperature,191,205,214,
and2618C,respectively.

Eachsample,preparedfor theswellingmeasurements,was
immersedin 50 ml of distilled waterat 208C. Overa period
of 100 min, at every 5 min the samplewas weighedafter
gentlesurfacewiping usinglint-free tissues,andreturnedto
theswellingwater. Theswellingratio Swascalculatedusing
thefollowing equation13):

S� WsÿWi

Wi
�2�

whereWi is the initial weight of the sampleand Ws is the
weightof theswollensampleat immersiontime t. Theswel-
ling measurementswereperformedfor threesamplesof each
typeandthedatawereaveraged.

Theheatof fusionandthemeltingtemperatureof thesam-
ples were determinedusing a Mettler TA-3000 differential
scanningcalorimeterin the temperaturerangeof 40–2608C
at a heatingrateof 108C/min.

Wide-angleX-ray scatteringpatternsof gelatin samples
with differentthermalprehistorywererecordedat roomtem-

peratureon a standardTUR M 62 diffractometerusingCoKa

radiationin thetransmisionmode.

Results

Temperature andheattreatmenttimedependenceof
microhardness

Fig. 1 shows the nearly linear microhardness increase
with temperature observed for a dried gelatin film (Sam-
ple 2) from 100 to 1918C. In a precedingstudy2), we
demonstrated that room-conditioned, i.e., non-dried gela-
tin exhibits a microhardnessvalue of about 200 MPa,
which increaseswith thetemperaturerise(to 2258C) dur-
ing themeasurementup to 400MPa.Hencetherelatively
high initial value(437 MPa) obtainedin the presentcase
is consistent with the microhardnessvalueof dried gela-
tin films.

In thepresentstudythethermaltreatment of thesample
used during the microhardnessmeasurementshas two
peculiarities: (i) it is non-isothermal and, what is more
important, (ii) it is relatively short (20–30 min at each
temperature), in contrastto the subsequentmeasurement
at constant temperature. For this reason,an attempt was
made to follow the microhardnessbehaviour of gelatin
(Sample 2 in Tab.1) at the highesttemperature (1918C)
for a longertime interval(33 h). Theresultsareplottedin
Fig. 2. Measurements were performed every 5 min, and
the values of the two impressiondiagonallengths were
averaged.The kinetic natureof the experiment did not
allow to takemoremeasurementsat a given constantset
of conditions.The relatively low accuracy of eachpoint
in Fig. 2 taken at a single set of conditionsis compen-
satedby thevery largenumber of measurements.Regard-
lessof the large scattering of data,one seesduring the
first 400 min a strong H increase(from 520 up to

Fig. 1. Temperaturedependenceof the microhardnessof a dry
gelatinfilm (Sample 2 in Tab.1)



408 E. Vassileva, F. J.BaltaCalleja,M. E. Cagiao,S.Fakirov

670MPa) of the gelatin film . Longer treatment times
result in a sharpdrop (almost to the initial value, i. e., to
about550 MPa).After 420 min thereis a slight H varia-
tion at this value, and only after treatment times longer
than1200min a tendencyto decreaseis observed.

The same sample usedto follow the time dependence
of the microhardnessat high temperature (1918C) for
2000min (Sample2 in Tab.1) wassubjectedto non-iso-
thermal cooling down to 1468C, heated again up to
2468C, and finally cooled to 1008C. During the above
thermal treatment indentations were performed in order
to obtain the temperaturedependence of the microhard-
ness.The resultsare plotted in Fig. 3. One can observe
that the first cooling (from 1918C to 1468C) doesnot

changesignificantly themicrohardnessvalues(about512
MPa) (Fig. 3a). However, thesubsequenttemperaturerise
(up to ca. 2148C) causesa slight decreaseof microhard-
ness,followed by a similar microhardnessincreaseup to
2468C (Fig. 3b). A detectable changein microhardness
takes place during the cooling from 2468C to 1008C.
During the first 50–608C the microhardnessdrops by
25%(from 554to 418MPa),keeping a value of 440MPa
downto 1008C (Fig. 3c).

Finally, the temperature dependence of a dry gelatin
film (Sample 1, Tab.1) wasfollowed in various heating-
cooling cyclesby increasing the upperlimit temperature
after eachcycle.Theresultsaredisplayed in Fig. 4.

Thewell establishedH increaseduringthefirst heating
up from 100 to 1918C (Fig. 1) is again observed
(Fig. 4a). Af ter cooling down to 1008C the microhard-
ness continuously increases, reaching a value of
496MPa. During the second cycle (Fig. 4b), heating
above 1508C causesan H increaseup to 534 MPa when
thetemperatureapproaches1808C, followedby anabrupt
drop down to 460 MPawithin 10–158C. The last micro-
hardnessvalue is moreor lesspreservedduring thesubse-
quent cooling of thesample downto 1008C (Fig. 4b).

During the third cycle (Fig. 4c), whenthe temperature
reaches2148C, themicrohardnessvalues aresimply scat-
teredbetween480and550MPa, this situation being dra-
matically changedduring the last cycle (Fig. 4d): upon
heating, the constant valueof microhardnessof 545MPa
is observedup to about1688C, followed by a continuous

Fig. 2. Time dependenceof the microhardnessof a dry gelatin
film treatedat 1918C (Sample 2 in Tab.1)

Fig. 3. Temperaturedependenceof the microhardnessof a dry
gelatinfilm (Sample2 in Tab.1) heatedup to 1918C andthere-
after treatedas follows: a) cooled down to 1468C; b) heated
from 1468C up to 2488C; c) secondcoolingdownto 1008C (9 =
heating,0 = cooling)

Fig. 4. Temperaturedependenceof the microhardnessof a dry
gelatin film (Sample 1 in Tab. 1) in a heating-cooling regime
after increasingthe upper limit temperature to: a) 1918C; b)
2058C: c) 2148C; d) 2488C (9 = heating, 0 = cooling)
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drop until 2488C, when the microhardnessreaches the
value of 416 MPa. During cooling this value almost
remainsconstant.

Both factorstemperature(Fig. 1, 3, and4) andduration
(Fig. 2) of thermal treatment affect the microhardness.
This is assumed1) to be due to crosslinking betweenfree
side-chaingroupsin theprotein molecule. In orderto ver-
ify this assumption, additional experiments were carried
out, aiming to follow the effect of crosslinking on other
gelatin properties,such as crystallinity, solubility, and
degreeof swelling, in addition to our preliminary swel-
ling behavior measurements1).

Differential scanningcalorimetry

Fig. 5 illustrates the DSC traces from: a) thermally
untreated gelatin (Sample3 in Tab.1), and b) a sample
thermally treated at 1008C for 10 min (Sample 4 in
Tab.1). Thetwo thermogramsshowonehigh temperature
melting peak,Tm, with closevaluesfor the two samples.
In addition, both thermogramsshowa lower temperature
melting peak T9m, with widely different values. The
appearance of morethanonemelting peakin the thermo-
gramsof polymersis a well documentedphenomenon14).
Themost commoninterpretation is relatedwith recrystal-
lization processes during the scanning in the DSC,
althoughother reasons, as the coexistenceof more than
one crystalline population differing in their perfection,
canleadto thesameeffect14).

In the presentcase,the most probable reason for the
observation of two melting peaks, as demonstrated in a
previous study12), is a recrystallization process. This
meansthatthecrystallitescreatedbeforeplacingthesam-
ple in the DSCapparatusmelt at T9m. The secondmelting
at Tm arisesfrom the crystallites created during the ther-
mal scanning.Let us take into account the specialmea-
surementconditions in this particular case,i. e., the fact
thatSample 4 is annealeddirectly in theDSCinstrument,

andthat the measurements startat different temperatures
for the two samples (Fig. 5). For the purposesof this
study the relevantvaluesare thoseof Tm. The degreeof
crystallinity is evaluatedfrom theareaof this peak,since
the supposedcrosslinking during annealing will affect
only Tm, but not T9m. Thevaluesfor both Tm andT9m aswell
astherespectiveheatof fusion,HH, giving an ideaabout
the degree of crystallinity wc for the two samples of
Fig. 5, aresummarized in Tab.2. A quite interesting ten-
dency is observed: the thermally untreated sample (Sam-
ple 3 in Tab.1, Fig. 5a) is distinguishedby the lowestTm

value, but at thesametime by thehighestdegreeof crys-
tallinity (DH = 4.06 J/g, Tab.2). The thermally treated
sample(Sample 4 in Tab.1, Fig. 5b) showshigherTm and
lower wc values(DH = 2.03J/g,Tab.2). The decreasein
the degreeof crystallinity could originatefrom crystalli-
zation hamperingfactors. The observed results – more
perfect crystallites,asconcluded from their high Tm, but
decreasingin amount– canbeinterpreted only asanindi-
cation of intensivechemicalreactions resulting in cross-
linking of the samples during annealing (Sample 4 in
Fig. 5 and Tab.2). Thus, the restricted crystallization
ability with the progress of annealing supports the above
conclusionsaboutcrosslinking dueto condensationreac-
tions.

Wide angleX-ray scattering

Fig. 6 shows the WAXS diffractogramsfor: a) a room-
conditionedgelatin film (Fig. 6a, Sample 3 in Tab.1), b)
a sample thermally treatedat 1008C for 10 min (Fig. 6b,
Sample 4 in Tab.1), andc) anothergelatin film thermally
treatedfor a longer time (Fig. 6c, Sample 5 in Tab.1). In
the diffractogram presentedin Fig. 6a, two crystalline
peaks, at 2h = 88 and2h = 368, andan amorphoushalo,
centered at 2h = 23.98, can be seen.According to the
recent interpretation of Itoh et al.15), thepeakat 2h = 88 is
dueto the repeat of triple helical protofibril in the direc-
tion perpendicular to the fibre axis of a junction zone.
This peakcorresponds to a repeat distanceof 12.6Å. The
secondpeakat 2h = 368 is presumablyderivedfrom the
amino acidresiduesin the junction zone(crystallites) at a
repeatdistanceof 2.9Å15).

Tab.3 summarizesthelattice spacings,d, andtheaver-
age “coherencelength” values,D, corresponding to the

Fig. 5. DSC curves of: a) untreated gelatin (Sample 3 in
Tab.1), andafterheattreatment:b) Sample4 in Tab.1

Tab.2. Melting temperatureandheatof fusion(from DSC)for
Samples3 and4

Sample Melting temperaturein 8C Heatof fusionin J/g

T9m Tm HH9 HH

Sample3 98 221 112.12 4.06
Sample4 163 237 177.7 2.03
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“crystalline” and“amorphous”maxima for thethreesam-
plesstudied.It is interestingto note that the crystal size
perpendicular andparallel to thechainin theroom-condi-
tionedsample(Fig. 6a)presentvery small values (57 and
78 Å, respectively). Thesevaluesareonly slightly larger
thanthe”coherencelength” correspondingto theclusters
of the molecules in the amorphousphase(D L 16 Å).
After the heat treatmentthe scattering patterns of Sam-
ples4 and5 (Fig. 6b and6c) showthe disappearanceof
the two crystalline peaks with only the “amorphous”
maximumremaining, havinga slightly larger “coherence
length” of D L 19 Å. This meansthat, after removal of
thewater, the packingof theamino acid residuesandthe
helical arrangements of the protofibrils in the better
orderedregionsarelost.However, theaveragepacking of
all themoleculesin thematerial after waterremoval, giv-
ing rise to a slightly higher “coherencelength” D L 19 Å
presumablyis responsiblefor theobservedhighermelting
peakT9m.

In addition to this, thedisappearanceof thetwo crystal-
line peaksafter thermaltreatmentsuggestsanamorphiza-

tion of the gelatin samplesdue to crosslinking in agree-
ment with DSCmeasurements(Fig. 5).

Swelling

The occurrence of a crosslinking processis also sup-
ported by the swelling experiments.The swelling curves
of gelatin films differing in their thermal prehistory are
shown in Fig. 7. Theswelling of nativegelatin film (Sam-
ple 3 in Tab.1) (Fig. 7a) is the one showingthe fastest
rate. With increasing time and temperature of sample
treatmenta decreaseof the swelling ability is observed
(Samples4 and5 in Tab.1) (Fig. 7b andc). The rate of
the swelling processof all samplesis describedasa sec-
ond order process13). The results in Fig. 7 confirm this
contention.The equationdescribing the swelling process
is13):

dS
dt
� k�Seqÿ S�2 �3�

where
dS
dt

is the rateof swellingat anygiven time t, k is

a specific rate constant, Seq is the equilibrium swelling
ratio and S is the swelling ratio. After integration one
obtains:

Tab.3. Latticespacings(d) andcoherencelength(D) for thecrystallinepeaksandamorphoushaloderivedfrom theWAXS patterns
for gelatinSamples3, 4 and5

Sample Crystalline spacing in Å Amorphous
spacingin Å

Crystalsizein Å Clustersize
in Å

d1 d2 da D1 D2 Da

Sample3 12.6 2.9 4.7 57 78 16.2
Sample4 – – 4.8 – – 19.0
Sample5 – – 5.0 – – 19.4

Fig. 6. WAXS curvesof: a) untreated gelatin(Sample3 in Tab.
1), andafterheattreatment: b) Sample 4 in Tab.1 andc) Sample
5 in Tab.1

Fig. 7. Swelling curvesof: a) untreated gelatin (Sample3 in
Tab. 1), andafter heattreatment:b) Sample4 in Tab. 1 andc)
Sample5 in Tab.1
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t
S
� 1

kS2
eq

� t
Seq

�4�

Fig. 8 illustratesthe linear dependence of
t
S

vs. t for

Samples3, 4, and5. This representationallows thecalcu-
lation of the specific equilibrium swelling ratio Seq

(Tab.4). As canbeseen,theSeq valuesfor Samples4 and
5 are almost equal (within the experimental error), and
lower thantheSeq for Sample3. Onepossibleexplanation
of this finding is the occurrenceof crosslinking between
macromoleculesduring the treatment at high tempera-
tures.Thesereactionsleadto the formation of a network,
hinderingthepenetrationof thesolventmolecules(water
in this case)andin this way theequilibrium swellingratio
Seq decreases13). On the other hand, the same treatment
leadsto an improvedmicrohardnessof the gelatin sam-
ples which could also be explained by intermolecular
crosslinking.

Onecaneasily seethatthetreatmentat highertempera-
tures(or longertimes)strongly restricts theswellingabil-
ity. Sucha behaviour is usually interpreted16) as a result
of progressivecrosslinking.

Finally, the resultsof a solubility testof the thermally
treatedsamplesare also in favour of the occurrenceof
crosslinking. For instance,while thermally non-treated

gelatin readily dissolvesin water evenbelow 408C, the
sample used to follow the temperaturedependenceof
microhardness(Sample1, Fig. 4) remainsinsoluble, even
whenleft in waterat 60–708C for severalhours.

Discussion
In previous studies1,2), a very strong effect of thermal
treatmenton the microhardnessof gelatin was observed
and has been confirmed in more detail in the present
investigation. Both factors,the temperature(Fig. 1, 3 and
4) as well as the treatmenttime (Fig. 2), significantly
influencetheH values.Thetreatmentdurationaffectsthe
microhardnessup to some limit (6–7 h) andthereafterit
hasa negative effect, i. e.,a strong drop in microhardness
is observed(Fig. 2).

This effect of the thermal conditions on H can be
explainedonly by theoccurrenceof chemical interactions
betweenside-chain groups of carboxyl, hydroxyl, and
amino type. They are known to be readily involved
mainly in condensation reactions5,6), resulting in the for-
mation of a more or less densethree-dimensional net-
work. The crosslinkedchains or chain segments inducea
denserpacking of the chains. At thesame time, it is well
known that materials with higher density are character-
izedby highermicrohardness,too.

In addition to the existing data on the occurrence of
crosslinking7–9), some otherproofs in favour of this con-
tention are obtained in the present results, such as a
strongly reducedcrystallization ability with the progress
of crosslinking. This is demonstrated by thermal (DSC)
(Fig. 5), WAXS (Fig. 6), and swelling experimentsper-
formed.The fact that the thermally treatedgelatin films
do not dissolvein water evenat elevatedtemperaturecan
also be regarded as an evidence for the occurrence of
crosslinking.

Anotherpeculiarityof the influenceof temperatureon
the microhardnessis that when the temperaturereaches
180–2008C, H decreasessignificantly (Fig. 4b and d).
This drop in H should be relatedto the softening of the
material sincethe Tg of driedgelatin lies in this tempera-
ture range. In a previous study where no thermal pre-
treatmentwas applied2), a tendency of gelatin to harden
with the further riseof temperaturewasobserved. This is
not the case in the present work: here a continuous
decrease in the range of 180–2488C is registered
(Fig. 4d), because the highly cross-linked systemis not
capable to crystallizeanymore.

Conclusion
In conclusion, dueto the additional condensation of free
side-chain groupsenhancedby elevated temperatures, a
three-dimensional network, characterized by a denser

Fig. 8. Linear dependenceof the quotient:time of swelling t /
swelling ratio S (t/S) vs. swelling time t for: a) untreatedgelatin
(Sample3 in Tab. 1), and after heat treatment:b) Sample4 in
Tab.1 andc) Sample5 in Tab.1

Tab. 4. Equilibrium swelling ratio Seq and regression coeffi-
cientfor Samples3, 4, and5

Sample Seq Regression
coefficient

Sample3 13.2l 0.4 0.99
Sample4 9.7l 0.6 0.96
Sample5 10.8l 0.6 0.97
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packingwhich givesriseto anenhancedmicrohardnessis
formed.The measuredH valuesof almost 700 MPa sur-
passthose of all known synthetic polymers approaching
theonesof carbonfibre-reinforcedpolymer composites.
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