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The ef fect of wa ter on the me chan i cal prop er ties (ten sile modulus, ul ti mate ten sile strength, ten sile strain, and

spe cific work at break) of both chem i cally treated and un treated com pos ites based on a re cy cled low-den sity

poly eth yl ene and linen yarn pro duc tion waste is an a lyzed. It is found that three wa ter sorp tion-desorption cy -

cles change the ten sile prop er ties of both the ma te ri als ir re vers ibly. This ef fect is con sid ered as the re sult of

par tial frac ture of the fi ber-ma trix in ter face.

In tro duc tion

Some nat u ral veg e ta ble fi bers have an out stand ing po ten tial as a re in force ment ma te rial in many widely-used ther mo -

plas tics [1-2]. Lately plant-fi ber-re in forced com pos ites have at tracted grow ing at ten tion of ma te ri als sci en tists be cause of a

num ber of ad van tages of nat u ral fi bers over such tra di tional re in forc ing ma te ri als as glass fi bers and other in or ganic fill ers,

namely the low cost, the rel a tively high tough ness, the high spe cific strength and stiff ness, the low den sity, the good acous tic

and ther mal prop er ties, biodegradability etc., [2-3]. Plant fi bers are also easily recyclable and fast renewable raw materials.

Cur rently there ex ists a tech nol ogy for the man u fac ture of high-per for mance plant-fi ber-based ther mo plas tic com pos -

ites mainly from re cy cled ma te ri als [3, 4]. It was shown ear lier [5] that poly mer com pos ites based on re cy cled low-den sity

poly eth yl ene (RLDPE) and linen yarn pro duc tion waste (LW) have good strength and pro cess ing prop er ties. This makes them

at trac tive and eco log i cally pro spec tive ma te ri als for var i ous ap pli ca tions. The uti li za tion of sec ond ary polyolefines and linen

yarn pro duc tion waste can also solve some eco log i cal and tech no log i cal prob lems, thus pro vid ing a so lu tion to en vi ron men tal

pol lu tion by find ing new uses for the poly mer ma te ri als wasted pre vi ously.

To gether with a num ber of good ex ploi ta tion prop er ties, nat u ral-fi ber-based com pos ites have also some un de sir able

ones. The main draw back of the ma te ri als is their high hydrophylity ow ing to the pres ence of hydroxyl groups in cel lu lose fi -

bers. This de fect can be over come by treat ing the fi bers with suit able chem i cals to de crease the num ber of hydroxyl groups in

the cel lu lose present in them [1-4].

The high level of mois ture ab sorp tion, the poor wettability, and the in suf fi cient in ter fa cial ad he sion be tween un treated 

fi bers and a poly mer ma trix may lead to their debonding with age or dur ing weath er ing. Chem i cal mod i fi ca tions of the fi bers
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make it pos si ble to re tard the mois ture sorp tion pro cess and, at the same time, in crease the wa ter re sis tance of such sys tems [3,

6]. Se lected cor rectly, chem i cal mod i fi ca tions can also en hance the in ter fa cial ad he sion be tween the po lar fi bers and the

nonpolar polyolefin ma trix. This re sults in a con sid er ably im proved me chan i cal per for mance of com pounds re in forced with

chem i cally treated nat u ral fi bers [1-5]. In [5], it was found that, for RLDPE/LW sys tems, op ti mal tech no log i cal and per for -

mance prop er ties has a com pos ite with 40 wt.% filler treated with 3 wt.% (of matrix weight) of diphenylmethane diisocyanate

(DIC).

A sec ond es sen tial dis ad van tage of com pos ites based on nat u ral fi bers is the sig nif i cant vari a tion in some of their char -

ac ter is tics caused by heterogenity of the ma te ri als. There fore, many par al lel mea sure ments are needed to ob tain ex ten sive and

ex act ex per i men tal in for ma tion on the me chan i cal and other characteristics of the systems [5-7].

Our pre vi ous stud ies [5-8] have shown that chem i cally un treated com pounds based on re cy cled low-den sity

polyolefines and linen yarn pro duc tion waste have a high wa ter sorp tion abil ity and that the main me chan i cal prop er ties of

these com pos ite ma te ri als strongly de pend upon the amount of ab sorbed wa ter. Mod i fi ca tion of these sys tems with the cou -

pling agent DIC al lows one to con sid er ably im prove some their me chan i cal prop er ties and di min ish the neg a tive in flu ence of

water on their tensile properties [7].

In ves ti ga tions of the in flu ence of ab sorbed wa ter on the main ten sile strength and de for ma tion char ac ter is tics of the

com pos ites (with DIC-treated and untreat fi bers) have shown [6, 9] that the neg a tive ef fect of wa ter is al most fully re vers ible

af ter one wa ter sorp tion-desorption cy cle. How ever, in re al ity, ma te ri als are of ten sub jected to the in flu ence of a me dium with a 

vary ing hu mid ity (wa ter sorp tion-desorption cy cles). There fore, it is im por tant to clar ify whether a de creased num ber of wa ter

sorp tion-desorption cy cles will leave an ef fect on the mechanical properties of the composites or not.

In the pres ent work, re sults on the ef fect of up to three wa ter sorp tion-desorption cy cles on the ten sile prop er ties (ten -

sile modulus, ul ti mate strength, ul ti mate strain, spe cific work at break) of RLDPE/LW com pos ites with DIC-mod i fied and un -

mod i fied fibers are reported.

Ma te ri als and In ves ti ga tion Meth ods

In a se ries of ex per i ments, a re cy cled poly eth yl ene ob tained from do mes tic films waste (Poly eth yl ene in dus try,

Adazhi, Lat via) was used as the ma trix ma te rial. The main com po nents of the RLDPE were low-den sity polyethylenes with dif -

fer ent melt ing tem per a tures; as an ad di tive, 2 wt.% car bon black was used. The linen waste (Larelini, Lat via), used as a re in -

force ment, was a mix ture of linen skin, pulp, and fi bers. The con tent of LW in the com pos ites was 40 wt.%. Fi bers both chem i -

cally un treated and treated with 3 wt.% DIC were used.

Be fore com pound ing, the fi bers were dried in an air oven at 75°C for 24 h. The dried fi bers were con sid ered un treated.

The fi bers and the mod i fier were melt-mixed with RLDPE at 160°C dur ing 10 min in a lab o ra tory Banbury mixer at 80 rpm. To

rise the de gree of dis per sion, the batches were melt-blended in a two-roll mill. The re sult ing com po si tion was re moved from the 

roll mill, cooled, and ground in a knife grinder to ob tain 3-mm chips. The chips were com pres sion-molded in a frame-plate

molder at 140°C. The mold ing cy cle con sisted of 1-min pre heat ing, 1-min mold ing un der a 10-MPa pres sure, and 1-min

cooling under the pressure.

Be fore the first wa ter sorp tion ex per i ment, the spec i men were dried at 25°C for 24 h. Three wa ter sorp tion-desorption

cy cles (30-day wa ter sorp tion in dis tilled wa ter up to a con stant weight and 30-day wa ter desorption in air up to a con stant

weight) at 25°C in a ther mo stat were car ried out to study the ef fect of wa ter on the com pos ites. The 30-day time was cho sen ac -

cord ing to the re sults of our pre vi ous in ves ti ga tions [8, 9], where the spec i mens got fully sat u rated with wa ter in that time. Af ter 

30 days of dry ing, the weight of the spec i mens did not change un der sta tion ary con di tions. Af ter one and three wa ter sorp -
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TABLE 1. Decrease in Weight (%) after Several Water Sorption-Desorption Cycles

Cy cle Un treated fi bers DIC-treated fi bers 

I 0.99 0.98

II 0.98 0.92

III 1.68 1.32



tion-desorption cy cles, the spec i mens were weighted to the near est 0.001g and tested in ten sion. The prop er ties of the dry

specimens served as reference data.

The me chan i cal prop er ties of the spec i mens were de ter mined on an UTS-100 uni ver sal test ing equip ment at a de for -

ma tion rate of 20 mm/min. The ten sile modulus was de ter mined within a de for ma tion in ter val of 0.1-0.2 mm on a gage length

of 10 mm. At least 20 spec i mens were tested in each ex per i ment to get re li able re sults in view of the scat ter of ex per i men tal

data, and the re sults ob tained were av er age. The com pu ta tions were per formed by us ing the soft ware Statistica 6.0. In all the

plots pre sented, the av er age val ues are shown together with their 95% confidence intervals.

The im ages of frac ture sur faces of the test spec i mens were ob tained on a Zeiss EVO 50 Scan ning Elec tron Mi cro scope 

(SEM) at an ac cel er at ing volt age of 6.49 kV. The spec i mens were pre vi ously coated with a 5-nm-thick layer of AuPd by us ing

an SC7620 Sputter Coater.

Re sults and Dis cus sion

For both the com pos ites, af ter the wa ter sorp tion-desorption cy cles, a  con sid er able de crease in weight was ob served,

as seen in Table 1.

The nearly 1% drop in weight, in com par i son with ini tial val ues for both the mod i fied and un mod i fied spec i mens af ter

the first wa ter sorp tion-desorption cy cle, is es sen tial, tak ing into con sid er ation that the amount of wa ter ab sorbed by the mod i -

fied and un mod i fied com pos ites was about 5 and 11wt.%, re spec tively. Ob vi ously, this re sult dem on strates that, dur ing ex po -

sure to wa ter, not only does the wa ter sorp tion oc cur, but also the leach ing of low-mo lec u lar prod ucts from com pos ite ma te ri als 
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Fig. 1. Elas tic modulus E of the un treated (a) and DIC-treated (b) sys tems in the ini tial dry state 
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takes place. A sim i lar phe nom e non was also ob served in [6, 10]. The source of the low-mo lec u lar prod ucts can be LW. In ves ti -

ga tions [10] have shown that some spe cies of LW can con tain up to 3-4wt.% dif fer ent low-mo lec u lar leach ing prod ucts (e.g.,

pectines, in or ganic salts, and terpenes), which, dur ing wa ter sorp tion, can mi grate on the poly mer/fi ber in ter face and sig nif i -

cantly weaken the interfacial interaction between the filler and the polymer matrix.

Fig ures 1-3 de pict changes in the ten sile prop er ties of the com pos ites stud ied af ter one and three wa ter sorp -

tion-desorption cy cles in com par i son with their ini tial values.

The change in Young’s modulus af ter the ac tion of wa ter, for both the un treated and DIC-treated sys tems, is pre sented

in Fig. 1. As can be seen, af ter three wa ter sorp tion-desorption cy cles, the de crease in the modulus reaches 30% for the un -

treated sys tem and 21% for the DIC-treated one.

The fi nal val ues of the ul ti mate ten sile strength sm  for the un mod i fied sys tem, af ter one wa ter sorp tion-desorption cy -

cle, prac ti cally did not dif fer from its ini tial val ues (Fig. 2a), but sm  of the DIC-treated com pos ites prac ti cally did not change

even af ter the third cycle (Fig. 2b).

Fig ure 3 shows the in flu ence of the num ber of wa ter sorp tion-desorption cy cles on the ten sile strain at break em  dur -

ing the pro cess. As in the case of elas tic modulus E, af ter one wa ter sorp tion-desorption cy cle, the value of em  al most did not

dif fer from that of the spec i mens not sub jected to the ac tion of wa ter. A slight in crease in em  for the un treated sys tem (Fig. 3a)

and a pro nounced growth in em  for the DIC-treated sys tem (Fig. 3b) was ob served af ter three wa ter sorption-desorption cycles.

A sim i lar de pend ence was also re vealed for the spe cific work at break A b. Af ter one wa ter sorp tion-desorption cy cle,

for both the treated and un treated sys tems, A b reached its ini tial val ues in the dry state. Af ter the third wa ter sorp -

tion-desorption cy cle, a sig nif i cant in crease in A b for the treated system was observed.
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Fig. 4. SEM im ages of un treated (a) and DIC-treated (b) spec i mens in the ini tial dry state.
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Fig. 3. Ten sile strain at break em  of un mod i fied (a) and DIC-mod i fies (b) sys tems.



The in crease in em  and A b (as well as the de crease in the elas tic modulus) for the mod i fied sys tem can be ex plained by 

the re sid ual plasticizing ef fect of wa ter mol e cules. It has been found ear lier [6, 9] that DIC not only re tards wa ter pen e tra tion

into the com pos ite, but can also lower the wa ter desorption rate. There fore, it can be as sumed that, even af ter 30 days of

desorption, the mod i fied spec i mens con tained some re sid ual amount of wa ter, which had a plasticizing ef fect on the me chan i -

cal properties of the materials.

In or der to cor re late the data of the me chan i cal tests with microstructure of the com pos ites, the SEM tech nique was

used. Fig ures 4-6 show the frac ture sur faces of the ini tial and wa ter-af fected specimens.

Fig ure 4a dis plays the frac ture zone of an un treated spec i men be fore its ex po sure to wa ter. The clean fi ber sur face re -

sults from the poor bond ing of the po lar fi bers to the nonpolar polyolefin ma trix and from the fail ure at the fi ber-ma trix in ter -

face. When DIC is added (Fig. 4b), the linen fi bers have the poly mer on their sur faces, and the fail ure ap pears to have taken

place in the ma trix rather than at the fiber-polymer interface.

Fig ure 5 shows the fail ure zones of both treated and un treated spec i mens af ter one wa ter sorp tion-desorption cy cle.

The frac ture modes shown in Fig. 5 prac ti cally do not dif fer from those shown in Fig. 4, i.e., the clean fi ber sur face in the chem -

i cally un treated sys tem (Fig. 5a) re sults from a poor bond ing be tween the linen fi bers and the RLDPE ma trix, and there fore

com pos ite seems to have frac tured along the fi ber-ma trix in ter face. If DIC is added (Fig. 5b), the linen fi bers are still cov ered

with the poly mer, and the fail ure ap pears to have taken place in the ma trix. This fact is in a good agree ment with the ten sile test

data, which showed al most un changed ten sile prop er ties of the ma te ri als af ter one sorp tion-desorption cy cle.

How ever, af ter the third wa ter sorp tion-desorption cy cle, both the sys tems frac tured along the fi ber/poly mer in ter face

(Fig. 6). On the im ages of the sys tems with and with out DIC, clean linen fi bers with out any trace of poly mer are seen.

The debonding at the fi ber/ma trix in ter face in the DIC-treated com pos ites can be ex plained by sev eral fac tors. First, as 

an ag gres sive po lar me dium, wa ter can mi grate through fi ber lumens on the fi ber/poly mer in ter face and dam age the bonds ex -
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Fig. 6. The same three wa ter sorp tion-desorption cy cles.
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Fig. 5. The same af ter one wa ter sorp tion-desorption cy cle.



ist ing be tween the two ma te ri als. This will re sult in a poor bond ing on the in ter face. Sec ond, as noted above, dif fer ent leach ing

prod ucts from fi bers can mi grate in the wet en vi ron ment on the in ter face and can weaken the in ter fa cial in ter ac tion be tween the

fi bers and poly mer. Fi nally, dur ing wa ter sorp tion, the linen fi bers swell (the rel a tive in crease in their di am e ter can amount up

to 40%) [4], as a re sult of which lo cal con cen tra tions of in ter nal stresses arise at the fi ber/ma trix in ter face, and the fracture

along the interface will require minimum energy.

Con clu sions

Thus, the re sults of the pres ent re search have shown that three wa ter sorp tion-desorption cy cles con sid er ably de te ri o -

rate the ten sile prop er ties of the chem i cally treated and un treated com pos ites con sid ered, but the treated ones are af fected less.

The ir re vers ible changes in their char ac ter is tics can be ex plained by par tial debonding of the poly mer ma trix from the fi ber sur -

face dur ing the wa ter sorp tion-desorption pro cess and by fail ure of the plant fiber/polymer matrix interface.
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