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Abstract 
 
The deterioration of the natural polymers is a very complex process, and a problem that can be best addressed through modelling. 
The approach for modelling the rheological behaviour of different cellulose-based textile fibres (cotton, hemp, flax) when 
subjected to a hydrothermal treatment, followed by exposure to different doses of gamma-rays (5, 10, 15 and 25 kGy) is 
presented here. In order to predict the optimum radiation dose limit and hydrothermal aging time, the mathematical model was 
developed using MATLAB computational technique. 
To study the mechanical behaviour of the tested fibres, tensile tests were carried out using a TINIUS OLSEN dynamometer 
H5KT according to ISO 2062 norm. The model of correlation between the mechanical properties of the fibres and the 
independent variables was based on a polynomial second-degree equation, with the Least-Squares fitting approach that led to the 
coefficients of the mathematical model. 
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1. Introduction 
 
As the level of environmental degradation is 

nowadays a rising hazard, physical treatments such 
as exposure to ionizing radiation (gamma rays or 
electron beam) prove to be the environmentally 
friendly methods both for reducing biological 
contamination and as mean of modifying polymers 
for different purposes. In industrial irradiators, the 
standard sealed sources of isotopes are subjected to 
national and international regulations (ASTM, 2006; 
ISO, 2000; ISO, 2006a; ISO, 2006b) that provide the 
legal basis for environmental radiation monitoring 
(Ionescu et al., 2012). 

Although used mainly for the sterilization of 
medical devices and pharmaceutical products or food 
products decontamination, gamma-rays treatment 

was taken into consideration for the last fifty years as 
a less noxious mass-treatment for disinfestations or 
micro-organisms inactivation in historical collections 
(Kennedy et al., 2000; Katušin-Ražem et al., 2009; 
Van der Sluijs and Church, 2013). The main 
advantage in applying this treatment resides in the 
high penetrating power of this type of ionizing 
radiation, which allows a product to be treated even 
inside its package, while it leaves no residues on the 
object. As regards the conservation of textile heritage 
collections, the radiation dose should be selected 
according to the chemical and physical properties of 
the materials (Geba et al., 2014; Panzaru and 
Malutan, 2012).  

The exposure to gamma rays requires 
thorough investigation concerning the long term 
effect of radiation doses (Machnowski et al., 2013; 
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Takacs et al., 1999) on the mechanical properties of 
the natural fibres during aging (Olaru et al., 2013) in 
their future environmental conditions.  

In the present study, the mechanical behaviour 
of cellulose-based fibres exposed to gamma rays and 
hydrothermal treatment was investigated, followed 
by empirical mathematical modelling, developed to 
establish the effect of both increased exposure to 
irradiation and hydrothermal treatment on the 
physical-mechanical characteristics of fibres. 

 
2. Experimental 
 
2.1. Materials  

 
This study was carried out on fibres from 

commercial fabrics made of cotton, flax and hemp.  
Textile samples subjected to a hydrothermal 
treatment and irradiated at increasing doses of 
gamma radiation were analysed. 
 
2.2. Weathering procedure 

 
The tested fibres were placed in a laboratory 

chamber (Angellantoni Ind., Italy) and exposed to the 
hydrothermal treatment, to climatic conditions set at 
40°C and 60 % R.H., in order to reproduce the 
influence of the main agents of deterioration within 
the museum environment. The samples were kept in 
the climatic chamber for 0, 24, 48 and 120 hours. 
 
2.3. Irradiation procedure 

 
The Technological Radiation Centre 

IRASM/IFIN-HH in Magurele, Ilfov, Romania 
provided the exposure to gamma-rays doses of: 5, 10, 
15 and 25 kGy, with a Dmax/Dmin=1.14 dose 
uniformity, in an SVST Co-60/B type irradiator.  
 
2.4. Tensile tests 

 
Tensile tests were carried out using a TINIUS 

OLSEN dynamometer H5KT, according to ISO 2062 
norm. The main tensile properties, namely breaking 
force (inN) and relative elongation (%) were 
analyzed. 
 

3. Results and discussion 
 

The behavior of the tested samples of cotton, 
flax and hemp under the radiation treatment may be 
different from the pure cellulose, due to the changes 

already induced through fibers manufacturing (i.e. 
temperature, chemicals, stretching, raw materials 
type as cellulose source for processing the fibers) and 
the exposure to or the fluctuation of environmental 
agents (i.e. temperature, light, relative humidity). 
Using an appropriate mathematical model in studying 
the rheological behaviour of the tested textiles, one 
can estimate the optimum domain of the radiation 
doses, as well as the durations of the hydrothermal 
treatment that should lead to the adequate physical-
mechanical characteristics. In order to establish the 
effect of both increased exposure to irradiation and 
hydrothermal treatment on the physical-mechanical 
characteristics of the cellulose-based fibres, an 
empirical mathematical second order rotational 
model was developed (Măluţan, 2009). Therefore, 
results on physical-mechanical tensile tests were 
subjected to mathematical modelling by means of the 
Least-Squares fitting approach, for the purpose of 
obtaining a correlation equation.  

The independent variables considered in the 
proposed model were: time of exposure to 
hydrothermal treatment and gamma radiation dose. 
The dependent variables taken into account were the 
values of the measured mechanical characteristics: 
breaking work, breaking force and relative 
elongation. The model of correlation between the 
mechanical properties of the fibres and the 
independent variables was based on polynomial 
second-degree equations such as Eq. (1). 

 
y(x) = b0+b1x1+b2x2+b11x1

2+b12x1x2+b22x
2  (1) 

 
The Least-Squares fitting approach and the 

adequate modelling of the experimental data related 
to physical-chemical characteristics of the cellulose-
based textile materials led to the coefficients of 
correlation in Table 1. The different local forms in 
modelling the real response surfaces Y = f (X1, X2) 
are shown in Figs. 1-9.  

For the cotton samples exposed to 
hydrothermal treatment and radiation, the evolution 
of the breaking force leads to the conclusion that, 
under hydrothermal treatment of the same duration, 
the value for the breaking force decreases when the 
radiation dose increases. This trend is more obvious 
for doses higher then 15 kGy. The hydrothermal 
treatment up to 60 hours leads to the decrease of 
elongation whith the increase of radiation dose to 25 
kGy.  

 
Table 1. Coefficients of correlation for the mathematical model 

 
 Cotton Flax Hemp 

Coefficients 
Breaking 
force, N 

Elongation, 
% 

Breaking 
work, J 

Breaking 
force, N 

Elongation, 
% 

Breaking 
work, J 

Breaking 
force, N 

Elongation, 
% 

Breaking 
work, J 

b0 

b1 

b2 

b11 

b12 

b22 

2.481 
-0.013 
-0.006 
-1.16e-4 
8.22e-6 
4.81e-5 

2.8948 
-0.0014 
0.0187 
-0.0011 
4.248e-4 
-1.35e-4 

0.0039 
-5.89e-6 
1.142e-5 
-1.87e-6 
4.664e-7 
-7.48e-8 

26.6931  
-0.2776  
-0.0374  
0.0048  
0.0003 
0.0001 

3.3382 
-0.0566 
0.0127 
0.0015 
0.0001 
-0.0001 

0.0395 
-0.0010 
7.895e-5 
2.042e-5 
-2.51e-6 
-5.03e-7 

20.5696 
-0.0983 
0.3255 
-0.0069 
-0.0015 
-0.0022 

3.6842 
0.0046 
0.0287 
-0.0003 
0.0004 
-0.0002 

0.0314 
-5.14e-4  
5.16e-4 
-3.15e-6 
3.98e-6 
-3.71e-6 
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After 120 hours of exposure, the elongation is 
increasing while breaking force is decreasing, which 
proves a pronounced deterioration of the cellulose-
based material. These tendencies correlate to the 
evolution of the work at break, with similar trend up 
to 60 hours of hydrothermal treatment (Figs. 1-3). 
 For the flax fibres exposed to hydrothermal 
treatment and radiation, under hydrothermal 
treatment of the same duration the breaking force 
decreases when the radiation dose is increasing for 
the entire 0-25 kGy range of doses.  

Studying the elongation, the conclusion is that 
under a hydrothermal treatment up to 60 hours, the 
elongation reaches a maximum value when the 
radiation dose belongs to an exposure to 10-15 kGy 
and the duration of the hydrothermal treatment is 
between 30 and 80 hours. For other values of 
radiation or durations of treatment, the elongation 
decreases (Figs. 4-6). 

When exposing to hydrothermal treatment and 
radiation the hemp fibres the breaking force is 
continuously decreasing, in the whole gamma-rays 
exposure domain (0-25 kGy) and at the same 
duration for the exposure at hydrothermal treatment.  

 

 
 

Fig. 1. Surface plot for the variation of the breaking force 
as a function of duration of the hydrothermal treatment and 

radiation dose in cotton samples 
 

 
 

Fig. 2. Surface plot for the evolution of the elongation as a 
function of duration of the hydrothermal treatment and 

radiation dose in cotton samples 

 
 

Fig. 3. Surface plot for the evolution of the breaking work 
as a function of duration of the hydrothermal treatment and 

radiation dose in cotton samples 
 

 
 

Fig. 4. Surface plot for the variation of the breaking force 
as a function of duration of the hydrothermal treatment and 

radiation dose in flax samples 
 

 

Fig. 5. Surface plot for the evolution of the elongation as a 
function of duration of the hydrothermal treatment and 

radiation dose in flax samples 
 

The elongation is depicting a maximum gain 
at around 30–80 hours of hydrothermal exposure for 
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an irradiation dose between 10 and 15 kGy For the 
overall domain of ionizing radiation or hydrothermal 
exposure, the elongation seem to be decreasing (Figs. 
7-9). 

 
 

Fig. 6. Surface plot for the evolution of the breaking work 
as a function of duration of the hydrothermal treatment and 

radiation dose in flax samples 
 

 
 

Fig. 7. Surface plot for the variation of the breaking force 
as a function of duration of the hydrothermal treatment and 

radiation dose in hemp samples 
 

 
 

Fig. 8. Surface plot for the evolution of the elongation as a 
function of duration of the hydrothermal treatment and 

radiation dose in hemp samples 
 

 
 

Fig. 9. Surface plot for the evolution of the breaking work 
as a function of duration of the hydrothermal treatment and 

radiation dose in hemp samples 
 

4. Conclusions 
 
Ongoing research performed to assess the 

impact of gamma-ray treatments on historical 
materials is essential, in order to determine the lowest 
possible dose that provides decontamination with 
minor side effects on the cultural heritage objects, 
stored in the most appropriate environmental 
conditions.  

According to mechanical tests results on dose-
dependency effects, low impact on the tested natural 
fibres was found at radiation doses below 15 kGy. 

 Along with experimental data on changes in 
the physical-chemical properties, the proposed 
mathematical model may lead to the proper selection 
of the maximum radiation dose allowed for the 
treatment in the particular case of historical textile 
objects.  
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