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Abstract. One dimensional model for the investigation of longitudinal vibrations of polymeric
film is investigated. Comparison of stroboscopic and time averaged intensities in the photo-elastic
images is performed. Results about the required number of images for performing time averaging
are provided. Recommendations for simultaneous application of both stroboscopic and time
averaged photo-elasticity for measurement of stresses are given. One dimensional model for the
investigation of vibrations of polymeric film having two nodal degrees of freedom (longitudinal
displacement and displacement of the upper surface, assuming that displacement of the lower
surface is of the same value but in the opposite direction) is investigated. This model is applied
for the interpretation of results of thermo-elastic analysis. Recommendations for the interpretation
of the stress field by using photo-elastic and thermo-elastic methods are provided.

Keywords: measurement of stresses, time averaged photo-elasticity, stroboscopic photo-elasticity,
polymeric film, one dimensional model, vibrations, eigenmodes, plane stress, thermo-elasticity.

1. Introduction

In the process of motion of polymeric materials through the printing machine or during other
technological operations various dynamic and static loadings take place: tension, vibrations,
varying temperatures and etc. Such loadings may cause the increase of stresses in polymeric films.
Also after manufacturing polymeric films themselves may have residual stresses. Those factors
directly affect the final quality of the printing product. Thus measurement of stresses is especially
important for improvement of quality of printed materials [1, 2].

Many methods for measurement of the residual stresses were developed during last decades.
They all may be classified into three main groups: destructive (contour method, sectioning
technique), semi destructive (hole drilling method, deep hole method) and non-destructive (X-ray
diffraction, ultrasonic, photo-elastic methods) [3, 4]. Some aspects of distribution of residual
stresses in the process of testing of polymeric parts using destructive methods are discussed in
[5-9]. But most of polymeric films are thin monolayer or multilayered materials, thus
non-destructive methods are of greatest interest. The method of photo-elasticity is one of the
classical techniques for stress measurement. It can be applied for measurement of the stress
distribution of various materials [10, 11], including transparent polymeric films that are often used
for printing and packaging purposes.

But there is still lack of studies concerning measurement of stresses of vibrating polymeric
films in printing devices using the method of photo-elasticity. Thus this paper is a continuation of
investigations about time averaged photo-clasticity presented in the paper entitled “On
interpretation of fringe patterns produced by time average photoelasticity” (Experimental
Techniques, Vol. 29, No. 3, 2005, p. 48-51).

For better interpretation of the stress field of a vibrating polymeric film used in printing devices
thermo-elastic analysis should be performed [12]. In this case one dimensional model of vibrations
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of polymeric film having two nodal degrees of freedom (longitudinal displacement and
displacement of the upper surface, assuming that displacement of the lower surface is of the same
value but in the opposite direction) is investigated in detail. The investigation is applied for the
interpretation of results of thermo-elastic analysis. It is shown that the displacement of the upper
surface is proportional to the sum of principal stresses in the problem of plane stress, which is
being obtained from thermo-elastic experimental image of a vibrating structure.

Models used in this paper are based on the material presented in [13, 14]. The aim of the
presented models is application of the obtained results in the process of interpretation of stress
measurements in the investigations of polymeric films used in the process of printing.

2. Investigation of time averaged photo-elastic measurements

The numbering of photo-elastic fringes on the basis of time averaged image is investigated.
Also the number of images which is to be used for time averaging is discussed.

2.1. Model for the analysis of vibrations of a polymeric film

Further x denotes the axis of the system of coordinates. The finite element has one nodal
degree of freedom, the displacement u in the direction of the x axis.
The mass matrix has the form:

[M] = [ [N]"ph[N]dx, (M

where p is the density of the material of the polymeric film, h is the thickness of the polymeric
film and:

[N] =[N ], (@)

where Nj, ... are the shape functions of the one dimensional finite element.
The stiffness matrix has the form:

E
1—v2

[K1=J[B]" h[Bldx, (©)

where E is the modulus of elasticity of the polymeric film, v is the Poisson’s ratio of the polymeric
film and:

_[dN,
(51 = |2 ] @)

Intensity of the stroboscopic photo-elastic image is expressed as:
I = sin®Co,, (%)

where C is a constant which depends on the thickness of the polymeric film and material from
which it is produced and g, is longitudinal stress in the polymeric film in the status of maximum
displacement according to the eigenmode.

Intensity of the time averaged photo-elastic image is expressed as:

i—lzn:'2<c 'zi_1> 6
—nllsln 0,Sin2m ) (6)
i=

where n is a large integer number.
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2.2. Results of analysis of vibrations of a polymeric film

Length of the analyzed structure is 0.2 m. On the left and the right ends of the structure the
displacements are assumed equal to zero. The following parameters of the polymeric film are
assumed: modulus of elasticity E = 6-108 Pa, Poisson’s ratio v = 0.3, thickness A = 0.0001 m,
density of the material p = 785 kg/m’.

The first eigenmode is investigated. Stresses are presented in Fig. la, intensities of the
stroboscopic and time averaged photo-elastic images when n = 64 in Fig. b, when n = 32 in
Fig. 1c, when n = 16 in Fig. 1d, when n = 8 in Fig. le.
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Fig. 1. The first eigenmode: a) stresses, b) intensities of the stroboscopic and
time averaged photo-elastic images when n = 64, ¢c) when n = 32, d) when n = 16, ¢) whenn = 8

From Fig. 1b and Fig. lc it is observed that the images look identical and thus the used values
of n may be considered acceptable. In Fig. 1d higher fringes are distorted and thus for them the
result of averaging is unacceptable. In Fig. 1e substantial distortions of fringes are evident and the

result of averaging is unacceptable.
From the presented results it is seen that the number of images used for time averaging is to
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be sufficiently large. Otherwise incorrect results for higher photo-elastic fringes are obtained.
The second eigenmode is investigated. Stresses are presented in Fig. 2a, intensities of the
stroboscopic and time averaged photo-elastic images when n = 64 in Fig. 2b.
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Fig. 2. The second eigenmode: a) stresses,
b) intensities of the stroboscopic and time averaged photo-elastic images when n = 64

The presented results also indicate that for precise measurement of stresses it is advantageous
to have both stroboscopic and time averaged images. The time averaged image is useful for
numbering of fringes in the stroboscopic image. As seen from Fig. 1b and Fig. 2b the intensities
of stroboscopic and time averaged fringes coincide where the stress is equal to zero. Going further
from those places contrast of the time averaged images decays and on the basis of this direction
of decay the photo-elastic fringes are numbered. It is impossible to perform this numbering on the
basis of the stroboscopic images only.

3. Simultaneous use of thermo-elastic and photo-elastic measurements

The advantages of using both thermo-elastic and photo-elastic images for interpretation of the
stresses in a vibrating polymeric film are investigated.

3.1. Model for thermo-elastic analysis of vibrations of a polymeric film

Further x, y, z denote the axes of the system of coordinates. The finite element has two nodal
degrees of freedom, the displacement u in the direction of the x axis and the displacement of the
upper surface w in the direction of the z axis. The displacements are represented as:

u(x)
(o} = (Y + 2 0o} = M8y + £ []), ™
where H is the semi thickness of the polymeric film, {8} is the vector of nodal displacements and:
m=[5 o JE=lo v ) ®

where Nj, ... are the shape functions of the one dimensional finite element.
The mass matrix has the form:

1= 1 (197 2 (] + (W] 0 2 1)+ (077 o191 + (] o 2 ) ®)

where p is the density of the material of the polymeric film and it was taken into account that:
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H
H
J R (10)
| ez =3
0
0

The strains are represented as:

mlw
N

fie

du 0 0
_Jaxt, z)o( 1 Z 11
@ ={dt+mdp, +H{0] (BIGS) + 2 (3]s} + - [B1(6), an
0 dx
where:
B N Y I O 0 0
Bl=|% o |Bl=|" gy, T|[BI=|0 N (12)
0 0 .. O & 00
The stiffness matrix has the form:
( (17 D15 + (BI"[D1IB] + (817015 [B] + [] D) [51] + \
_ H = =T _ _
K]=[ \+[B]T[D]§[B]+[B] [D]Z[B]+[B] [D]H[B] + [B]' D]—[B] +) (13)
1
T _
+[BI" (D] [B]
where:
K+4G K 2G 0
3 3
D| = 2 4 s 14
(] |[K-G6 K+-G 0] (1
s Sl
0 0 G
where K = —~ ,G = £ , and E is the modulus of elasticity of the polymeric film, v is the
3(1-2v) 2(1+v)
Poisson’s ratio of the polymeric film and it was taken into account that:
H H H
1 z 1 1
f_ ’f_ _IJ-_ 77 (15)
H H? 2") H?
0 0 0

3.2. Results of thermo-elastic analysis of vibrations of a polymeric film

Length of the analyzed structure is 0.2 m. On the left and the right ends of the structure the
longitudinal displacements are assumed equal to zero. The following parameters of the polymeric
film are assumed: modulus of elasticity E = 6-10® Pa, Poisson’s ratio v = 0.3, semi thickness
H = 0.00005 m, density of the material p = 785 kg/m’>.

For the first eigenmode the variation of u is presented in Fig. 3a and of w in Fig. 3b. For the
second eigenmode the variation of u is presented in Fig. 4a and of w in Fig. 4b. For the third
eigenmode the variation of u is presented in Fig. 5a and of w in Fig. 5b. For the fourth eigenmode

126 JOURNAL OF MEASUREMENTS IN ENGINEERING. JUNE 2014, VOLUME 2, ISSUE 2



50. MEASUREMENT OF STRESSES IN A VIBRATING POLYMERIC FILM.
V. MILIONAS, E. KIBIRKSTIS, K. RAGULSKIS, P. PASKEVICIUS, L. RAGULSKIS, A. VOLOSHIN, I. VENYTE

the variation of u is presented in Fig. 6a and of w in Fig. 6b. In all of the figures the values of w
multiplied by 1000 are indicated.
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Fig. 3. The first eigenmode: a) u, b) w multiplied by 1000
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Fig. 4. The second eigenmode: a) u, b) w multiplied by 1000
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Fig. 5. The third eigenmode: a) u, b) w multiplied by 1000
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Fig. 6. The fourth eigenmode: a) u, b) w multiplied by 1000
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For the problem of plane stress:
Ee, = —v(ox + 0y), (16)

where ¢, is the longitudinal strain in the direction of the z axis and oy, 0, are the longitudinal
stresses in the directions of the x and y axes. Thus the sum of the principal stresses oy, 0, is
expressed as:

E
6+=01+02=6x+6y=—;ez. 17)
By taking into account that:
&, =— (18)

it is obtained:

E
o, = —mw.

(19)

A vibrating structure experiences temperature variations proportional to the change of the sum
of the normal stresses. The change of temperature AT for the problem of plane stress
AT = —CT Aoy, where C is the thermo-elastic constant of the material, T is the absolute ambient
temperature, Ao, is the change of the sum of the normal stresses.

For precise measurement of stresses it is advantageous to have both thermo-elastic and
photo-elastic images. From the thermo-elastic image the sum of principal stresses which is
proportional to w is obtained. From the photo-elastic image in a circular polariscope the difference
of principle stresses is obtained. Thus having both images it is much easier to determine both
principle stresses. From the photo-elastic image of the plane polariscope isoclinics which
determine the directions of principle stresses are available. Thus the interpretation of the stress
field in the vibrating plane stress problem can be performed more precisely when all the mentioned
experimental images can be used.

4. Conclusions

One dimensional model for the investigation of longitudinal vibrations of polymeric film is
used. Comparison of stroboscopic and time averaged intensities in the photo-elastic images when
the structure performs vibrations according to the eigenmode is performed.

Results about the required number of images for performing time averaging are provided.
From the presented results it is seen that the number of images used for time averaging is to be
sufficiently large. Otherwise incorrect results for higher photo-elastic fringes are obtained. This
fact is illustrated by the graphical relationships obtained for the first eigenmode.

Recommendations for simultaneous application of both stroboscopic and time averaged
photo-elasticity for measurement of stresses are given. The presented results also indicate that for
precise measurement of stresses it is advantageous to have both stroboscopic and time averaged
images. The time averaged image is useful for numbering of fringes in the stroboscopic image.
Then the values of stresses can be obtained by counting fringes in the stroboscopic image, because
this image is of higher contrast and thus provides more precise results.

One dimensional model for the investigation of vibrations of polymeric film having two nodal
degrees of freedom is investigated and applied for the interpretation of results of thermo-elastic
analysis. The displacement of the upper surface is proportional to the sum of principal stresses in
the problem of plane stress, which is being obtained from thermo-elastic experimental image of a
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vibrating structure.

For precise measurement of stresses it is advantageous to have both thermo-elastic and
photo-elastic images. From the thermo-elastic image the sum of principal stresses is obtained.
From the photo-elastic image in a circular polariscope the difference of principle stresses is
obtained. Thus from both images the principle stresses are obtained. From the photo-elastic image
of the plane polariscope isoclinics which determine the directions of principle stresses are
available. Thus the interpretation of the stress field in the vibrating plane stress problem can be
performed more precisely with all the mentioned experimental images.

The obtained results are used in the process of interpretation of stress measurements of
polymeric films.
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