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A b s t r a c t —Methods of recording the electric signals generated during wave oscillations and wave propagation 
and the results of experiments on determination of dynamic characteristics of thin fibers and films are 
reviewed. New experimental setups have been developed. A  possibility of studying the spectra of fiber oscil
lations is demonstrated, and a method for determining nonlinear stress-strain diagrams based on variations 
in the frequencies of transverse oscillations of this fibers as strings is proposed. The effect of sharp deceleration 
of dispersal of a charge being coated on the specimen surface in case of a damaged glass fiber is discovered. A  
complex method for measuring wave and mass velocities of elastic waves and instant elasticity moduli of a 
fiber during simultaneous high-speed photography and recording of electromagnetic radiation is developed. 
The dependences of these quantities on the wave intensity are given, and the scale effect is revealed. Applica
tion of this method for studying wave processes in thin polymer films is demonstrated.
D O I :  10.1134/S1063771010060205

IN T R O D U C T IO N

O n e o f  th e  m o st im p o rta n t p rob lem s o f  m ech an ics  
is co n s tru c tio n  o f  th e  m odels o f  b ehav io r o f  m ateria ls 
an d  s tru c tu re  e lem ents. T h e  p ro b lem  o f  m o d e l c o n 
s tru c tio n , nam ely , th e  d e te rm in a tio n  o f  m ateria l 
p a ram ete rs  an d  fu n c tio n s en te rin g  constitu tive  eq u a 
tio n s , is o ften  solved experim entally . T h e  viscoelastic  
p ro p erties  o f  p o ly m er fibers an d  film s have b een  
extensively s tud ied  in  th e  lite ra tu re  [1—3]. T h e  m e th o d  
o f  free to rs io n a l oscilla tions, th e  m e th o d  o f  fo rced  res
o n a n t flexural o sc illa tions, an d  th e  m e th o d  o f  buffer 
rods fo r m easu ring  velocities o f  lo n g itu d in a l an d  sh ear 
waves are  th e  m o st w idely  used  an d  p rom ising  fo r 
studying  p ro p ag a tio n  o f  acoustic  waves in  su ch  bodies 
[2]. A  su bstan tia l d ep en d en ce  o f  th e  acoustic  wave 
velocities o n  th e  frequency, tem p era tu re  an d  s tru c tu re  
o f  a  p o ly m er has b een  revealed. However, ex p erim en 
ta l stud ies o n  th e  p ro p ag a tio n  o f  f in ite -am p litu d e  
waves in  a  th in  sp ec im en  are  u n k n o w n . A t th e  sam e 
tim e , th e  study  o f  dynam ic  p rocesses in  m ic ro m e 
chan ics, nam ely, in  fibers an d  film s w ith  o n e  o r  two 
ch arac teris tic  d im ensions in  a  m ic ro n  range, is evi
d en tly  o f  ce rta in  scientific  an d  p rac tica l in te rest. T hus, 
com p o site  m ateria ls  re in fo rced  by  fiber beam s o r  th in  
layers a re  used in  devices designed  fo r  p ro te c tio n  from  
a  shock  o r  a n  exp losion  fo r th e  m ax im al ab so rp tio n  o f  
th e  k in e tic  energy  o f  a  s triker o r  shock  waves. Cables 
an d  ropes a re  sub jected  to  sh o ck  loads in  m an y  s itu a 
tions: during  a irp lan e  land ing  o n  th e  deck  o f  a n  a ir 
c ra ft carrier, in  m o u n ta in ee rin g , etc. T h e  p ro b lem  o f  
o p tim iza tio n  necessita tes perfo rm ing  experim en ts o n  
ca lib ra tio n  o f  th e  m odels o f  b ehav io r o f  m ic ro n -size

bodies during  wave loads. A p p lica tio n  o f  trad itio n a l 
m e th o d s is e ith e r  im possib le ow ing to  th e  reasons 
re la ted  to  sm allness o f  th e  transverse d im ensions o f  the  
tested  specim ens o r  ra th e r  com plica ted .

T h e  p ro p o sed  m eth o d s o f  studying f in ite -am p li
tu d e  waves is based  o n  se lf-g en era tio n  o f  a n  electric  
signal by  a  dynam ic  process. F ro m  th e  physica l p o in t 
o f  view, th is p h e n o m e n o n  is exp lained  by  a  relative 
m o tio n  o f  charges a t a n  a to m ic -m o le c u la r  level th a t, 
in  acco rd an ce  w ith  th e  laws o f  e lec trodynam ics, g e n 
era ted  a n  a lte rn a tin g  elec tric  field in  th e  am b ien t 
space. R eco rd ing  o f  th is  field gives d a ta  o n  the  
m ech an ica l p rocesses th a t take  p lace  in  th is case. 
G e n e ra tio n  o f  th e  electrom otive  fo rce  during  ru p tu re  
o r  shock  com p ressio n  o f  d ifferen t substances has b een  
s tud ied  in  m an y  w orks. I t was revealed [4] th a t a  field 
ca n  be  reco rd ed  n o t on ly  fro m  a  shock  wave, b u t also 
during  an y  dynam ic  d e fo rm atio n  o f  th e  m ed iu m , i f  the  
eq u ip m en t is sensitive enough . Possibilities o f  using 
elec tre ts as sensors o f  d isp lacem en ts an d  defo rm ations 
a re  consid ered  in  m o n o g rap h  [5].

A ll k n o w n  w orks o n  reco rd ing  o f  e lec trom agnetic  
rad ia tio n  (E M R ) fro m  dynam ic p rocesses considered  
bodies w ith  m acro d im en sio n s. T h e  q u estio n  arises o f  
w h e th e r a  stable reco rd in g  o f  a n  elec tric  signal from  
these  p rocesses is possib le in  fine  s tru c tu ra l e lem ents. 
W ith  th is a im  in  view, u n iq u e , h igh ly  sensitive experi
m en ta l setups fo r  reco rd ing  elec tric  signals during  
oscilla tions an d  p ro p ag a tio n  o f  lo n g itu d in a l waves in  
fibers an d  film s have b e e n  developed.

T h e  review  given below  includes a  study  o f  fiber 
oscilla tions using  th e  m e th o d  o f  e lectric  signal reco rd -
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ing and determination of the stress-strain curves of 
fiber by measuring the frequency of the first shape of 
transverse oscillations depending on deformation; 
application of the EM R-effect for determining the 
velocity of a longitudinal elastic wave in polymer 
fibers o f different diameters and, as a result, the elas
ticity modulus as functions of the wave intensity; and 
presentation of a complex method of measuring wave 
and mass velocities in fibers and films during simul
taneous recording of E M R  and high-speed photo
graphing.

R E C O R D I N G  O F  O S C I L L A T I O N S
A N D  M E A S U R E M E N T  O F  F I B E R  

C H A R A C T E R IS T IC S
Experimental investigations of fine fiber oscillation 

gives information on the rheological parameters of 
microobjects. Since, contrary to nonstationary wave 
processes, the deformation gradients and, conse
quently, the generated E M R  during oscillations are 
negligible, an electric charge is preapplied onto the 
surface of a tested object. The frequencies are mea
sured by recording variations in the inductive compo
nent of the electric field from these mobile charges 
during transverse oscillations of the fiber with an 
antenna sensor.

The main elements of the experimental setup 
developed for studying oscillations and recording elec
tric signals from the macrosize bodies are the electric 
field sensor (an antenna) and loading and recording 
devices. The loading device, namely a cross-arm, has 
two metal clamps for fixing a fiber, one of which is 
fixed and the other of which can move horizontally 
with the help of a rod. To screen the sensor and the 
clamps from the external magnetic field, they are 
placed in a box from a brass frame with the dimensions 
162 x 89 x 32 mm and walls 7 mm thick; the box is cov
ered by the upper and the lower aluminum covers 
1 mm thick. The sensor was connected to a recording 
device either via a source follower characterized by a 
very high input resistance on the order of 100 Ohm  or 
via oscillographic testers with an active resistance of 
106 Ohm  and an input capacitance of 15—35 pF. It 
provided for a possibility to change the input resis
tance and the input capacitance for recording the pro
cesses with the duration from several seconds (static 
processes of charge dispersal on the fibers) or a frac
tion of a microsecond (dynamic processes). A  LeCroy 
Wave Surfer 422 dual-beam digital oscilloscope with a 
frequency band of 200 M H z  limited by 20 M H z  to 
reduce substantial high-frequency losses was used as a 
recording device. A  source follower designed based on 
the unipolar F E T  KP305D was on a separate screen 
fixed to the external screen of the setup. The frequency 
band of the source follower with a RK50 cable 0.8 m 
long was limited by 10 M H z . A  flat electric field sensor 
7 x 6 mm in size consisting of thin parallel conducting 
stripes served as an electric field sensor. It has a dielectric

coating and was fixed on a glass plate 18 x 11 x 2.5 mm 
in size which, in its turn, was glued on anther glass 
plate 49 x 15 x 2.5 mm in size fixed to the lower cover 
of the external screen. A  copper wire rod 2 mm in 
diameter and 10  mm long was also used as antenna. 
Both were sensors of capacitance type, and their self
capacitance was 1—2 p F  for the rod and 30—60 p F  for 
the flat sensor (the higher the sensor capacitance, the 
higher its sensitivity, but the signals even from the rod 
sensor were recorded without amplifiers). The speci
mens were fixed in the clamps between dielectric layers 
above the sensor few millimeters away from it. The 
oscilloscope was started by the forefront of the 
recorded signals. The results of testing and adjustment 
of the technique are given in detail in [6 ].

Determination of the Tension Curve Based 
on Frequency Measurements

A n  experiment with excitation of transverse oscilla
tions of charged polymer fibers extended up to 2—15% 
deformation (Japan fishing line manufactured by 
Nikko Vexter; diameters d =  60, 80, and 100 pm; 
length L 0 ~ 2 cm) as strings showed as follows [7]:

1. Fiber oscillations are not recorded without 
charge application;

2. I f  a negative (positive) charge is preliminarily 
applied with the help of an ebonite (glass) stick electri
fied by rubbing against wool (silk), then the initial 
phase of the signal during initial displacement o f the 
fiber center in the direction from the sensor is positive 
(negative).

3. The period of oscillations by the first shape T1  
and the damping coefficient, as well as the period of 
the oscillation plane rotation in the case in which this 
effect appears, can be determined with good accuracy 
based on the oscillograms (see the example in Fig. 1). 
The effect of the charge value and sign on T  was not 
revealed. Due to nonsymmetric excitation a superpo
sition of the oscillations by the next shapes is observed 
and frequencies are determined.

Let us transform a classical formula for the first fre
quency of the string characteristic oscillations:

f  = - r
F

2 L *\m /  L — I—2— •2 L qV p( 1  + e)

e L - L 0

L „  ’
F

0

(1)

where F is the tensile force and m, L 0, L ,  p, and S0 are 
the mass, initial and variable lengths, and initial den
sity and area of the string, respectively. From Eq. (1) 
there follows a relationship between the normal stress 
2  and the frequencyf,

2  = 4 f2L0p( 1  + e). (2 )
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847 (дб 4.8969 ms 1.9 mV 4.19 mV

Fig. 1. A  typical oscillogram of fiber oscillations with rotation of the oscillation plane.

By measuring the dependence of the frequency of 
characteristic oscillations of a stretched fiber on its 
deformation f = f  (e) and substituting it in Eq . (2), we 
obtain the stress-strain curve a = a(e) [8 ].

The experiments on transverse oscillations of a 
fiber from a silica glass, type V M P , as an elastic canti
lever with the length L 0 =  18, 30 mm (with the diame
ter d = 150 pm, density 2.58 g/cm3, and the elasticity 
modulus of 70—95 GPa based on different data) have 
also been performed. The oscillations were excited by 
an impact on a clamp. The conclusions were the same 
as those made in the experiments with a polymer fiber. 
Fo r example, the experiments showed that the period 
of oscillations T1 =  3.7, 4.8 ps within the measurement 
accuracy (two signs) does not depend on the value and 
the sign of the induced charge and, in addition, on the 
damage acquired during oscillations. According to the 
theory of oscillations of an elastic cantilever, the elas
ticity modulus during bending is then determined by
the formula Ef  =  p0 L4 (0.14dT1)-2. The calculations 
give Ef  =  44,39 GPa. These values are substantially 
smaller than the data for the elasticity modulus 
obtained in the experiments on the fiber long-term 
tension. The fact that the elasticity modulus depends 
on the experimental conditions (extension, bending, 
etc.) is well-known from the literature.

The Effect of the Velocity Dependence of the Charge
Flow from the Surface of a Glass Fiber on the Level 

of Its Damage
This effect was revealed in experiments on multiple 

excitation of oscillations. The time intervals between 
the cycles were on the order of a second, which is 
much larger than the time of complete damping of one 
oscillation cycle (about 250 ms) at the number of 
oscillations in a cycle on the order of 50. The results 
were unexpected. Based on the pattern of damping of 
the maximal signal amplitude in a cycle, we observe 
the time evolution of the electron flow-off up to zero 
(see Fig. 2). Assuming the charge value to be propor

tional to the signal amplitude, it can be calculated that 
a tenfold decrease of the charge occurs for 4 s and 
there are six excitation acts during this period. This 
evolution cannot be revealed in experiments with a 
positive charge, since the charge flows off the fiber 
practically instantly and the repeated oscillation does 
not yield signal generation.

After several runs of such experiments, the tested 
fiber acquires damage in the form of surface microc
racks and holds a negative charge for a long time. It 
follows from the oscillogram in Fig. 3 that the time 
required now for a tenfold charge decrease is 40 s and 
the number of excitation acts during this period 
became 50, i.e. the values changed by one order. The 
photos in Fig. 4 showing glass fiber specimens without 
flaws before the tests (two specimens to the right) and 
those with flaws after the tests (three specimens to the 
left) with an 80-fold magnification serve as a verifica
tion. Note that the air humidity during these experi
ments is a substantial parameter.

The following experiment is of interest. Le t us 
apply a negative charge on the damaged fiber and 
observe the signals characteristic for this charge and 
then apply a positive charge and observe different sig
nals. Continuing to excite oscillations during short 
intervals, we can be persuaded that the charge on the 
fiber changes its sign with the change of the initial sig
nal phase. The explanation of this and the previously 
described effects is as follows: microcracks hold elec
trons much better than ions with larger masses and 
sizes.

Wetting of the solid surface with an “ electron fluid” 
is similar to the phenomenon of wetting with a fluid 
used in the method of capillary flaw detection. It may 
become a basis for developing a new method of nonde
structive testing of the surfaces of bodies with micron 
and, probably, nanosizes.
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Fig. 2. A  relatively fast flow-down of electrons from an undamaged glass fiber.
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Fig. 3. A  relatively slow charge flow-down from a damaged fiber.

M E T H O D S  O F  M E A S U R I N G  W A V E 
A N D  M AS S  V E L O C I T I E S

The main elements of the setup for measuring wave 
velocities are a LeCroy Wave Surfer 422 dual-beam 
digital oscilloscope, the sensors of the electric field 
(antenna), and a cross-arm for fixing and rigid loading 
of a specimen, which allows varying its length within 
the range of 1—70 cm. The cross-arm has two metal 
clamps, one of which is fixed and the other of which 
can move horizontally with the help of a rod. The 
clamps and the entire experimental setup are 
grounded.

The scheme of the experiment is shown in Fig. 5. 
After many tests two sensors were mainly used for 
E M R  recording, namely, two- and three-turn spirals 
made of an insulated copper wire. The inner diameter 
of the turn in the experiments with fibers is < 1  mm; in 
the experiments with narrow film stripes, the turn had

a form of a narrow oval. The sensors are connected 
with the channels C1 and C2 of the oscilloscope. The 
specimen with the length L 0 was passed through sen
sors positioned at the distance l (a base) from one 
another and was fixed in the clamps. The fiber was 
extended by the length A L  providing for the specified 
deformations e =  A L / L  and was kept in such a state to 
relax the stresses (as a rule, not longer that 1  min; some 
experiments were performed with the aim to deter
mine stress relaxation), and the narrow film stripe was 
fixed with a slight extension. Then a cut was made 
along the normal to the specimen surface with a razor 
blade at the distance l0 from the nearest sensor to the 
depth h. The value of h for a film stripe was specified, 
whereas that for a fiber was critical: when it was 
reached, the tensile load became limit and broke away 
the specimen and an unloading wave started propagat
ing from the formed free edge. The force transmitted 
via a movable rod was applied by a jerk to the end of the
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Fig. 4. The presence (a, b, c) and absence (d, e) of microdamage on the surface of a glass fiber.

Fig. 5. Positioning of sensors C1 (right) and C2 (left) dur- Fig. 6. Typical oscillograms of signals. Time base—
ing wave velocity measurements. 10 ps/div, voltage base U—10 mV/div.

film stripe for its rupture and for the unloading wave 
generation. Fast processes of fracture and wave for
mation yielded variations in the electric field in the 
vicinity of the specimen in the radio-frequency 
range. This is the nearest region where field varia
tions are quasistatic rather than wave ones. However, 
as applied to mechanical processes, they are termed 
in the literature as electromagnetic radiation. The 
antennas are connected to similar electric circuits of 
the oscilloscope and, thus, E M R  of a sufficient 
intensity yields formation of two oscillograms on the 
oscilloscope screen, namely, electric tension—time 
dependences: U  = U(t). They are used to determine 
the signal diversity t0. In the case of fine fibers, it is 
the difference of the time of the signal beginning (see 
Fig. 6 ); the method of determining t0 for a film is 
shown below. Then the wave velocity was calculated 
based on the formula c = l/t0.

Determination o f  the Dependence o f  the Unloading 
Wave Velocity in Polymer Fibers on Its Intensity.

A  Scale Effect

The experiments were performed using fibers made 
of a copolymer of the type Nikko Vexter (N V ) with 
diameters 60, 100, and 140 pm and nylon fibers of the 
type Broad Nylon Monofilament (B N M ) with diame
ters 60, 120, and 180 pm (Japan). Depending on the 
loading rate and their diameter the fibers can with
stand the deformations until damage of about 15% 
(N V ) and 40% (B N M ). With the aim of performing a 
comparison, the stress-strain curves a  = a(e) in the 
case of slow loading and unloading from the given 
loading state were preliminary determined. By differ
entiating the equations of the trend lines of the exper
imental points during unloading, the long-tern elas
ticity moduli E x corresponding to the origin of the 
curves of elastic unloading from the states with the 
specified deformations e were determined. Table 1
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Table 1. Long-term elasticity moduli during unloading 
from a specified loading state

e, % 2 3 4 5 7 10

E:  GPa 2.94 3.23 3.75 4.39 7.03 25.28

an d  a  co rrespond ing  e lastic ity  m odu lus E th ro u g h  th e  
fro n t velocity  c an d  a  ju m p  o f  th e  m ass velocity  v  using 
th e  kn o w n  fo rm ula

a  = p cv  = pA ec2, Ae = e -  e*, E = pc2, (3)

Table 2

N V BNM
d , mm 0.14 0.1 0.06 0.06 0.12 0.18
A, km/s 2.24 2 . 1 1 2.47 1.29 0.902 0.902
B, km/s 0.143 0.225 0.242 0.12 0 . 1 1 2 0.116

exem plifies th e  d ep en d en ce  E : (e) fo r th e  N V  fiber 
(d  =  60 pm ).

Theoretical Aspect
T h e  rheo logy  o f  fibers fro m  a  co p o ly m er an d  ny lo n  

is n o n lin e a r h ered ita ry  viscous elasticity, b u t a  lin ea r 
e lastic ity  th eo ry  w ith  in s ta n t e lastic ity  m o d u li E m ay 
be  used  to  describe fast p rocesses a t relatively  sm all 
d e fo rm ations in  th e  u n lo ad in g  wave (desp ite  th e  fact 
th e  ex tension  was carried  o u t fo r large defo rm ations) 
[9]. G en e ra lly  speak ing , ow ing to  n o n sy m m etry  o f  
u n lo ad in g , a  com plex  wave sp ec tru m  (o f  th e  type  o f  
P o h g am m er—C rie waves) starts p ropaga ting  fro m  th e  
fiber free end  a fte r a  quasista tic  p rocess o f  a  c u t a t a 
c ritica l d e p th  d epend ing  o n  ten s io n  an d  a  nearly  
in s tan t b reak  o f  a  fiber. However, it follows fro m  th e  
e lem en ta ry  physica l co n sid era tio n s th a t th e  sto red  
elastic energy is m ain ly  tran sfo rm ed  to  th e  energy o f  
th e  zero  m o d e , i.e ., to  th e  energy  o f  a n  e lem en tary  d is
persion less lo n g itu d in a l wave in  a n  elastic th in  rod  
p ropaga ting  w ith  th e  c o n s ta n t velocity  c (it be ing  veri
fied by  in d e p e n d e n t experim ents).

T hus, th e  wave processes in  a  fiber c a n  be  in te r 
p re ted  based  o n  th e  hypo thesis o f  a  th in  sem i-in fin ite  
ro d  w here  a n  elastic step like u n lo ad in g  wave p ro p a 
gates. M in o r varia tions in  th e  density  p in  th e  p e r 
fo rm ed  experim en ts allow  considering  it  equal to  th e  
in itia l density  o f  1140 k g /m 3 (N V ) an d  1163 k g /m 3 
(B N M ). T h e  velocity  c d e te rm in ed  using  th e  base l an d  
signal diversity t0 an d  th e  m o d u lu s E d ep en d  o n  p re 
lim in ary  (large) d e fo rm atio n  o f  th e  fiber e. However, 
d e fo rm atio n  varia tions a t th e  wave fron ts during  
u n lo ad in g  tu rn e d  o u t to  be  very low  (th e n  being  fo l
low ed by a  slow  process o f  c reep  w ith  p a rtia l o r  c o m 
p le te  reg en era tio n  o f  th e  spec im en) an d  use o f  th e  l in 
ea r e lasticity  th eo ry  is ju stified  in  th is  case ifw e  assum e 
th a t th e re  is a t least a  su bstan tia l sec to r o f  un lo ad in g  
close to  a  lin e a r  one. As it w ill be  revealed later, th e  
low er th e  in itia l d e fo rm atio n  e, th e  m o re  accu ra te  th e  
lin e a r  ap p rox im ation .

A ccord ing  to  th e  law  o f  conserva tion  o f  m o m e n 
tu m , le t us express th e  stress ju m p  a t th e  wave fro n t a

w here  e* =  e*(e) is th e  in s tan t residual d e fo rm atio n  

beyond  th e  u n lo ad in g  wave fron t.
N o w  le t us su b stan tia te  th a t th e  m easu red  velocity  

an d  a  co rresp o n d in g  e lastic ity  m odu lus are  really  
in stan t. In  th e  lin ea r  th eo ry  o f  th e  hered ita ry -e lastic  
m ed iu m , th e  ap p ro x im ate  descrip tio n  o f  waves in  a 
ro d  is s im ila r to  th e  d esc rip tio n  o f  waves in  a n  elastic 
m ed ium : th e  sh ea r d e fo rm atio n  an d  transverse in e rtia  
a re  neg lec ted , an d  th e  m a in  d ifference in  th e  wave 
equa tions is re la ted  to  th e  fac t th a t elastic co n stan ts  are 
substitu ted  by  th e  opera to rs. A n  asym pto tic  analysis o f  
th e  so lu tio n  o f  th e  p ro b lem  o f  th e  lo ad  in stan tly  
app lied  to  th e  ro d  end  an d  th e n  rem ain ing  c o n s tan t 
gives th e  follow ing p a tte rn  o f  th e  wave fro n t p ro p ag a 
tio n  [9]. A t first (t ^  0) it  moves w ith  a  in s ta n t velocity  
co rresp o n d in g  to  th e  m o d u lu s E. T h e  asym pto tic  a t t
^  да gives a  lo n g -te rm  fro n t velocity  c:  =  JE^ /p  . 
S ince several-fo ld  varia tions in  th e  base len g th  d id  n o t 
d em o n stra te  a  su bstan tia l d ifference in  th e  velocities c, 
w h ich  are  substan tia lly  h ig h er th a n  c: , these  velocities 
w ere in te rp re ted  as in stan t.

T h e  signs in  Figs. 7 an d  8 show  th e  experim en ta l 
velocities o f  th e  lo n g itu d in a l waves in  N V  an d  B N M  
fibers o f  d ifferen t d iam e te r averaged over 10—15 tests. 
T h ey  are  ap p ro x im ated  by  th e  lin ea r  d ep en d en ce

c = A + Be. (4)

T h e  values o f  th e  constan ts A an d  B are listed in  Table 2. 
S ubstitu tio n  o f  c =  c(E ) fro m  Eq. (4) to  Eq. (3) yields 
a  q u ad ra tic  d ep en d en ce  o f  th e  m o d u lu s E o n  th e  
d e fo rm atio n  e. T h e  in s ta n t e lastic ity  m o d u li exceed 
th e ir  p ro lo n g ed  values listed  in  Table 1 by  20—50% , 
w h ich  po in ts  to  th e  degree o f  th e  v iscosity  effect. T h e  
scale effect lies in  th e  d ep en d en ce  o f  th e  velocity  c an d  
th e  in s tan t e lastic ity  m odu lus a t th e  fixed d e fo rm atio n  
e o n  th e  fiber d iam eter: th e  h ig h e r th e  velocities c =  
c(e), th e  sm aller th e  fiber d iam e te r ( th e  fibers b ecom e 
h a rd e r), a lth o u g h  fro m  th e  p o in t o f  view  o f  m a c ro 
scopic  c o n tin u u m  m ech an ics  th ey  are  to  co incide . 
T hus, a t e =  10% th e  d ifference betw een  th e  velocities 
a t d =  60 an d  140 p m  is ab o u t 1 k m /s . I t  is in teresting  
to  n o te  th a t th e  scale effect d isappeared  fo r th e  B N M  
fiber w h en  tu rn in g  to  th ick e r fibers (see Fig. 8). T h e  
d ep en d en ces E =  E(d2) o n  th e  d iam ete r square, i.e ., 
o n  th e  cross sec tio n  area , a t a  fixed d e fo rm atio n  
tu rn e d  o u t to  be  close to  lin ea r  ones. I t  is c lea r th a t th e  
investigations o f  th e  scale effect w ith  resp ec t to  th e  
tested  fiber m ateria ls  a re  n o t co m p le te , since  th ere  
w ere no  specim ens w ith  sm aller d iam eters. However, 
le t us rem em b er th a t th e  m a in  a im  o f  th e  p ro b lem  is to  
develop a  new  m e th o d  an d  d em o n stra te  th a t th is
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method can be used to obtain data on the dynamic 
properties of micron-size bodies.

Based on the dependences shown in Figs. 7 and 8 , 
it is possible to estimate variations in the elastic defor
mation from e to e* in the unloading wave with the for
mula e — e*  =  100%a/E. Thus, for the deformations
e =  12 and 14% reached at d  =  100 and 140 pm, we 
find that E »  28 and 22 G P a, a »  0.5 and 0.68 G P a, and 
e — e *  »  1.8 and 3%. Thus, in the case of the maximum
value of fiber deformations, the unloading deforma
tion was only 15—20% from the initial value of e (let us 
say again that the residual deformation in the fiber e *
then decreases owing to creep). For a small initial 
deformation e =  2%, the estimate gives e — e* »  0.63%
for these two diameters, i.e ., a relative deformation 
jump on the front of the unloading wave is larger: 
(e — e*)/e »  30%. These data also qualitatively point to
the degree of the effect of fiber material viscosity dur
ing dynamic unloading from different initial states.

Sometimes the measurements along the base of the 
difference of the times of arrival of longitudinal wave 
yield large or small values. Often it is difficult to deter
mine the time t0 based on oscillograms. These irregu
larities are explained by the asymmetry of rupture and 
a complex structure of the fiber material. Polymers 
consist of the clusters of long molecule beams with 
weak bonds (Van der Waals ones), whereas the bonds 
in long molecules are strong covalent ones (polymer 
stochastic bonds are simulated by random fractals). In 
addition, a discrete size distribution of flaws in the vol
ume (predominantly of microcracks) is fixed [1]. The 
propagation of the stress wave over such a structure is 
a complex process if we consider it at the molecular 
level, and this is reflected in the recorded signals: only 
some oscillograms obtained during N  identical exper
iments have a shape ideal for measuring t0, it being 
shown in Fig. 6 (the variability of shapes of the curves 
U  =  U(t) was discussed in [6 ]). Since in N 1 < N  exper
iments (N j/ N  »  0.2—0.4) determination of the wave 
velocity was complicated and they were not used in 
statistics, the corresponding fiber specimens belonged 
to imperfect ones: they seem to contain anomalous 
flaws (or an abnormally large number of “ usual” flaws) 
distorting the result. Different authors pointed to such 
a possibility [1, 3]. Moreover, there always may be sit
uations in which rupture yields generation of the dis
persion modes significant for the equipment sensitiv
ity the velocities of which, judging by the solutions to 
the known Pohgammer—Crie problem, are much 
higher than the velocity of the zero mode.

с, km/s

Fig. 7. The velocity of the longitudinal unloading wave in 
NV fiber as a function of initial deformation: (□ ) d = 60, 
(A ) d = 100, and (o ) d = 140 pm.

с , km/s

e, %

Fig. 8. The velocity of the longitudinal unloading wave in 
BNM fiber as a function of initial deformation: (□ ) d = 60,
(A ) d = 120, and (o ) d = 180 pm.

A  Complex M ethod o f  E M R  Recording 
and H igh-Speed Photography fo r  Measuring Wave 

and Mass Velocities in Polymer Fibers and Films

A  complex technique for determining characteris
tics of wave processes in polymer fibers and films using 
recording of electromagnetic radiation and high
speed photography with a video camera has been 
developed. A  fiber was rigidly fixed in clamps at a spec
ified extension and kept there for some time for the 
stress relaxation to take place and to start considering 
that the initial state is on the curve of long-term load
ing a = a(e) of the fiber obtained during independent 
measurements. Then the fiber was slightly cut by a 
sharp razor and at some moment it began rapidly rup-
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Fig. 9. ng of the fiber end displacements: d =
280 pm, e = 5%, Lq = 231 mm.

ture at the place of the cut under the action of the 
stretching force. The velocity of the longitudinal 
unloading wave was determined using the E M R  
method described above. Video filming with the veloc
ity 45000, 73000, or 109000 frames per second per
formed using powerful light sources makes it possible 
to measure the mass velocity beyond the wave front 
and its variations after the reflected wave based on the 
motion of a fiber end formed after rupture (see Fig. 9). 
Then different scenarios of instability development 
can be observed: initiation, growth, and propagation 
of transverse waves after wave reflection at the place of 
fixation in the form of a compression wave. Lengths, 
amplitudes, and velocities of the waves, as well as 
instant elasticity moduli corresponding to unloading 
from the stretched state and bending, are determined 
[ 1 1 , 1 2 ].

Let us demonstrate the determination of the mass 
velocity using the example of N V  fiber testing under 
the following initial conditions: d  =  300 ^m, L q = 
46 mm, e =  10%, a  =  198 M Pa, At =  13.7 ps (the 
interval between the filming frames), and c =  3.6 km/s 
(the velocity of the forefront of the longitudinal 
unloading wave). During the time 2At, the front will 
cover the distance of about 2L q, i.e., the end will then 
interact with the reflected compression wave and will 
change its velocity. The displacement during this time 
being known, we obtain v0 =  86  m/s. Analogously we 
measure this velocity after arrival of the reflected wave 
to the free end: v x =  36.4 m/s. Then it remains con
stant for a long time (during the time sufficient for sev

eral reflections to take place). Instead of the wave 
motion, there appears motion of the fiber as a rigid 
whole in the longitudinal direction because of the 
transformation of the energy of longitudinal waves 
into that of the flexural waves owing to dynamic insta
bility. We would like to remind that in the ideal case the 
wave intensities are identical and the equality v 1 =  — v0 
holds. However, wave reflection at a clamp is not ideal 
and the aforementioned wave energy transformation 
takes place. The velocities of flexural waves are deter
mined using such a geometrical method.

Using the elementary theory of longitudinal waves 
in elastic thin rods, a theoretical value of the mass 
velocity beyond the front of an incident wave is deter
mined with the equation vE =  a / pc =  48.2 m/s. The 
measured velocity v0 turned out to be higher by the 
magnitude which exceeded a statistical spread. How 
ever, if  we accept the hypothesis that the dynamic load 
is applied nonlinearly along the curve that is down
wardly convex, this discrepancy can be explained. 
When the front of the unloading wave is shock-free, a 
Riemann wave with an extending front starts propa
gating rather than a step. Such unloading is schemati
cally shown in Fig. 10, where eE and en are the defor
mations according to the laws of linear and nonlinear 
unloading. The velocity c corresponds to the slope of 
the tangent to the unloading curve at the point a, e. It 
is maximal in case of initial perturbations, since all 
subsequent perturbations propagate with velocities 
determined by smaller slopes of tangents to the 
unloading curve. It was found that, in the case of rela
tively small initial deformation (e < 5%), the equality 
vE =  v0 holds only approximately, i.e., the unloading 
is close to linear. It is expedient to note that, in the case 
of linear unloading, the wave front in a real rod is 
smeared, but its width will be sufficiently small in the 
considered cases as compared to the characteristic 
length of the fiber that makes it possible to simulate the 
wave shape with a step function.

Thus, the proposed complex method, the wave 
amplitude excluded, makes it possible to estimate the 
degree of nonlinearity of the dynamic stress-strain 
diagrams.

M easurement o f  Unloading Wave Characteristics 
in Flat Polymer Films

A  complex method of determining characteristics 
of wave processes tested during investigations of fibers 
was modified as applied to the polymer film speci
mens. A  polystyrene film for H P  Lomond 0710425 
laser printers with the thickness h =  142 pm and 
G O S T  R  51121-97, San Pin 24707-93, art. SV-104 
polypropylene films (paper files) (Russia) with h =  
32 pm were used. The experiments were carried out at 
room temperature. The film was cut into stripes with 
the width w =  5—30 mm and the length L  =  20—30 cm 
and fixed in the clamps of a mobile cross-arm with a 
slight extension. Then one or two symmetric cuts were
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Fig. 10. Schematic of dynamic fiber unloading.

made in the analyzed specimen with a razor perpen
dicular to the free sides. The mobile clamp was manu
ally set in motion with a jerk, whereas the other one 
was fixed. The loading rate of 1—5 m/s was not fixed, 
since the measured quantities weakly depended on it. 
When a soft load (the force F  with the critical value) 
was reached, an accelerated motion of a crack started 
from the cut end to the opposite side of the cut and, 
after disintegration, an unloading wave began propa
gating from the formed free end. Fast processes of rup
ture and wave formation yielded variations in the elec
tric field in the vicinity of the specimen, and it was 
reflected on the oscillograms, as was the case with 
fibers. The velocity of the generated unloading wave 
was measured according to the scheme in Fig. 5.

A  typical oscillogram is shown in Fig. 11. A  sharp 
bend in the shape of the left signal from the channel C 1 
corresponds to the moment of disintegration, a slow 
signal increase proceeding to it is related to propaga
tion of the crack in the analyzed specimen, and a sub
sequent fast increase is attributed to the unloading

wave. The process of rupture was not recorded on a 
corresponding oscillogram, owing to the remoteness 
of another sensor from the place of fracture.

Some Measurement Results

According to our measurements, the density of the 
H P  film is p = 1334 kg/m3. In the first run of experi
ments, it was cut into stripes 2.5—2.8 cm wide. The 
initial cut d  was half of the stripe width. Owing to 
orthotropy, the average velocity c in the film cut along 
and across the extension direction during fabrication 
was different and came to 2.1 and 1.94 km/s, respec
tively, the dispersion being negligible. Wave deforma
tions were small, and it can be considered that it is 
appropriate to use the linear theory of viscous elastic
ity with the instant elasticity moduli E  =  pc2 related to 
the observed processes for data processing. According 
to the formula, they came to E  =  5.88 and 5.02 G P a , 
respectively.

For the sake of comparison, other experiments with 
the H P  film with longitudinal cutting of stripes with a 
width smaller than 5 mm in which limit stresses were 
substantially larger were carried out. The average wave 
velocities slightly decreases: c =  1.91 km/s.

Analogous experiments made it possible to mea
sure the velocity of the unloading wave in the stripes 
from a thinner polypropylene film (p = 870 kg/m3) cut 
along and across its extension direction: c =  2.3—2.7 
and 1.8—2.0 km/s. Correspondingly, the elasticity 
moduli at instant elastic unloading were within the 
ranges of 4.6—6.1 and 3.5—4.6 GPa. The difficulties of 
operating with these specimens were mainly attributed 
to the fact that an electric signal from the traveling 
wave was weak, and very often it was impossible to 
record the diversity of the signals t0.

t

Fig. 11. An electrical signal from the crack motion and wave propagation in an HP film stripe.
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Table 3. Mass, wave velocities, stress, and deformation 
jumps on the front and instant elasticity moduli for the HP 
film

v, m/s l, cm % hs c, km/s Ae, % a, MPa E, GPa
28.8 19 90 2.1 1.37 81 6.0

28.0 2 1 1 10 1.9 1.47 71 4.8
27.0 18.5 100 1.85 1.46 67 4.6

A  possibility to simultaneously measure the wave 
and mass velocities of an unloading wave in a film 
stripe and, based on these data, to determine the stress 
and strain jumps on the wave front was demonstrated. 
Two symmetric cuts 1.5—2 mm long were made in a 
1 -cm-wide stripe along the direction of the film 
extension, perpendicular to the free surfaces to min
imize the effect of the moment forming during stripe 
rupture. The region near the cut was blackened with 
a fiber-tip pen. During the experiments one of the 
antennas was positioned at the place of a cut, 
whereas the other was fixed near the remote clamp. 
As before, a force was applied to the mobile clamp as 
a jerk, the stripe was damaged, an unloading wave 
was generated, and the wave velocity was calculated 
based on the diversity o f the signal recorded by the 
sensors and the base. In parallel, the vicinity o f the 
place of the damage was filmed with a video camera 
at a rate of 27 000 frames per second and the frames 
o f the motion o f the formed free end were processed 
with a P C  to calculate the mass velocity beyond the 
unloading wave front.

As has already been noted, the process of damage 
was not recorded by the second sensor and a sharp 
increase in the signal pointed to the arrival of the wave 
front with large deformation gradients. Thus, in the 
first approximation, the structure of the wave front can 
be ignored and its real shape can be substituted by a 
shock assuming that the wave is steplike. Making use 
of the laws of conservation at a shock and correlations 
of the linear elasticity theory, the jumps of deforma
tion Ac and stress a  on the wave front, as well as the 
instant elasticity modulus E  corresponding to unload
ing, were determined based on the wave and mass 
velocities c and v  using Eq. (3).

The results of three experiments are listed in Table 3. 
The wave velocities slightly differ from the earlier- 
measured ones despite different experimental condi
tions and, as a result, different ultimate effective 
stresses and wave amplitudes.

Identical experiments were carried out for thin film 
stripes. For the stripes cut in the extension direction 
the following results were obtained during three exper
iments: c =  2.4, 2.3, and 2.0 km/s; v  =  19.5, 27, and 
27 m/s; a =  40.7, 54, and 50 MPa; e =  0.81, 1 .1 7 , and 
1.35%; and E  =  5.0, 4.6, and 3.5 GPa. The mass veloc
ities turned out to be in good agreement with each 
other. The wave velocities varies with a 10% error,

since owing to the weakness of the electric signal, its 
beginning is not clearly shown in the oscillogram. It 
yielded a spread in the values of e, a, and E ,  which, 
however, is typical during dynamic tests of any materi
als, especially polymers.

Let us now give the results of measurements for the 
thin film stripes cut perpendicular to the extension 
direction in two successful experiments: c =  2  and 
2.3 km/s; v  =  17.6 and 20.3 m/s; a  =  32 and 42 M Pa, 
e =  0.88 and 0.88%, and E  =  3.6 and 4.8 GPa. The 
measured parameters of the unloading wave turned 
out to be close to the analog parameters of the stripes 
cut in another direction: the anisotropy did not sub
stantially affect the results.

C O N C L U S I O N S
The fundamental studies using recording of an 

electric signal are aimed at development and improve
ment of the means for inspecting the phenomena of 
rupture, oscillations, and propagation of waves in 
materials and structural elements at a micro-nano 
level. A  number of methods of experimental investiga
tion of oscillations and waves in micromechanics have 
been developed, and unique experimental setup for 
recording electric signals with an aim to identify 
dynamic processes in thin fibers and films have been 
designed. The methods, based on electromagnetic 
radiation recording, are characterized by the following 
advantages. They are noncontact, i.e., do not require 
positioning of auxiliary elements on a specimen, con
trary to the traditional methods, which is of vital 
importance for micron-size objects; allow one to per
form measurements under conditions of high and low 
temperatures and/or in the presence of an aggressive 
environment; do not require complex and expensive 
equipment; and the specimens are prepared using a 
standard technique. A  possibility of studying oscilla
tions of micron-diameter fibers, as well as regularities 
of propagation of longitudinal and transverse waves in 
polymer fibers and films, is demonstrated. A  new com
plex method of measuring wave and mass velocities in 
thin polymer specimens during simultaneous applica
tion of the EM R-effect and high-speed photography 
that makes it possible to completely determine the 
parameters of longitudinal and transverse waves is pro
posed. The dynamic parameters of fiber and film 
materials are estimated depending on the intensity of 
loading and the scale effect. Note that the problems of 
material parameter reconstruction based on variations 
in the parameters of oscillations and waves often 
attract the attention of researchers [13, 14].
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