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ABSTRACT

A description of the folding phenomenon of thin-walled cylindrical axially compressed rods during loss of
stability in plastic states is presented in the paper. The course of quasi-static load and rod deformation thanks to
simultaneous camera filming with the divided screen method is analysed. Changes of crystal grains in a polished
cross-section before and after the experiment made on a R35 steel rod (PN-73/H-72240) are presented.
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INTRODUCTION

The folding phenomenon appearing during loss of stability of a thickset of thin-walled quasi-static axially
compressed rods in plastic states was observed since the beginning of XIX century by: [1, 2, 3, 4, 5, 6, 7, 8, 9,
10, 11, 12, 13, 16, 17, 18, 19, 20, 21, 22, 23] and others.

In order to describe the folding phenomenon simultaneous filming with the divided screen method was used
which allowed tracing the course of the quasi-static load and rod deformation. To understand what happens
“inside” the tube the changes of crystal grains on a polished cross-section before and after the experiment are
analysed.

A FOLDING PHENOMENON

The examined thin-walled cylindrical shapes, which during application of a loading through discs were fully
plastifed in the critical cross section and, consequently, on cylinder surface there appeared n sinusoidal waves in
the axial direction, and m sinusoidal waves occurred in the transverse plane. First waves came into being at the
ends of tubes as a consequence of occurring there the greatest relative deformations along the generating line of
the cylinder [14, 15]. In elastic states, relative deformations have a linear course from the greatest value, for the
extreme transverse section, to the least value in the central section. It was possible that during the experiment
two types of folds in the transverse plane (depending on the radius of stiffness of the tube) appeared: round folds
(number of transverse sinusoidal half-waves m = 2) when the radius of stiffness was greater than the critical one,
and polygonal folds (m = 3, 4 …) - when the radius of stiffness was lesser than the critical [15]. We can meet
then triangle, quadratic, pentagon, hexagon and others polygonal transverse folds. The number of sinusoidal
transverse waves - m depends on the circumferential stiffness of the tube. The folding under quasi-static axial
loading is a secondary effect of dynamic deformation (a vibration form) in consequence of an impulse. It appears
in the longitudinal and circular direction during loss of stability in the most loaded or the most weakened (e.g.
geometrical or material imperfection) point. From the experiments characteristic (wavy) graphs: force –
shortness, on which suitable waves (or their parts) respond to particular folds were obtained.

The initial and some selected phases of this phenomenon are presented in Photos 1÷4 for a sample φ30x80x0.75
mm, (slenderness ratio λ =7.73), which was deforming in regular, triangle folds (m = 3). A graph from the whole
test is presented in Fig.1. As shown on the graph, after reaching the limit of proportionality H the curve gets into
the non-linear range in which grows digressively up to the critical point kr. After passing this point, there
appears on the tube surface a plastic line around the tube circumference. It initiates formation of a longitudinal
sinusoidal half-wave – the initial form of the first fold. The fold comes into being as a consequence of the
development of the plastic line joint in the horizontal plane and of simultaneous approaching of one side of the
half-wave to another one.



Fig. 1. Curve P(∆a) with marked stages of creation of triangle folds
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Photo 1. Initial phases of loading and deforming of the tube during creation of the triangle (m=3) plastic line joint
around the tube circumference with unsymmetrical closing of longitudinal half-waves

Photo 2. Phases of loading and deforming of the tube during creation of the triangle (m=3) plastic line joint around
the tube circumference with symmetrical closing of longitudinal half-waves



The external side approaches more quickly to horizontal surfaces than the internal side, causing asymmetric
closing of the fold. There also occurs an additional plastic line joint around the tube circumference on the end of
the internal side of the half-wave. During the approach of half-wave sides, the curve in the graph falls down to
point 1. This fall, i.e. drop of the axial compressing force, is caused by increasing arm of this force with respect
to the plastic joint. The growing up of the arm is an effect of translocation of the plastic lineal joint in the
horizontal plane, so the current moment along this line is constant. In point 1, the first half-wave does not close
yet. Between points 1 and 2 of the curve, a strengthening effect of the next layer closefitting to the first half-
wave layer arises on the tube. In point 2, the resisting moment of the first half-wave becomes overcome again,
and between points 2 and 3, the first fold is going to be finally closed. Between points 3 and 4, further
strengthening of the next layer arises, and behind point 4 there appears a next circumferential plastic joint, which
by analogy to the first one develops in stages between points 4, 5 and 6, 7. Between points 5 and 6, there arises
further strengthening of the next tube layer, yet of the third half-wave. During these repeating processes,
unsymmetrical closing of longitudinal half-waves up to point 8 takes place. Between points 8 and 9 there goes
already full, one-stage development of the longitudinal half-wave with symmetrical closing. Between points 9
and 10, one-stage strengthening of the tube layer for the next half-wave is observed. During these repeating
processes symmetrical closing of longitudinal half-waves up to point 22 take place.

In Fig. 1 stages of the formation of each fold and separated areas under the curve corresponding to the work done
during emergence of each fold is schematically presented. Greater work regulared to realize the first stage of
creation of the first fold as well as high value of the critical force, ensues from the activation phenomenon.

The course of the quasi-static load and rod deformation recorded by camera with the divided screen application
is presented in the film.

CHANGES OF CRYSTAL GRAINS

To recognize the changes of crystal grains in the plastic line joint, longitudinal polished cross-sections with
dimensions 1x10 and 3.2x10 mm2 (Fig.2) of not deformed and deformed tubes made of steel R35 with a diameter
of φ28x1 and the slenderness ratio λ = 5 were made.

Created polished microsections were prepared for observations under the microscope “EPITYP 2” producing
enlargement by 50x and 100x and then were photographed (Photo 3). After that, the polished microsections were
subject to quantity analysis with the “EPIQUWANT” device. The number of grains inside squares of 0.4x0.4
mm2 along the base lines in the radial and circumferential directionswas later computed.

Fig. 2. The longitudinal cross-section subject to polishing (a) and crystal grain geometry after deformation (b)

  a)  b)



Photo 3. The microstructure of steel R35 polished and micro-etched microsections: a) from a undeformed, b) from a
deformed tube. The enlargement: 50x and 100x

  a) b)

Table 1. Results of quantity metallographic analysis of polished microstructured longitudinal cross-
section of the fold

r
mm

Ls
mm

Lr
mm Ns Nr

Ss
µm-1

Sr
µm-1

ds
µm

dr
µm k

0.2 4720 6800 273 194 57.83 28.59 17.289 35.050 2.03
0.6 3800 2596 195 98 51.32 37.75 19.487 26.480 1.36
1.0 6000 6400 235 277 39.17 43.28 25.530 23.100 0.91
1.4 5912 6285 131 330 22.16 52.51 45.129 19.040 0.42

Fig.3. Course of the values of the axial size of deformed grains in the radial direction - dr
and in the circumferential direction - ds along the radial coordinate - r

 compression stresses zone                  neutral zone          tensile stresses zone 

dr  = -8,0178Ln(r ) + 22,349
R2 = 0,9928

ds = 27,188 r 2 - 21,15 r  + 20,933
R2 = 0,99
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related to radius coordinate r



The total length of the base lines inside the squares in the radial direction is denoted by Lr, while in the
circumferential direction – by Ls. The number of grains in the radial direction is denoted by Nr, in the
circumferential one by Ns. The middle points of squares were 0.2, 0.6, 1.0, and 1.4 mm from the inside contour
line of the fold (Photo 4). According to the analysis, the determined number of grains per millimetre in the radial
direction was Sr, in the circumferential direction - Ss. The axial size of deformed grains in the radial direction
was dr, in circumferential one - ds (Fig.3). Then the deformation ratio k for the tensioned and compressed sides
according to the formula:

k = dr /ds. (1)
was calculated.
The results are presented in Tab.1.

Fig. 4. A graph of the deformation ratio k along the radial coordinate r
(Photo 3 and the upper outline in Photo 4)
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Photo 4. The microstructure of steel R35 polished and micro-etched microsections.
The enlargement: 100x. Pearlite (light area) + ferrite (dark area)

An approximated course of the deformation ratio k along the radial coordinate r of the fold is presented in Fig.4
above the deformed microstructure. This course shows changes of the deformation ratio k along the neutral layer
of bending, and also shows where the neutral layer is. We can see there very clearly the compression and tensile
stress areas. We can distinguish three zones:

1. tensile stresses zone – external (elongations of grains in the circumferential direction),
2. neutral zone – median (no elongations of grains – like in a undeformed microstructure),
3. compression stresses zone - (elongations of grains in the radial direction).
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