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Thermal Phenomena Related to Plastic Deformation During Tensile
Testing and Their Microscopic Interpretation
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Summary

Thermal phenomena related to plastic deformation can be commonly observed. By simply touching a ruptured or bent
sample, it is clear that the temperature has risen at the deformation site. Such observations can be carried out for qualitative
or quantitative assessment. This paper serves to qualitatively relate the changes in the structure of the deformed material
to the temperature increase observed with an infrared camera.
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1. Introduction

The static tensile test of metals is one of the basic
and most frequently performed tests of the strength
of materials due, among other reasons, to the fact that
the deformation and fracture of construction mate-
rials are of constant interest to many researchers. At
the Railway Research Institute, the static tensile test
is carried out at room temperature in numerous tests
of construction elements or materials of railway com-
ponents. The tests are carried out in accordance with
the recommendations of ISO 6892-1:2016-09 using
method B [1]. The result of a static tensile test is usu-
ally the determination of one or more of the specified
quantities:

e the (conventional) yield point,
ultimate tensile strength,
tensile stresses,

elongation,

necking.

In terms of the standard tests performed in the in-
dustry, the Institute rarely analyses phenomena that
involve heat emission during material deformation,
although it is not difficult to experience them - after
rupture, a metal sample is hot at the point of fracture.
The objective of this paper is to present the results
of a static tensile test of a friction-welded dissimilar
joint, supplemented by infrared camera observation

and interpretation of the accompanying deformation
mechanisms.

2. Description of selected phenomena
occurring during plastic deformation

Basically, two extreme cases can be presented:
quasi-static deformation and dynamic deformation.
In quasi-static deformation, there is a state of static
equilibrium at every instant, i.e. the sum of the forces
acting on each part of the deformed element is close
to zero, so this case can be considered as a sequence
of equilibrium states described by the equations of
materials mechanics. In contrast, in high-speed load-
ing, when a force acts on one part of the component
and another part does not “feel it”, this means that
the stress “travels” through the component at a cer-
tain speed as a wave. Depending on the deformation
(strain) rate, three scenarios involving heat emission
can be presented:

o the heat released during the process is conducted
through the device components and the environ-
ment and dissipates so that the body remains prac-
tically isothermal (low deformation (strain) rate);

e the process is virtually adiabatic, as there is insuf-
ficient time for the generated heat to dissipate (dy-
namic deformation processes);
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e the process involves heat generation as well as heat
dissipation (intermediate state — average deforma-
tion (strain) rates) [2].

The thermal processes accompanying deformation
are directly related to the deformation mechanism,
and with an increase in deformation (strain) rate,
there is a change from slipping, through controlled
slipping and through activated processes, to visco-
plastic flow.

According to current knowledge [3], the basic
mechanism of plastic deformation of crystalline mate-
rials is the irreversible movement of dislocations in slip
planes (Figure 1). In addition, under certain conditions,
e.g. at high temperature, atomic displacements can oc-
cur due to diffusive mass transport or slipping across
grain boundaries. Crystals that do not have a sufficient
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number of independent slip systems deform by twin-
ning in addition to slipping. As a result of local shear-
ing in the deformed region (twin), the orientation of
the crystal structure changes to a specular reflection of
the undeformed structure (Fig. 2).

The final stage of the deformation process is
a fracture, the course of which is largely determined
by the nature of the earlier deformation. It therefore
depends on the type of material and its properties,
and therefore results not only from mechanical, but
also thermal, magnetic and other stresses. The direc-
tion of maximum stress and type of tensile fracture
are shown in Table 1. Depending on the macroscopic
orientation of the scrap surface, it is possible to distin-
guish the following:
e detachment (brittle fracture) (Fig. 3a),
e shearing (ductile fracture) (Fig. 3b).
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Fig. 1. Crystal deformation after the passage

of dislocations [3]: a) edge; b) screw

Fig. 2. Schematic of plastic deformation
of a crystal of regular lattice by twinning

[4]: a) undeformed crystal, b) crystal after
twinning, ¢) geometry of twinning along
the plane of twinning (120); I - untwinned
part of the crystal, IT - twinned part of
the crystal, o - Initial position of atoms,
e — position of atoms after twinning

Table 1

Direction of maximum stress and type of tensile fracture [4]

Direction of maximum stresses

Loading method

Normal

Tensile testing

Type of fracture

tangential detachment

N7 D
28 D

shearing

AN
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a) b) < The test stand (Figs. 4, 5) consisted of an Instron

E— Schenck Testing Systems LFV universal testing machine

with a maximum load of 5000 kN with a computer-con-

g I i E I i i trolled measurement and control console and a camera:
FLIR ONE (measurement limit error +3°C or 5%).

g
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Fig. 3. Scheme of atomic bond rupture [3]: a) in detachment,
where the interaction of normal tensile stresses results in
the rupture of atomic bonds in the fracture plane, oriented
perpendicular to the stress direction; b) in shearing, which
occurs due to the rupture of atomic bonds under tangential
stresses in the fracture plane parallel to the stress direction by
transverse or longitudinal shearing

In the case of metals, a perfectly brittle detachment
is not obtained, and very small plastic deformations
precede the fracture.

3. Research materials and methodology

The subjects of the study were friction welded
joints, according to the developed welding technol-
ogy, made between a ribbed bar of B500B reinforcing
steel and martensitic alloy steel 1.4021 (2H13). The
chemical compositions of the parent materials are
given in Tables 2 and 3 and the welding parameters

Z Fig. 4. Test stand — universal testing machine [photo:
in Table 4. M. Ostromecka]

Table 2
Chemical composition of reinforcing steel (parent material 1)
Reinforcing steel C[%] N [%] S [%] P [%] Cu [%] Carbon equivalent C,
B500B <0.24 <0.013 <0.055 <0.055 <0.85 <0.52
[On the basis of the attached approvals].
Table 2
Chemical composition of martensitic steel (parent material 2)
Steel C [%] Mn [%] Si [%] P [%] S [%] Cr [%] Ni [%] Cu [%]
1.4021
(2H13)  0.16-025 <15 <1.0 <0.04 <0.03 12.0 - 14.0 - -
[On the basis of the attached approvals].
Table 3
Welding parameters
Rotational speedn =~ Pressure force F, =~ Upsetting force F, e e L. Welding area
il [KG/cm?] (KG/em?] Friction time t,[s] Upsetting time t_[s] (mm’]
800 115 140 5 6 490

[On the basis of the developed welding technology].
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Fig. 5. Camera set up before the study [photo: M. Ostromecka]

Tensiletesting of the samples was carried outat 27°C
+1°C at a rate determined from EN ISO 6892-1 clause
10.3.3 (Testing rate based on stress rate — method B),
Table 3 — materials with a modulus of E > 150 GPa.
The rate of load build-up was 30 MPa/s. The obtained
results were used to determine the tensile strength of
the joint and to observe thermal phenomena in the
qualitative assessment. It should be noted that the
joints were subjected to tension without any special
preparation, including the removal of the flash.

Metallographic specimens for observing the micro-
structure of the joint were prepared using Struers’
Rotopol-22 grinder-polisher. The samples were ground
with diamond grinding discs of gradations: 80, 120,
600, 1200, and finally polished with a 1 um diam-
eter polycrystalline diamond slurry made by Buehler.
Etching was carried out with 4% Nital reagent and
Adler’s reagent. Detailed descriptions of the procedures
used in the preparation of samples for macroscopic
and microscopic examination are described in a sepa-
rate paper [5]. The microstructure was observed using
a KEYENCE VHX-900F digital microscope.

4. Discussion of the results

The base material on the side of the reinforcing
bar had a perlitic-ferritic structure, which fragmented
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upon moving closer to the weld line. On both sides
of the weld, a thermo-plastic zone with characteris-
tically aligned lines was visible. On the type 1.4021
steel side, the structure in the immediate vicinity of
the weld was very fine and, as it moved away from the
weld line, the grains became larger and consisted of
lath martensite. The weld itself was very narrow, typi-
cal of a friction welding process. On the martensitic
steel side, an unfavourable fibrous structure was ob-
served, which could have had a significant impact on
the fracture pattern (Figure 6).

3

L

Fig. 6. Microstructure of the dissimilar welded joint between
B500B and 1.4021 steel; on the left the microstructure of
the B500B reinforcing steel, on the right the structure of the
martensitic steel with distinct fibrousness; microstructure in the
initial state before tension [photo: M. Ostromeckal]

During the static tensile test, rupture of sample
B22.5/21 occurred after 26.5 seconds at a maximum
breaking force of 327.28. The fracture was brittle-
plastic in nature, with a significant predominance
of brittleness and no necking. The flash from both
welded materials remained adhered to the martensitic
part of the joint, which may indicate that the fracture
occurred in the thermo-plastic zone in the immedi-
ate vicinity of the weld on the reinforcing steel side.
Photographs of the ruptured sample are shown in
Figures 7 and 8. The calculated tensile strength for
this sample was 668 MPa. This was the value corre-
sponding to the strength indicated in the approval for
B500B reinforcing steel. The joint therefore handled
the expected loads.

In the case of sample B23.4/21, rupture occurred
after 26.8 seconds with a maximum rupture force of
302.09. The fracture was also brittle-plastic in na-
ture, with a significant preponderance of brittleness
and lack of necking; however, the flash was ruptured
in the axis of the weld, which may suggest that the
most weakened area of the joint, however, was the
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weld itself. It is likely that in the process, bonding oc-
curred with insufficient material mixing of the two
steels. Photographs of the ruptured sample are shown
in Figures 9 and 10. The calculated tensile strength
for this sample was 616MPa. This was approximately
10% lower than the strength value indicated on the
approval for B500B reinforcing steel. The results ob-
tained are presented in Table 5.

Fig. 7. Sample B22.5/21 after the test [photo: M. Ostromecka]

Fig. 10. Fracture of the weld in sample B23.4/21 [photo:
M. Ostromecka]

Figure 11 shows the shape of the load-displace-
ment relationship in sample B23.4/21. The course of
this graph indicates that the transition from elastic de-
formation (range from O to A) to plastic deformation

Fig. 8. Fracture of the weld in sample B22.5/21 [photo: (from point B) is a complex process and a so-called
M. Ostromecka] “flow section” (AB) is formed on the deformation
Table 5
Results obtained for selected samples during tensile tests
. Initial cross-sectional =~ Max. breaking force = Tensile strength Rm .
Sample marking area [mm?] Fm [KN] [MPal] Rupture site
weld in the thermo-plastic
B22.5/21 490 327.28 668 zone on the reinforcing steel
side
B22.5/21 490 302.09 616 in the weld

[Own elaboration].
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curve. The length of this section is called the Liiders
band. The range of the curve between points B and C
represents the plastic deformation (irreversible) that
ends with the sample rupturing at point C. The load-
displacement relationship for both test samples had
a similar shape, with differences only in the position
of the characteristic points. In the case of sample
B23.4/21, the stress initiating the flow process was ap-
proximately 260 kN. This phenomenon was not pre-
ceded by the occurrence of a “tooth” of flow (a mark-
edly higher value of the upper yield point relative to
the lower yield point). This stress is highly dependent
on the presence of stress concentrators and the height
of the flow ,tooth’ decreases when the material’s duc-
tility is compromised and inclusions are present.

In sample B22.5/21, no ,tooth’ of flow was ob-
served either, but the Liiders stress was higher, at
around 280 kN. The course of the load-displacement
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relationship for both samples confirmed the existence
of a certain initial state of internal stresses, which had
a form consistent with the expectations of the authors
of the study. Plastic deformation starts once the elastic
limit is exceeded. Further increases in stress generate
new dislocations and increase the stress field around
existing dislocations. Once the upper yield point is
reached near stress concentrators (such as grain bound-
aries, secondary phase particles, inclusions, etc.), the
generation of ,new’ dislocations is rapid. During the
generation of such a dislocation, there is a drop in stress
to the lower yield point, which is a condition for plastic
flow. The graphs (Figs. 12, 14) show the load-time rela-
tionships for samples B22.5/21 and B23.4/21 recorded
in tension at a load build-up rate of 30 MPa/s. The in-
dividual points marked on the graphs correspond to
frames from films shot with a thermographic camera
(Figures 13 and 15). The frames were carefully selected

relationship in sample B23.4/21,

Fig. 11. Shape of load-displacement
||. OA - elastic range; AB - flow;

0

18,5s;237,7kN \

BC - plastic deformation range;
C - sample rupture
[elaborated by J. Siwiec]

26,5s;327,2kN

~_/
|22.5:: 279,8kN }\

Time, &

Fig. 12. Load-time relationship in
sample B22.5/21 [elaborated by
]. Siwiec]
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to show the response of the material in the elastic range,
during flow, in the plastic range and at rupture. As the
starting temperature of the tensile samples was relative-
ly high (27-28°C), since the test was carried out in the
summer season, no clear change in temperature in re-
lation to the ambient temperature was recorded in the
frames of Figures 13 and 15a, 15b. The frames (Figures
15¢, 15d) show the state recorded in terms of plastic
deformation. The contrast of the frame shows a clear

a) 18,5s b) 22,55
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difference in the temperature of the samples compared
to the ambient temperature. It should be noted that, in
each case, the temperature at the rupture site continued
to rise after the sample was ruptured, with the observed
temperature rise reaching over 38°C.

It is noteworthy that the highest temperatures were
recorded on the reinforcing bar side, which is the ;,weaker’
material and it is in this area that rupture was predicted.
The increase in temperature in this area was manifested

d) 2655

Fig. 13. Images from the thermographic camera in successive seconds of the recording for sample B22.5/21 [taken by J. Siwiec]

26,3s;302,8kN

\
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Fig. 14. Load-time relationship in 0 0 s
sample B23.4/21 [elaborated by
J. Siwiec]
a) 15s b) 23s

c) 245s

10 15 20 25 30
Time, 8

d) 263s

Fig. 15. Images from the thermographic camera in successive seconds of the recording for sample B22.5/21 [taken by J. Siwiec]
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on the film frame by an intense yellow colour, contrasting
clearly with the purple background of the surroundings.
Observations confirmed that heat is generated during
deformation and it is spread dynamically, although it
proceeds with some delay, which is related to the applied
deformation (strain) rate and thermal conductivity.

In a polycrystalline material plastically deformed
at room temperature, the development of the micro-
structure is examined from the perspective of the de-
velopment of dislocation systems, due to their higher
(in comparison to point defects) energy. The processes
of dislocation formation and movement, as well as the
interactions between dislocations and other elements
of the microstructure, significantly influence the proc-
ess of energy storage and material strengthening. The
change in the temperature field in the material under-
going deformation is a macroscopic manifestation of
phenomena occurring at the microstructural level.

The total energy w used to deform the material is
equal to the work of elastic deformation w, (reversible)
and the work of plastic deformation w, (irrevers-
ible) according to the formula:

W=w,+w,

Plastic deformation energy is combined with heat
dispersion g, and energy storage in the material e
Therefore:

wW=w,+q,;te,.

All these values were related to a unit of the work-
ing mass of the sample, which means that they are rel-
evant values.

If one examines the quasi-static deformation proc-
ess of a material by relating it to the thermodynamic
state of an unloaded annealed sample, the principles
of classical thermodynamics can be used to describe
the tensile test carried out for the purposes of this pa-
per [6]. However, the samples we examined already
exhibited a certain state of internal stress related to the
dissimilar materials’ welding process (friction weld-
ing). This condition was evident by the fibrousness of
the structure arranged perpendicular to the direction
of tension. At the atomic level, this is linked to the ex-
istence of significant disorder in the crystal structure,
which means that configurational entropy can have
a significant impact during deformation. For quasi-
static processes, in homogeneous materials in the an-
nealed state, the configurational entropy is neglected;
however, the static tensile test performed as part of
the present study was conducted at a medium tensile
speed and the material had a structural notch inside
- a weld and numerous stress concentrators. For this
reason, the process could be observed at a qualitative
level, and calculating the heat released in the process
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associated with the temperature change would not
contribute any constructive quantitative information.

5. Conclusion

The observation of thermal phenomena during
a static tensile test at a qualitative level is an addition-
al source of information on the location and mecha-
nism of plastic deformation. In the case of dissimilar
welded joints, analysis of the thermogram at a quali-
tative level can make it easier to pinpoint the point of
rupture, which is not at all obvious in the case of very
thin areas such as the weld. Analysis of the infrared
camera film also provides a fairly clear indication of
which material is more prone to plastic deformation.
Graphs normally produced during a static tensile test
do not provide such information.

For qualitative observations, it is possible to examine
samples without special preparation. Thus, it may be ex-
pedient to use this method when testing finished prod-
ucts or railway components such as railway couplings.
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