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1. Introduction
Today, the main purpose of engineering researches is to understand and develop
processes that are energy-saving, cost-effective; engineers would get better control on and
over the damage processes and they would have a better overview of life course of machines
from the construction thorough its operation to minimize environmental impacts and develop
more cost-efficient systems.
In the eighties, mechanical engineering and with it electrical engineering, information
technology have reached the level to get more and more involved in production phases and
replace human resources in design, control and in production system monitoring as well.
Before researchers often used mechanical devices or planning phase’s required significant
intellectual resources from working groups. With the development of information technology,
the human resources could have been reorganized and the human resource could have been
used for the research of damage, environmental impact, and life cycle calculations. With
information technology’s development the small-scale researches has not only expressed their
impact within the mechatronics, but their results were expressed in other classical engineering
fields, such as tribology in addition to previous ' macroscopic ' knowledge.
Nowadays researches in this field are important factors in the scale of the investigation
The rotary - moving parts of machinery design and operation, or even everyday household
objects, such as shoes, tires, transmission belts are concerned in the friction processes on oldnew tribology researches. The IT tools’ and mechatronics’ development accelerated over the
last thirty years giving rise to the possibility of scale’s reducing to better analyze damaging
processes study and to effectively eliminate them, get to know the process from its origin. In
addition to this research, the importance and timeliness of humanity 's current energy needs
are indisputable : Twenty percent of the value of total product produced in the world economy
is destroyed during adverse wear processes , thereby absorbing a significant raw material and
energy resources.

2. Objectives
The deformability of metals is affected primarily by state indicators (pressure,
temperature and deformation rate). In the preparation of the present thesis, the following
objectives have been identified:
I.

To compare the effect of sliding and rolling friction occurring in the surface layer
and influencing its temporary and permanent structural changes.

II.

To study the effect of the hydrostatic component of the stress state to the surface
layer’s structural changes and to its limit of deformation capacity.

III.

To study the effect of the state indicators on the deformation ability of bulk
materials used in the friction tests.

IV.

Research a correlation between the bulk material’s actual deformability, influenced
by the state indicators, and the mechanical structural changes occurring in the
surface layer.

2

Gábor Juhász, 2013

Thesis presentation

That is no longer the friction process basic questions I'm looking for in this research
but in harmony with modern tribology researches, this dissertation searches for answers and
also examine the relationship between the ductility of friction and process parameters.

3. The research method
High purity titanium and magnesium materials’ testing and materials’ friction testing
was carried out as follows:
o Ductility tests of metals used in experiments were carried out to characterize
its mechanical properties with:
1. High-speed deformation studies (Hopkinson-beam testing equipment)
2. Tests with additional hydrostatic pressure.
3. The effect of temperature which was taken into account from literature.
o Dry friction tests were carried out to test bullet-plane tribological systems
using high purity Ti and Mg materials:
1. In sliding friction tests between ball and plane.
2. Between ball and cone (flat) in the rolling friction tests.
o For the characterization of the near-surface layer of the wear track I used the
instruments for chemistry and physics, also instruments for mechanical testing,
these are as follows:
1.
2.
3.
4.

Microhardnes and indentation measurements.
X-ray diffraction measurements.
Thermopower measurements.
Macroscopical and microscopical (SEM) analyses.

My measurements were done under additional hydrostatic pressure with four
different test specimens, high-speed test were carried out with cylindrical specimens and
small displacement low cycle friction tests were performed by an equipment developed and
built for this purpose. Shell examinations were performed by four ball tester on conical
specimens. Each survey were done for studying the circumstances of the boundary
deformation capacity which could have relationship with the materials’ near surface boundary
layer of deformability in friction tests.

4. The preliminaries
My PhD thesis basics were presented in the 2006/2007 academic year in my final
thesis written in French under the title "Deformability study of friction surfaces". The tests
carried out, the results and experiences are partially used within the framework of this
doctoral subject. Measurements were done in the Budapest University of Technology and
Economics, Faculty of Transportation Engineering and Vehicle Engineering Vehicle and
Vehicle-structure analysis Faculty’s laboratory. Foreign measurements were carried out at
INSA de Lyon, Laboratory of Tribology LaMCoS and at the ISL (Institut de Recherche de
Saint-Louis) a French-German military research center.
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To calculate the parameters of the tests , Figure 1 is used to determinate the default
load to be applied in sliding and in the rolling friction, called also “load factor”, which causes
to the near-surface layer the plastic deformation. This deformation leads to the near-surface
layer’s structural transformation, the hardening and finally the breaking up. The limit
presented in this diagram is the so called shakedown barrier.
For a better understanding, the Figure 1. the nominations are the following:
A- Elastic limit
B- Elastic-plastic shakedown limit
C- Plastic shakedown limit
pHmax/τF is the load limit
μ is the friction coefficient

Figure 1.

The near-surface layer’s plastic deformation limit curves in reciprocating, ideally
rigid cylinder and elastic-plastic plane contact case

5. Test methods
5.1 Material testing
Summary of the tests
Hopkinson

Hydrostatic

Effect of temperature*

Strain rate

15 m/s

0.001 m/s

-

Temperature

ambient

ambient

0-800 °C

atm.

0-800 MPa

atm.

Pressure

Table 1. Summary of the tests (* the effect of temperature from literature)
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5.1.1 Hopkinson bar testing
For higher strain rates (10-20 m/s), a variety of tests such as Hopkins rodexamination, Taylor-test, as a short-term impact procedures are used to investigate the
behavior of materials under high strain rates. The material fracture limit significantly
increases in comparison to the bulk materials’ limit under normal conditions and there is a
substantial relation between high speed tests and heat accumulation in the specimens. It
undergoes a change in bulk material grain structure in the case of titanium after high speed
Hopkinson bar test.
5.1.2 Deformability tests under additional hydrostatic pressure
The deformability of the curve that describes the elastic metal-plastic deformation
capacity varies depending on the state indicators. The additional hydrostatic pressure
component of the stress state increases the boundary deformation capacity so the deformation
limit will be higher. (Table 4. c) d) e) f)) By the previously presented deformability test, the
boundary deformation surfaces could be determined for both the titanium and the magnesium.
The value of the additional hydrostatic pressure during the measurement varies in accordance
with the following table:
Hydrostatic pressure [MPa]
200

Equivalent force applied [t]
25

400
600

50
75

800

100

Table 2. The applied hydrostatic pressure values

5.1.3 Effect of the temperature on the deformability
The effect of temperature is taken into account from the referred scientific literature.
Both for the titanium and the magnesium, the increase in temperature improves deformability,
whereas the strain resistance with the increasing temperature decreases.
5.2 Friction tests
The titanium and magnesium were investigated in sliding and rolling friction tests
which parameters have been summarized in Table. 3.
PEDEBA
Number of test c/o

Ft [N]

pHertz [MPa]

1.
2.
3.

30
60
110

1002
1262
1554

1.
2.
3.

1
10
100

200.3
431.6
929.8

SHELL

3 pHertz
ReH

Titanium
4.7
5.92
6.77
Magnesium
2.22
4.79
10.33

3 pHertz
ReH

Ft [N]

pHertz
[MPa]

109
218
326.8

1540.8
1941.38
2221.8

3.05
3.85
4.73

2.6
24.6
266.83

278
406
898.5

3.1
4.5
10

Table 3. The sliding and rolling friction tests’ Hertz-stress values and the summary of the load factors
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5.2.1 Sliding friction tests
The tests with parameters shown in Table 3. for the sliding friction tests in ball-flat
plate contact friction processes were carried out using three different loads. After that, the
specimens were observed by microscopy, scanning electron microscopy, micro hardness and
indentation tests, X-ray diffraction and thermoelectric power measurements, examining the
wear marks on the surface and the near surface layer’s transitional and permanent changes in
the tribological processes such as hardening and grain structure changes. The results are
compared with each other, and then with the rolling friction results.
5.2.2 Rolling friction tests
The tests with parameters shown in Table 3. for the rolling friction tests in ball-flat
plate contact friction processes were carried out using three different loads. After that, the
specimens were observed by light microscopy, scanning electron microscopy, micro hardness
and indentation tests, X-ray diffraction and thermoelectric power measurements, examining
the wear marks on the surface and the near surface layer’s transitional and permanent changes
in the tribological processes such as hardening and grain structure changes. The results are
compared with each other, and then with the sliding friction results.
5.2.3 Comparison of sliding and rolling friction test results
The results of the effect of two different friction tests have been compared trough
microscope, a scanning electron microscope, micro hardness and indentation measurements,
X-ray diffraction measurements and thermoelectric power measurements, emphasizing the
near surface layers’ deformation and its grain structure changes.

6. New scientific results
6.1 Results of the material tests

a) Magnesium’s high h speed deformability tests

b) Titanium’s high speed deformability tests
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c) Titanium’s flow curve under different applied
hydrostatic pressures

d) Magnesium’s flow curve under different applied
hydrostatic pressure

e) Titanium’s Bogatov-type boundary deformability
surfaces

f) Magnesium’s Bogatov-type boundary deformability
surfaces

g) Effect of temperature on the titanium’s flow curve

g) Effect of temperature on the magnesium’s flow
curve

Table 4. Summary of material testing

Flow curves were determined by high-speed forming of titanium and magnesium. The
titanium deformability limit greatly increased during high speed forming compared to those of
the initial material data.
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Magnesium’s limit of deformability shows a strong growth compared to those of the
initial
material.
Magnesium
is
brittle, while the titanium
is
ductile.
In the case of titanium in high-speed forming, adiabatic shear is present in the specimen.
During the test, the hydrostatic forming of titanium and of magnesium the limit of
deformation for the magnesium increased potentially for higher additional hydrostatic
pressures, with about of 50-60%, which is a significant difference compared to the initial
value supplied at atmospheric pressure.
The titanium’s boundary deformability grows, but the rate was lower than for the
magnesium.
For both of them the metal fracture limit stress value has not increased substantially.
I note that the polycrystalline titanium at high speed is broken such as magnesium
under hydrostatic pressure in the static tensile test under additional hydrostatic pressure.
The deformation temperature for both metals increases ductility.
6.2 Friction test results
6.2.1. Sliding friction result’s summary
Under pure sliding, the third body formation began at the first cycle on the
magnesium’s surface. Despite of the similarities and the hexagonal structure for both metals,
the magnesium’s only has four activated sliding systems in opposition with the titanium,
which has six. The wear surface’s hardening for the magnesium is not significant and the
same results are shown on the diagrams of micro hardness, indentation, X-ray diffraction and
thermo power measurements. It’s opposite to the titanium which shows surface hardening that
the inspection results can underline. The titanium’s surface is well deformed and contains
micro-grained structures. (Table 5.)

a) Titanium’s wear track cross section

b) Magnesium’s wear track cross section
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c) Titanium’s wear track SEM picture with highly
deformed zone

d) Titanium’s wear track SEM picture with broken
surface layer

A normál és a tangenciális erő hányadosa (Mg)

A normál és a tangenciális
erő hányadosa
coefficient
of friction,
Ti (Ti)

coefficient of friction, Mg

Számított súrlódási együttható

Számított súrlódási együttható

0,6

0,2

0,1

0,5

0,4

0,3

0,2

0,1

0
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

Ciklusszám

9

19

20

0
0

5

10

15

20

25

Ciklusszám

Calculated coefficient of friction, Ti

Calculated coefficient of friction, Mg

Indentation measurements, Ti

Indentation measurements, Mg

Microhardness measurements, Ti

Microhardness measurements, Mg
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(0,0,2)
(1,0,1)
150

700

600
(0,0,2)
500

400

100

(1,0,3)
(1,1,2)

300

(0,0,4)

(1,0,0)

200

50

100

0

0
35

40

45

50

55

60

65

70

75

80

35

40

45

50

55

60

65

70

75

80

2Theta (°)

X-ray diffraction measurements, Ti

X-ray diffraction measurements, Mg

Thermopower measurements, Ti

Thermopower measurements, Mg

Table 5. Summary of sliding friction tests of titanium and magnesium

6.2.2. Rolling friction result’s summary
The two inspected metals have been used for tests on a four ball machine, modeling
rolling friction. In the case of the titanium, I found that that the surface hardening is less
extent as in the case of sliding friction, and therefore titanium show a better resistance to
conditions of stress compared to the sliding tests. The surface hardening in a thin layer and at
the maximum load factor could be observed and at the end of the experiment the surface is
slightly fragmented.
The magnesium in rolling test is more resistant to stress than in pure slip. Magnesium
shows a surface hardening phenomenon due to the stress state conditions and its behavior in
the case of rolling friction.

The wear track on the titanium specimen surface
( pHertz= 2222 MPa)

The wear track on the magnesium specimen surface
(pHertz= 898 MPa)
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The highly deformed zone under wear track (Ti)
( pHertz= 2222 MPa)

Cross section of the magnesium wear track
(pHertz= 898 MPa)

Boundary deformability limit on the titanium specimen’s
wear track ( pHertz= 2222 MPa)

Wear traces on the magnesium specimen’s wear track
(pHertz= 898 MPa)

Indentation measurements, Ti

Indentation measurements, Mg

Microhardness measurements, Ti

Microhardness measurements, Mg
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(1,0,1)
1500

4000

(1,0,3)

3000

(0,0,2)

(1,1,2)

1000
2000

500

(0,0,4)

(1,1,0)

(1,0,0)

1000

0
35

40

45

50

55

60

65

70

75

80
2Theta (°)

56

57

58

59

60

61

62

63

64

65

66

67

X-ray diffraction measurements, Ti

X-ray diffraction measurements, Mg

Thermopower measurements, Ti

Thermopower measurements, Mg

68

69

Table 6. Summary of rolling friction tests of titanium and magnesium

6.2.3 Comparison of rolling friction and sliding friction results
Through the Tables 5. and 6.the effect of sliding and rolling frictions could be
compared. The rolling friction represents a more protective stress state for both specimens.
Titanium is showing signs of wear compared to magnesium in the case of sliding, but
in rolling, the stress state is not hard enough to produce in all three measurements hardening
and subsurface deformations in the wear track. In opposition, the magnesium in sliding is
broken at the first cycle, but in rolling friction, its surface layer presents a hardening
phenomenon similar to the titanium’s hardening in case of sliding friction.
It could be summarized that the rolling effect reported more favorable conditions for
the wear tests even at the same load factor. The greater the degree of sliding in rolling friction
is, the effect of the test is comparable to the sliding friction. titanium specimen shows less
surface hardening effect than the magnesium. In addition, it could be told that the magnesium
in rolling friction could be compared to the titanium’s behavior in sliding circumstances.
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7. New scientific results, theses
1. thesis:
The limit between the magnesium and titanium’s near surface layer’s permanent and
temporary changes is determined by the near surface layer’s local and actual stress state and
its deformability relative to the actual stress state. (Related publications: [S2], [S6])

2. thesis:
Due to indentation and X-ray diffraction measurements, It is shown that the rate of
deformability of the near surface layer is more significant in the case of sliding friction than in
rolling friction. (Related publication: [S6])

3. thesis:
The results of rolling friction investigations are in parallel with the additional hydrostatic
pressure measurements relatives to the boundary deformability:
3/a. The microhardness and X-ray diffraction measurements validates that the limited
boundary deformability of the magnesium increases due to the imposed hydrostatic pressure.
In sliding friction, the near surface layer’s deformability is only present at moderated depth
(0.1…0.3 μm) but it is more significant in rolling friction where its depth is about 0.5 μm the
hardening is 2-2.5x the original surface’s hardness.
3/b. The microhardness and X-ray diffraction measurements validates that the highly
deformable titanium in additional hydrostatic pressure state remains deformable and its
changes in deformability is negligible. In sliding friction the near surface layer is hardened, in
rolling friction its hardening phenomenon relative to the crystal deformation is negligible.
(Related publications: [S1], [S2], [S4], [S6])

4. thesis:
The X-ray diffraction measurements show that the titanium as a bulk material presents a
similar modified grain structure and lattice deformations at high deformability speeds than its
near surface layer under sliding friction phenomenon. (Related publications: [S2],[S3])
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