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Annotation:

The main aim of this thesis was to carry out tribological measurement and
comparison of tribological results for two selected surface treatments. That is why
this thesis deals with the tribological testing and comparison of results for zinc
coated sheets. Two different types of surface coatings (hot dip galvanized — HDG
and new inorganic treatment — NIT) on deep drawing steel sheet were tested by a
tribological test called as strip drawing test on the testing device SOKOL400 under
the combinations of feed rates v [mm/sec] and contact pressure p [MPa]. Firstly,
different kinds of forces (Fmax, Fn, Favg, Fmin @and AF) were evaluated for both tested
surfaces. Moreover, the friction coefficient p [1] was computed as well. For better
overview of final results, there were finally created 3D color map surface graphs.
According to the results, NIT coating revealed a much better tribological behavior
than HDG coating under the higher feed rates and especially under the higher
contact pressures. However, these data are needed to be verified by more
experiments and other kind of testing (with different coatings) is also necessary to be

performed.
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Faculty of Mechanical Engineering |

1. INTRODUCTION

This thesis is mainly focused on calculating friction coefficient y [1] magnitude
of the zinc coated sheets. Friction plays an important role in daily life (see Fig. 1.1)
and extensive researches are being carried out to reduce friction and its effects, but
it can’t be avoided completely. It can be reduced to a certain extent by using e.g.
some effective coatings on the surface of the material through various techniques
like physical vapour deposition (PVD), chemical vapour deposition (CVD), hot dip
galvanizing (HDG), etc. These coatings help to reduce the friction and wear as well.

The present work is focused on performing tribological tests of zinc coated
sheets in the form of strips. Such strip of sheet was subjected to different tribological
conditions and on the basis of Coloumb’s law, the applied drawing force Ft [N] and
normal force Fn[N] were measured and friction coefficient u [1] could be found.

The main objective of this thesis was to examine a trial strip of sheet with
different coatings (HDG and NIT) under the different basic tribological parameters —
namely feed rate v [mm/min] and contact pressure p [MPa]. Their final comparison
was done by 3D color map surfaces graphs. The final analysis (forces) of the surface
coatings characteristics and the characteristics of film failure (galling) due to friction
and wear helped to describe the results. Although the complete efficiency cannot be

obtained here, some improvements and developments can be seen.

Fig. 1.1 Lubricating for Friction [1]
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2. TRIBOLOGY

Tribology is quite very new field of science, most knowledge has been gained
after the second world war. Tribology is still in imperfect state and subject to some
controversy which has impeded the diffusion. Tribology is focused on friction, wear
and lubrication of interacting surfaces in relative motion. Friction between interacting
surface is the cause for wear and it's the major cause for wastage of material. In
every invention of mankind there is wear from household to aircrafts. Tribology gives
the analysis solution to overcome this wear by lubrication. Even our human body has
some parts like bone joints which get into wear and are lubricated naturally [2]. The

two maijor divisions of tribology are:
® the characteristics of films between the contacting surfaces,

® the characteristics of film failure due to severe friction and wear.

2.1.Tribology in Light of History

Tribology is derived from the Greek word "Tribos” which means rubbing or
sliding. The scientific study of tribology also has a long history and many of the basic
laws of friction (such as the proportionality between normal force and limiting friction
force) are thought to have been developed by Leonardo da Vinci in the late 15"

century. In Fig. 2.1 is shown tribology during early civilizations. [2]

e e e WP B i 6 T, e B e

Fig. 2.1 Tribology during early civilization [3]

10 | Influence of the Zinc Coated Sheets Surface Treatment on the Friction Coefficient



TECHNICAL UNIVERSITY OF LIBEREC 2018

Leonardo da Vinci (1452-1519) can be called as father of modern tribology
(see Fig. 2.2). He explained tribological topics like friction, wear, bearing materials,
plain bearings, lubrication systems, gears, screw jacks and rolling element bearings.
[4] After that, it was proposed by Amonton in 1699 that surfaces are covered by
small spheres and that the friction coefficient is a result of the contact angle between
contacting surface spheres. He assumed that motion was always on the top of the
spheres. Nevertheless, no one bothered about the motion of the spheres in
downward direction. In 1886 Osborne Reynolds published a paper on hydrodynamic
lubrication. According to Reynolds, hydrodynamic pressure liquid entrained between
sliding surfaces was sufficient to prevent contact between surfaces at low sliding
speeds. This experiment has found good practical application in railway axle bearing,
which gave lower friction. But after the invention of scanning electron microscope

(SEM), it is possible to learn its nature deeply.

Fig. 2.2 Tribology according to Leonardo da Vinci [5, 6]

2.2.Friction
Friction is the resistance to relation motion of contacting bodies. Friction is of

many types that include dry, lubricating, sliding, rolling, dynamic, kinetic, static
(starting or limiting), internal (hysteretic), external and viscous. In the above friction
types, some of them are considered as more important - like static friction and
dynamic friction. Generally speaking, friction has caused failures. But it's useful in

some instances like without friction human can’t walk, cars can’t move etc. [2]
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STATIC FRICTION-= it is the friction between two surfaces that are not in relative

motion. For example, consider a car that is about to start, there is static friction

between tire and road, which prevents slipping of the tire from the road.
DYNAMIC FRICTION=- it is the friction between two surfaces that are in relative

motion to each other. For example, the same car has started moving and the

dynamic friction between the road and tire prevents slipping against the road. [8]

2.2.1.Basic Laws of Friction

All basic laws of friction aroused from the simple model — block on table. These
model laws help in finding the direction and magnitude of the friction force between

two bodies with dry surfaces in contact.

Fn

Fr

Fig. 2.3 Friction according to Amontons
In the Fig. 2.3, drawing force Fr is needed to make the block slide on table to
keep it moving constant. The drawing force Fy depends on the value of normal force
Fn. Amontons law can be understood by the relation between drawing force Ft and

the normal force Fy as following:

Iy = pk (1)
Where,
g - friction coefficient [1]
Fn o - normal force [N]
Fr - drawing force [N]

The friction coefficient depends on the material. During the static condition it is

called as the static friction (po) and during kinetic condition it is kinetic friction ().
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AMONTON'S LAWS OF FRICTION
Leonardo da Vinci observed the same relations 200 years earlier. But these
results were not known to scientific world of Amontons time. Amontons found that
friction was caused by the interaction of surface roughness peaks and he found that
asperities slide up and down for more elastic materials. He also suggested that
sliding would push aside the surface irregularity peaks. According to Amontons, the
laws can be described as following:
e the force of friction is directly proportional to the applied load,
e the force of friction is independent of the apparent area of contact.
However, for better understanding, the friction laws of Amontons can be
described in four steps as listed below: [2, 4]
e the resistance caused by friction increases or decreases in proportion to the
pressure,
¢ the resistance caused by friction is the same for iron, copper, lead and wood
as long as they are lubricated with lubricants,
¢ the resistance is roughly equal to one-third of pressure,

¢ this resistance does not depend on velocity and other conditions.

COULOMB’S LAW OF FRICTION

Charles-Augustin de Coulomb (1736 -1806) was a French physicist and also
engineer. He found that mechanical interlocking of asperities is the cause for friction
and the actual surface material on the individual asperities was functionless.
According to him “Friction and cohesion are not active forces like gravity, which
always exerts its full effect, but only passive forces; these two forces can be
measured by the limits of their strength”. Although his explanation was wrong, his
law is still used for dry friction under the condition where heavy plastic deformation
occurs. According to Coulomb, the law can be described as:

e Kkinetic friction is independent of the sliding velocity.

However, on the debate of Coulomb and Amontons, Coulomb found the
independence of the coefficient of friction on velocity, normal force, contact area and
roughness are only a first very rough approximation. He also differentiated between
material couples e.g., metal-metal. In all cases the dependencies. To solve this, the
geometric and loading parameters have to be changed by several orders of

magnitude to achieve a change in the friction coefficient by two. [2, 4]
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2.2.2. Classification of Frictional Contacts

The main reason for friction in mechanical component is sliding. There are four

categories of friction with high and low frictional force which are given below.

I. FORCE TRANSMITTING COMPONENTS
Force transmitting components operate without displacement. There are two

classes of surfaces — drive and clamped surfaces.

DRIVE SURFACES - there is no macroscopic slip on these surfaces. Static friction is

higher than dynamic friction in these surfaces. As some of the examples there are

power belts, shoes on the floor, tires and wheels.

CLAMPED SURFACES - in clamped surfaces, a friction force frequently produces a

microscopic slip. So, the system must be designed to impose high normal (clamping)
force. Since contact pressures may vary, local sliding may occur when low value of
friction force is applied. As some examples of clamped surfaces there are press

fitted pulleys on shafts, or bolted joining surfaces in machines and so on. [7]

Il. ENERGY ABSORPTION CONTROLLING COMPONENTS

Mostly these components are seen in braking and clutching systems. An
important requirement in these components is constant friction which will prevent
sudden failures. Another important factor is to minimize the difference between static
and dynamic friction coefficient to avoid vibration in such components. As good

examples there are brakes and clutches (see Fig. 2.5). [8]

Fig. 2.5 Brakes and clutches [9,10]
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lll. QUALITY CONTROL COMPONENTS
In these components, a constant friction is required. If the friction is above or
below the required constant level, the required properties cannot be achieved. There
are two examples:
a) in knitting and weaving the tightness of weave must be controlled to
produce uniform fabric,
b) in sheet metal rolling mills, constant friction coefficient is required to
maintain uniform thickness and surface finish of the sheet.
IV. LOW FRICTION COMPONENTS
These are components that operate with maximum efficiency when a normal
force is transmitted. As some examples there are gears in watches and bearings in

motors. In these machines, high friction may produce distortion. [11]
2.2.3. Cost of Friction and Wear

When reviewed on a single machine, the cost of wear is very low. However, for
a large number of machines, the cost of wear is very high. So the cost or benefit
equation can be summarized as:
Total tribological costs } . { Sum of individual machine costs or

or savings savings x number of machines

2.3.Surfaces

All surfaces are rough and its magnitude (roughness) depends on the surface
treatment by various processes - e.g. casting or moulding (see Fig. 2.6). While
seeing the polished surface through a electro-micrograph, it shows that they are
covered with peaks and valleys. It means when two surfaces are placed together,
the two peaks of the both surfaces touch and remaining area stand apart. That’s why

where the peaks are flatter, the contact area increases and pressure decreases. [12]

Fig. 2.6 Moulding [13]
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2.3.1. Measurement of Surface Roughness

As the main instruments there are profile analyzer and scanning election
microscope (SEM). The SEM has many advantages, but are limited by specimen
size and it cannot quantify roughness. Overview of these basic advantages and

disadvantages is given in Tab. 2.1.

Tab. 2.1 Advantages and disadvantages of SEM and profile analyzer

Advantages Disadvantages

SEM can provide 3D and

L The specimen size is limited.
topographical image.

SEM

It can provide mlcrographs with It cannot quantify roughness.

good resolution.
It provides a sharp stylus and it
detects the movement as it
follows the texture.
Profile Profiles should be positioned
Analyzer to avoid aberrations.

Many flaws, inclusions, cracks
could be identified.

The surface profile contains three major components. [7]

ROUGHNESS-it is deviation from wavy surface, caused by cutting tool and it is caused
by wear machining conditions, microstructure of the workpiece, vibrations in the
system and so on. The height, width and closely spaced irregularities create
predominant surface pattern.

WAVINESS- it is periodic deviations from the geometric surface, often sinusoidal in
form and it is due to the low level oscillations of machine tool during machining. They
are because of heat treatment of workpiece or machine deflections and vibrations.
ERROR OF FORM -they are not normally considered part of the surface texture. It is
irregular surface deviation from the design profile and it is caused by lack of accuracy

or stiffness of the machine system. [12]
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2.3.2. Surface Roughness Parameters
Surface roughness refers to the variations in the height of the surface relative
to a reference plane. It is measured along a set of parallel line profiles (2D

measurement) and so-called surface maps (3D measurement).

4
~—Profile z (x)

Asperity {peak)

Mean line

Reference line

Valley

Fig. 2.7 Schematic of the surface profile [7]

To improve the performance of manufactured products, the surface texture of
mechanical components has been checked for over 80 years. The first roughness
tester recorded surface height using a stylus tip in contact with surface. The
measured profile was written in a carbon sheet and recorded in a galvanometer. For
a long time only R, was the only known parameter and then came R, Rym. Some of

the surface roughness parameters are listed below:

R, - Center line average or arithmetic average [um]

g - Rootmean square [um]
R, - Maximum peak height [pm]
R; - Maximum peak to valley height [pm]
R, - Maximum valley depth [pm]
R, - Average peak to valley height [pm]
R,m - Average peak to mean height [pm]
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2.4. Striebeck Curve

The three lubrication regimes named below are figured in the Striebeck curve.
It explains the relation between friction coefficient and bearing parameter n.N/pay,
where n is dynamic viscosity of the lubricant [Pa-sec], N is rotation speed [rpm] and
finally payis average bearing pressure [MPa].

These three regimes are explained by means of the Striebeck curve. The

friction causes temperature increase and viscosity drops down. [12]

A Lubrication regimes

Stribeck curve

\

Coefticient of friction

Beraring parameter

|
1
1
|
|
1
1
|
|
|
1
L

»\ NN/pav
/ P
Boundary lubrication Mixed lubrication Hydrodynamic lubrication
' ’ '
N — e —

Fig. 2.8 Striebeck curve lubrication regimes [14]

2.4.1. Classification of Lubrication Regimes

Lubricants can be solid or liquid, but mostly it is focused on liquid lubricants
under sliding conditions. It's difficult to form a smooth surface. When a smooth
surface is examined under high magnification, it has some peaks and valleys (so

called asperities). The lambda (A) ratio is expressed by the equation below: [11]

1= (3)
Ra
Where:
h - film thickness [um]
Ra - surface roughness [um]
A - lambda [1]
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Lubricated friction is characterized by the presence of a thin film of
pressurized lubricant (squeeze film) between the surface of the bearing and the

journal. There are 4 types of lubrication regimes.

DRY LUBRICATION -it is the lubrication between two surfaces which reduce friction

without liquid medium. This regime is very undesirable for metal forming.

BOUNDARY LUBRICATION -constant contact between friction surfaces at high
surface points occur at boundary lubrication. Because of its high friction coefficient
(energy loss), increased wear, possibility of seizure between the bearing and journal
materials and non-uniform distribution of the bearing load (localized peaks) this

regime is undesirable. Also very severe failures are caused by boundary lubrication.

MIXED LUBRICATION- it is intermediate regime between boundary and
hydrodynamic lubrication. An intermittent contact between the friction surfaces at few
high surface points (micro-asperities) occurs at mixed lubrication. In this regime due
to temperature rise, the friction coefficient increases consequently. So mixed

lubrication is unstable

HYDRODYNAMIC LUBRICATION- there is no contact between rubbing surfaces.
High rotation speed at relatively low bearing loads results in hydrodynamic friction,
which is characterized by stable squeeze film (oil film) between the rubbing surfaces.
The squeeze film keeps the surface of the bearing and the shaft apart due to the
force called hydrodynamic lift (see Fig. 2.9) generated by the lubricant squeezed
through the convergent gap between the eccentric journal and bearing. In this
regime due to rise in temperature, lower the viscosity causes friction coefficient to
drop with consequent decrease of temperature. So finally stated, hydrodynamic

lubrication is stable. [15]

Journal Bearing

Qil wedge provides
hydrodynamic lift

Fig. 2.9 Bearing and shaft [16]
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2.5. Tribological Tests

To gain information about the real tribological system in the area of friction,
wear and lubricating, there are quite a lot of different tribological tests at disposal.
However, the real tribo-system (under manufacturing conditions) is quite complicated
because it is influenced by many factors (e.g. microgeometry, substrate, lubricant,
etc). Moreover, these factors not only influence the tribology system, but they are
influencing each other. To take into account such complexity of the real tribological
system, specific conditions have to be ensured already during the laboratory testing.
Nevertheless, such testing is performed more on the micro model level and as a
measured data there are outer measured quantities. Among them belongs mainly
the measurement of the drawing force (Fr). In Fig. 2.10 are shown the basic

tribological tests and some of them are described on the next pages. [17, 18]

Fn Fn
F']'cnswlc /—\ ‘ FTensile
Fn Fn
Fn

FTensile

Fn Frensile

Frensile

Frensile

Fig. 2.10 Schematic of basic tribological tests [4]
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2.5.1. Tribological Process in the Blank Holder

In this process the sample as strip is clamped between the blank holder and it
is drawn by a force called drawing force Fr [N]. The contact pressure p [MPa] is
applied on both sides of the sample, so while calculation there is multiplication of
contact pressure by 2. The schematic diagram of this process is shown in Fig. 2.11
and own calculation of the friction coefficient is done by using the formula (4).

Moreover, this kind of tribological test was subsequently used in the experimental

part of this thesis.
=gt @)
where:
s - contactarea [mm?
p - contact pressure [MPa]
Fr1 - drawing force [N]
p1 - friction coefficient in the blank holder area  [1]

p — contact pressure

Ft1— drawing force

P — contact pressure

Fig. 2.11 Strip drawing test - simulation in the blank holder area
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2.5.2. Tribological Process in the Drawing Edge

In this process is (as in the previous one) sample placed between the clamps
and there is a rotating roller on the edge of one clamp. The drawing of the sample is
made under 90° to bend the testing strip. The schematic of the above explanation is

shown in Fig. 2.12 and calculation of bending force F( [N] is using the formula (5):

FOZFTz_FTl (9)

Where:
Fo - bending force on the drawing edge [N]

Fr2 - drawing force after bending [N]

p — contact pressure

Rotating roller

p — contact pressure

Fr2 — drawing force

Fig. 2.12 Strip drawing test — simulation of bending force on the drawing edge
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2.5.3. Tribological Process in the Blank Holder Area

In this process the drawing strip is placed between the clamps and there is no
rotating wheel at the bending edge. The drawing force Fr3 [N] is applied under 90°
and the sheet is bent again (here without roller). The schematic of this process is

shown in Fig. 2.13 and calculation of the drawing force is done via equation (6).

Fry=F, "’Fﬂ-ewﬂ2 (6)
Where:

Frs - drawing force after bending [N]

a - angle of contact (here 11/2) [1]

M2 - friction coefficient on the drawing edge [1]

P — contact pressure

P —contact pressure

Frs —drawing force

Fig. 2.13 Strip drawing test — simulation of drawing force after bending
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3. MATERIALS FOR CAR-BODY DESIGN

The materials used for car-body design are discussed in this chapter (mainly

2018

there are described deep-drawing steels regarding the experimental part).

3.1. Material Selection Criteria
The materials that are to be used at car-body design are shown in Tab. 3.1. As

major parameters there are their mechanical and physical properties. Steel is the

most commonly used material by any manufacturer because it has ease of process

ability and compatible facilities. Besides that, aluminium and magnesium is also

considered at the car-body design. Moreover, some polymer materials are also used

together with the composites (mostly in competition vehicles). [19, 20]

Tab. 3.1 Overview of selected materials for car-body [19]

Design parameters

Ease of manufacturing
(‘process chain’)*

Yield UItim_ate Young’s .
tensile Total Density
Material strength strength | ductility modulus _ . _
Forming | Joining | Paint
o'y Om A80mm E
[MPa] [MPa] [min%] [GPa] [g.cm""]
Forming 140 min | 270 min 40 210 7.87 8 9 9
grade steel
EN 10130
DCO4 +Z
HSS EN 300 min | 400 min 26 210 7.87 6 8 9
10292
H300YD
+Z
UHSS - 1050- 1350- 5 210 7.87 4 7 9
martensitic 1250 1550
Aluminium | 110 min | 240 min 23 69 2.69 6 5 8
SXXX
Aluminium | 120 min | 250 min 24 69 2.69 6 5 8
BXXX
Magnesium | 160 min | 240 min 7 45 1.75 4 4 7
sheet
Titanium | 880 min | 924 min 5 110 4.50 6 5 7
sheet
Glass fiber 950 400- <2.0 40 1.95 8 7 8
reinforced 1800
polymer
Carbon 1100 1200- <2.0 120-250 1.60- 8 7 8
fiber 2250 1.90
reinforced
polymer

*Based on range: 1 = difficult to process; 10 = production without difficulty
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3.1.1. Consistency of Materials

Including materials physical and mechanical properties, an important
requirement is that consistency in the manufacturing process. Once a part is set to
operate within its mechanical, physical and dimensional specifications, there should
not be any disruptions like reset process variables as e.g. press and weld settings
are. Material characteristics must be uniform to achieve the full benefits. Especially
in the automatic manufacturing process, some defective process may lead to a large
quantity of scrap before the fault is detected. So, continuous monitoring of production
is important. Uniformity and the highest possible quality must be the twin aims. [20]

In manufacture of steel, continuous casting and annealing process are widely
introduced everywhere. Casting of thin section dimension is also becoming reality
nowadays. In aluminium industry also continuous casting and annealing has been
developed. In chapters below, the basic materials used in automotive industry are

explained. [21]

3.2. Steel
In contrary to the research that has been carried out for the last 30 years to

develop a light weight material, most of the car body structure is built of steel. It
requires half ton of flat rolled steel to produce the car-body. Steel has exceptional
properties in terms of formability strength and cost. It is also easier to adapt to
changing engineering needs and environmental requirements. The major
advantages of steel are:

e |low cost,

e ease of forming and joining,

e consistency of supply,

e corrosion resistance with coatings,

e recyclability,

e good crash energy absorption.
Among the disadvantages are:

¢ it is heavier than alternative materials,

e it can corrode if uncoated. [20]
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The range of steels that are used in the automotive design varies a lot - from
forming grades with a minimum yield of 140 MPa up to ultra-high strength steels
(UHSS) with yield values about 1200 MPa. Their basic types are listed in Tab. 3.2.
Before 10 years, corrosion was an important issue for these materials, but nowadays
zinc coated, electro-galvanized, hot dip galvanized steels, alloyed and duplex
materials have overcame this issue. Generally, these materials have some range of
steel properties for normal forming and high-strength grades, but with hot dip
galvanized sheet there may be slight reduction in ductility due to effect of the heat

treatment cycle. [19]

Tab. 3.2 Basic flat rolled steel product variants [19]

BH Bake-hardenable
CMn Carbon-Manganese
CP Complex phase
DP Dual phase
HSLA High-strength low-alloy
IF Interstitial free
MART Martensitic
MILD Mild steel
SS Stainless steel (austenitic)
TRIP Transformation induced plasticity
TWIP Twinning induced plasticity

3.2.1. Ulira High-Strength Steels (UHSS)

Most of the designers are using steels having Ultimate Tensile Strength
(UTS) values up to or even over 1200 MPa, in order to reduce front and rear impact
loads and also as B/C posts, associated roof rails and door apertures to maximize
side impact protection. Thus energy absorption is a key characteristic of these
materials and is related to the stress-strain curve. Some common high strength
steels are characterized in Tab. 3.3. [20]

Fig. 3.1 Ultra high-strength steels [22]
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Tab. 3.3 Basic types of UHSS [19]

2018

Type of flat rolled

steels

Range of Yield

Strengthening

¢ stress ] Relevant standard
(1% two rows) mechanism
oy [MPa]
or UHSS
EN 10130
Residual C, Mn, Si
Low - carbon mild 140-180
steel sheet PrEN10xxxx
) Solid solution
Re-phosphorized 180-300 . EN 10292
hardening o
(hot-dip zinc-coated)
PrEN10xxxx
Isotropic 180-280 Si additions PrEN10xxxx
Bake - hardening 180-300 Strain age hardening EN 10292
(hot dip zinc-coated)
) Grain refinement and PrEN10xxxx
High - strength o
260-420 precipitation EN 10292
Low - alloy . o
hardening (hot dip zinc-coated)
Martensitic (hard)
Dual - phase 450-600 (UTS) phase in ferritic PrEn 10xyz
ductile matrix
Transformation of
retained austenite to
TRIP steel 500-800 _ PrEn 10xyz
martensite on
deformation
Bainitic/martensitic
Complex and (hard) phases
800-1200 PrEn 10xyz

martensitic steel

formed by controlled

heat treatment

Some advantages of the ultra-high strength steels are:

¢ High strength - ultra high strength steels are four times stronger than
normal high strength steels (higher UTS or Yield strength, etc.).

o Light weight - compared to normal steel, ultra high strength steels
can be formed 10 to 15% of more thin (thus weight reduction).

e Shape ability - some complex shapes can be achieved by ultra high

strength steels. [20]
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3.2.2. Stainless Steel

At these steels chromium is added to steel to form a protective film of the
chromium oxide and increases the corrosion resistance. This material is not used in
the current vehicles, but in commercial vehicles like buses. It has attractive forming
parameters. Researchers are trying to re-examine this material to find a strong
competitive advantage. These materials have high work hardening rates, critical
loads can be approached with current working facilities. It has some demands like
often inter stage annealing to achieve deep drawn shapes. The overall costs and
changed processes may be unfavorable. But recent studies have made an
alternative body architecture utilizing a stainless steel space frame and various bolt
on assembly materials. [19]

Some of the advantages of stainless steels are:

e corrosion resistance,

e excellence formability,

e similar manufacturing characteristics as mild steel.
Some of its disadvantages are:

e its cost is high,

¢ the limited supply source for automotive applications.

3.2.3. Aluminium (Al)

Aluminium is known for its low density which is pa = 2.69 g-cm'g. By the rule of
thumb the alternative to steel, the weight can be halved but the cost will get doubled.
The density of aluminium is one third of steel, but its modulus (Ex = 69 GPa) is very
low compared to steel (Eswel = 210 Gpa). Because the required stiffness cannot be
achieved, thickness of some parts is increased. The cost may be higher and it gets
fluctuated with rise and fall of commodity markets. Thus for planning purpose some
means of stabilizing future costs (such as buying ahead or an alternative strategy)
must be considered. Since the cost is higher, the total manufacture cost is also
higher, such as the need for modification of the welding equipment, faster electrode
tip wear and need for additional changes to paint process. In recent days one
important disadvantage of aluminium is expensive repair of specialist parts such as
cast nodes, which could make difficulty in higher insurance premium locating a

specialist repair shop. [19]
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Some advantages of aluminium are:

¢ |ow density,

e corrosion resistance,

e strong supply base,

e recyclability.

Some disadvantages are listed below:

e high and fluctuating cost,

e worse formability than steel,

¢ less readily welded than steel.

3.2.4. Magnesium (Mg)

In the list of engineering metals, magnesium is the lightest metal of all. It has a

2018

density of 1.74 g-cm'3, which is 35% lower than aluminium and four times lower than

steel. It is produced by the metallothermic reduction of magnesium oxide with silicon

or electrolysis of magnesium chloride melts from sea water. It is said that one cubic

meter of sea water contains 1.3 kg of magnesium.

Magnesium alloys are the combination of magnesium (Mg), aluminium (Al),

manganese (Mn) and zinc (Zn). Their composition and basic properties are shown in
Tab. 3.4. The higher elongation levels of the AM60 and AM50 means that they may

be preferred over AZ91. These alloys have high purity with lower levels of heavy

metal impurities (e.g. Fe, Cu or Ni) and have vastly improved corrosion resistance.

Tab. 3.4 Automotive magnesium alloys [20]

Magnesium alloy AZ91 AM60 AM50
Composition (wt%)
Al 9 6 5
Zn 0.7
Mn 0.2 0.3 0.3
Typical RT properties
UTS [MPa] 240 225 210
Yield strength
[MPa] 160 130 125
(0.2% offset)
Final ductility [%] 3 8 10
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Some advantages of magnesium are:

e |ow density,

e ability to be thin casted,

e possibility to integrate components in castings.
Its disadvantages include:

e mostly available as cast components,

¢ high cost at medium to high volumes. [19]

3.3. Polymers and Composites

Thermoplastics and thermosets are the two divisions of polymers used for the
car-body design. On the application of heat, thermoplastics melt because they are
high molecular weight. Thermosets are irreversible materials in their nature, so they
cannot be re-melted or re-formed. Reinforced plastics are mostly used as major
composite materials in the car-body design. Composite materials have relatively high
strength and low weight, excellent corrosion resistance, thermal properties and
dimensional stability. Strength of polymer composites will increase with the

percentage of fibrous material and is also affected by fiber orientation. [21]

3.3.1. Thermoplastics

Amorphous and crystalline ones are the two basic divisions of thermoplastics.
In amorphous materials the molecules are not oriented in an orderly manner.
Polycarbonate (PC) or acrylonitrile-butadiene-styrene (ABS) are just some of the
amorphous thermoplastics - see Fig. 3.2. Some advantages and disadvantages of
amorphous thermoplastics are tabulated in Tab. 3.5.

The molecules are arranged in orderly way in the crystalline thermoplastics.
The processing technique and cooling rate is important for development of this
structure. Polyamide (PA), polypropylene (PP) and polyethylene (PE) are some of

the crystalline thermoplastics. [16]

8 =t

.\Q J
X I

Fig. 3.2 Thermoplastic products [23]
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3.3.2. Thermosets

Compared to thermoplastics, thermosets are more brittle. So they are used

with fiber reinforcement of some type. Thermosets are irreversible due to inter-bond

between the molecules.

Thermosetting polymers may be contrasted with

thermoplastic polymers, which are commonly produced in pellets and shaped into

their final product form by melting and pressing or injection molding. Some
advantages and disadvantages of thermosets are given in Tab. 3.5. [19]

Tab. 3.5 Basic advantages and disadvantages of polymers [19]

Thermoplastics Thermosets
Amorphous Crystalline
Advantages | Disadvantages
Advantages | Disadvantages | Advantages | Disadvantages
Poor wear sg\c/)ggt Potentially Low Low
Dimensionally | abrasion and fatique a;1d high and sensitivity | toughness and
stable repeated 3vear variable to strain at
impact . shrinkage temperature fracture
resistance
Higher
Lower mold Poor fatigue d(-?S|gn Difficult to , Goo_d Difficulties in
) . strain than . dimensional .
shrinkage resistance adhesive bond - recycling
amorphous stability
grades
Potential for High Higher creep | Harder and
application as Increased tem e?'ature than more It is difficult to
structural process time rop orties amorphous scratch obtain info
foams prop thermoplastics | resistance

R ey
3 -

Fig. 3.3 Thermoset products [24]
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3.3.3. Composites

Composites are two or more materials with different physical or chemical
properties, which reveal so-called synergic effect (mostly written as 1 + 1 = 3). They
do not fully merge or dissolve into one another (see Fig. 3.4). Their basic parts are
termed as termed as matrix and reinforcement. When additional strength is required,
many types of plastics can be reinforced and it produces stronger materials, which
are termed as composites. Composites are also referred to as fiber-reinforced
polymer (FRP). FRP composite may contain:

o fillers,
e additives,

e core materials that modify and enhance the final product.

Beside engineering industry, composites are also used in the manufacture of

e.g. sports equipment, aircraft, moulds for forming processes, etc. [19]

Fig. 3.4 Composite products [25]

Some advantages of composites are:
e they are light in weight,
e corrosion resistance,
e dimensional stability.
Some disadvantages of composites are:
e high cost,
¢ highly specialized manufacturing process required,

e cannot be easily recycled. [19]

32 | Influence of the Zinc Coated Sheets Surface Treatment on the Friction Coefficient



| TECHNICAL UNIVERSITY OF LIBEREC 2018

- € 3 C .- . p
raCu ] cal Ei 1€€ ]

4. SURFACE TREATMENT TECHNOLOGIES
Surface treatment of metals can be of essential importance in many industries
like automotive industry, chemical industry, electrical industry, etc (see Fig. 4.1). It is
not a new process. Surface treatment dates back as early as mankind started using
gold decoratively approximately before 4000 BC. There are several reasons to
change the properties of metals. The most important ones are as following [26]:
e decoration (or) reflectivity,

e improved hardness to resist damage and wear,

e prevention of corrosion.

Fig. 4.1 Surface treatment of a car-body [27]

Almost in every kind of industry, surface treatments are necessary — mainly in
the following industries: automotive industry, construction industry, container
industry, electrical industry, medical industry, industrial equipment, industries using
laboratory equipment, aerospace and so on. Some the most common surface

treatment technologies include [26]:

e chemical vapour deposition (CVD),
e chromadizing,

e electro-plating (electro-galvanizing),
e electro-polishing,

o flame hardening,

e hot dip galvanizing,

e induction hardening,

¢ physical vapour deposition (PVD).
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4.1. Chemical Vapour Deposition (CVD)

CVD is generally a chemical process used to produce high-purity as well as
high-performance solid materials. This technique is suitable for the production of
coatings, powders, fibers and monolithic components. This technique is used in
many thin film applications. By varying the experimental conditions (e.g. substrate
material, substrate temperature, composition of the reaction gas mixture, total
pressure gas flows), a lot of materials with different properties can be prepared.

CVD may be defined as the deposition of a solid on a heated surface from a
chemical reaction in the vapour phase (see Fig. 4.2). It belongs to the class of
vapour-transfer processes, which is atomistic in nature. It means that the deposition

species are atoms or molecules or a combination of these. [28]

Solution of |—
—_—

precursor Atomizer '-:-:-:-:-:-:-:-:-::E
| | / Precursor \
1 evaporation
carrier gas
__+—-Substrate
\I ﬁlj“*Heater

Fig. 4.2 Schematic of chemical vapour deposition [29]

The CVD is mostly classified according to:
e operating pressure,

e physical characteristics of vapour.
Some of the basic applications of CVD are:

e corrosion and wear resistant coatings,

e preparation of high temperature materials,
e metallurgical coatings industry,

e heat resistant coatings,

e production of novel powders and fibers.
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4.2. Physical Vapour Deposition (PVD)

Physical Vapour Deposition (PVD) is a thin film coating process, which
produces coatings of pure metals, metallic alloys and ceramics with a thickness
usually within the range 1 to 10 um. PVD involves physically depositing atoms, ions
(or molecules) of a coating species onto a substrate (see Fig. 4.3). There are three
main types of PVD techniques, all of which are undertaken in a chamber containing

a controlled atmosphere with the reduced pressure (0.1 to 1 Nm™) [28]:

e thermal evaporation,
e sputtering,

e jon plating.

_—-— i
< | Sputtering

Target

o 0
i o
A/ ° g o | Sputtered
o . | Target
°© o / \ \ Atom
%
o
Sputtering —-=
; > .

Gas i

Thin Film = |:_E| I~ Substrate

Fig. 4.3 Schematic of physical vapour deposition [30]

All three techniques can be used for the direct deposition of material for
‘reactive’ use in which chemical reaction occurs in the vapour (or plasma) phase

between atoms of the coating material and ‘reactive’ gases [28].
Some of the applications of PVD are:

e corrosion resistance coatings,
e wear prevention coatings,

e decorative coatings on plastics.
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4.3. Electro-Plating (Electro-Galvanizing)

Electro-plating is a common metal finishing process that is used in a number of
industrial applications. It is also known as electro-deposition, which involves
depositing a thin layer of metal onto the surface of a workpiece, which is referred as
the substrate (see Fig. 4.4). The desired reaction is achieved by an electric current.
For example, if a layer of gold is to be deposited onto the metal jewellery to improve
the appearance of the piece, the plating metal (gold) in the case is connected to the
anode (positively charged electrode) of the electric circuit, while the jewellery is
placed at the cathode (negatively charged electrode). Both are immersed in a
specially developed electrolytic solution (bath).At this point, DC current is supplied to
the anode. It oxidizes the metal atoms in the gold and dissolves them into the bath.
The dissolved gold ions are reduced at the cathode and deposited onto the jewellery
product. Some commonly used metals for electroplating include zinc (Zn), copper
(Cu), and tin (Sn), as well as precious metals such as gold (Au), silver (Ag) and
palladium (Pd). [28]

Electrons Batteg E s, Electrons,
+

Object to Positive
be Plated Electrode
{Cathode) (Anode)

> =)
1 =) =)
| Acid Solution
with
Free Copper lons "

4-@3*@4-@

Fig. 4.4 Electro-plating process [31]

Some advantages of electroplating are:
e resistance to corrosion,
¢ increase of wear resistance,
¢ reducing friction,

e improving surface uniformity.
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4.4. Hot Dip Galvanizing (HDG)

The hot dip galvanizing is a process of applying zinc coatings onto
components made from steel or iron by immersing the component in a bath of
molten zinc (see Fig. 4.5). The simplicity of the hot dip galvanizing process is a great
advantage in comparison with other methods of corrosion protection.

Although the hot dip galvanizing is a very traditional process and its principle is
not very complicated, it is necessary to consider conditions of cleanliness of the
surface that is immersed in the zinc furnace. The crucial conditions to obtain a
perfect quality of the final surface are [28]:

e all scale, oxides and corrosion product must be removed from the
surface by pickling,

e the surface has to be activated,

e the perfect wettability of surface is to be reached by coating the surface

with flux.

Surface, Preparation

% ] -

. \ \ b \.ﬂ . .

\ \, " S Cooling and
== Drying Zinc inspection
Flux bath

: Rinsing  solution
Pickling

Rinsing

Degreasing

Fig. 4.5 Hot dip galvanizing process [32]

Some advantages of hot dip galvanizing are:
e strong and active barrier to corrosion,
e itis low of cost,
e zinc is safe for environment,
e ease of inspection,
e reliability,

e long life.
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5. EXPERIMENTAL PART

In the experimental part of this thesis, two different samples of deep drawing
steel was tested under the different tribological conditions. First set of samples is
termed as Hot Dip Galvanized (HDG)samples and the second set of samples is
generally termed as New Inorganic Treatment (NIT).Both of them are used in the
automotive industry for car-body applications - mostly as outer panels. HDG sheets
are generally used due to their good corrosion resistance and low price. On the other
hand, NIT sheets represent still quite new coating type, which was developed by
ArcelorMittal Ltd. It is a surface treatment, which improves the stamping behavior of
all zinc based metallic coatings, especially under the high contact pressures. NIT is
believed to offer properties and advantages to the current automobile production
process by increasing productivity and scrap reduction. This additional property
enhances the process reliability and can even lead to high cost savings.

After the preparation of samples (cut onto the required dimensions, degreasing
and application of lubricant as Fuchs Anticorit PL 3802-39S of amount 1,5 g-m?), the
strip drawing test (see Chap. 2.5.1) was performed under the different tribological
conditions — see Tab. 5.1. The whole test was conducted under the software called
Labnet to receive and evaluate measured data. After that, different types of forces
(Fmax, Fn, Favg, AF, Frin) were firstly taken into account. Then, from the relevant kind

of force (see Tab. 5.1), the corresponding friction coefficient y [1] was computed.

Tab. 5.1 Testing conditions and type of force used to compute friction coefficient

Contact
pressure 8 23 38 53 68 83
p [MPa]

Feed rate

1 10 50 200 400
v [mm/sec]

Type of HDG Fn I:avg

force
F [N] NIT Fn Favg

As it is shown in the Tab. 5.1, for subsequent calculation of friction coefficient
for HDG there was used Fp up to feed rate 50 mm/sec and then F4,4 for 200 mm/sec
and 400 mm/sec. In case of NIT, F,, was used only up to feed rate 10 mm/sec. After
evaluation the friction coefficient for different samples, 3D color map surface graphs

were created to give a very good overview and comparison of measured results.
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5.1. Preparation of Samples
There were used two different surface treatments of samples in the tribological

15! one was common Hot Dip Galvanized (HDG) and the 2"

test of this thesis: the
one was termed as New Inorganic treatment (NIT). Both of them were applied on the
deep drawing material sample with thickness of 0.8 mm (Fig. 5.1 — left). The required

width of the samples was 44.7 mm. So as the first step it was cutting of given

samples to the required width by shearing tool (Fig. 5.1 — right).

Fig. 5.1 Hot Dip Galvanized (HDG) sample (left) and shearing tool (right)

The required dimension (44.7 mm) was set in the shearing tool and the sample
was cut onto this magnitude with 90°ragarding rolling direction. Finally, there was cut

about 40 samples for both tested substrates (see Fig. 5.2).

Fig. 5.2 Samples after shearing (HDG- left, NIT - right)

As there was already written before, samples with NIT substrate were also
sheared in the same procedure with width 44.7 mm and the rolling direction 90° (see
Fig. 5.2 — right). After that samples had the required dimensions (44.7 mm x 850
mm) and as the next step there was their degreasing and cleaning to remove old

lubricants and dirty. This procedure is described on the next page.
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To degrease the samples they were dipped into a chemical solution for about
2-3 hours to make sure that every minute particles are washed away by the solution.
There was also used compressed air to make bubbles moving through the solution,

thus to help degreasing process. The chemical solution bath is shown in Fig. 5.3

Fig. 5.3 Degreasing solution bath for samples

Then after the time period of 2-3 hours, the degreased set of samples was

placed in a dryer (see Fig. 5.4) to make them dry.

Fig. 5.4 Drying of samples after degreasing
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5.2. Tribological Testing- Strip Drawing Test at TUL

The own strip drawing test at TUL was carried out with a testing device shown
in Fig. 5.5. The testing device is named as SOKOL 400 and consists of testing tool
(here are placed testing jaws and whole testing method is adjusted here), load cell,
moveable beam, hydraulic clamps, temperature aggregate, hydraulic aggregate and

PC for evaluation tribological tests.

Testing tool

Testing jaws

/// " Hydraulic aggregate)

8 A‘M‘_'
Fig. 5.5 Tribological device (SOKOL 400) for strip drawing test

A hydraulic aggregate was used to set the required contact pressure for the
test in such way that the pressure was applied by the testing jaws placed in the
testing tool. There was used also a temperature aggregate (not shown in Fig. 5.5) to
maintain constant temperature for the tribological testing of samples. The
temperature for the whole strip drawing test was 40°C.The PC shown in Fig. 5.5 was
used to adjust the feed rate (it means velocity of sample) required for the strip
drawing test and the tribological data were measured and obtained through the PC.
The detail of the testing device is shown in Fig. 5.6. Here one can see also load cell,
hydraulic clamps and column guiding. After every testing batch of samples, the

contact pressure p [MPa] and feed rate v [mm/sec] were changed.
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......................

Testing jaws

— |

Fig. 5.6 Detail of testing device

Before the strip drawing test, the roughness parameters of HDG and NIT

samples were measured (see Tab. 5.2). After that, samples to be tested were

clamped between the hydraulic clamps and the testing jaws before the test was

started. Then, the contact pressure p [MPa] and feed rate v [mm/sec] was adjusted

(or checked) in the relevant aggregates. Finally, the test was started and the results

were measured and obtained by PC. After that, own evaluation could start.

Tab. 5.2 Surface roughness measurements

Roughness average Peak count
Substrate
Ra[um] Rpc [1/cm]
HDG 1,38/1,27 68/60
NIT 1,27/1,22 95/87

Evaluation and explanation of measured forces

Generally, there can be evaluated different types of measured forces during

evaluation of the strip drawing test. The most important ones are as following:

Fmax - maximal force [N]
Fn - maximal force in stable zone [N]
Fmin - minimal force in stable zone [N]
Favg - average force [N]
AF - peak-to-valley force (Fn-Fnmin) [N]
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The own measured lengths both for HDG and NIT are given in Tab. 5.3. The
measured length varied acc. to different feed rates. In this strip drawing test were

used five feed rates as 1, 10, 50, 200, 400 mm/sec, resp.

Tab. 5.3 Measured length for different feed rate

Feed rate [mm/sec] Measured length [mm] Cut-off length [mm)]
1 100 30
10 100 30
50 250 50
200 500 120
400 500 120

In light of different types of measured forces, the so-called cut-off length (thus
also stable zone) is the most important factor. The stable zone in this test was
considered as the zone after the cut-off length. Frax is primarily taken from the whole
measured length but forces as Fpn, Fmin and Fayg are taken just from the stable zone
(after cut-off length). The values of cut-off length are shown in Fig. 5.7. This graph
corresponds to substrate HDG, feed rate 400 mm/sec and contact pressure 68 MPa.
Right in this graph is cut-off length of 120 mm. The stable area is after the cut-off
length and after the cut-off length (in the stable zone) forces like Fmax, Fmin, Favg, Were
evaluated. The maximal force in the stable zone (Fy)is quite important, because it is

generally used to compute the friction coefficient.

15 a

Measured zone

Cut-off length Stable zone
< > <

L cut-off
Fig. 5.7 Measured forces after the cut-off length
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5.3. Measured Results- HDG and Feed Rate v =1 mm/sec

Results measured by means of the strip drawing test were subsequently

tabulated and graphs were done to compare all important results. Because of the

space and better overview, results only for the HDG and feed rate v = 1 mm/sec are

shown in this chapter. So in the Tab. 5.4 are shown results (acc. to different types of

forces) for substrate HDG, feed rate v =1mm/sec and contact pressure p = 8 MPa.

The corresponding graph for this table is shown in Fig. 5.8.

Tab. 5.4 Measured forces for HDG, 1 mm/sec and 8 MPa

Measured forces

Substrate

Feed rate

Contact Pressure

HDG 1 mm/sec 8 MPa
No. Fmax [N] Fn [N] Favg [N] Fmin [N] AF [N]
1 1441 1411 977 743 468
2 1448 1448 77 747 461
X 1440 1440 977 745 465
s 2 2 0 3 5
HDG, 1 mm/sec,8 MPa
12000
11000
10000
9000
8000
= 7000
m
g 6000
I.E 5000

4000

3000

2000

1000

AF

Fmax

Fh

Favg

Measuredtypes of forces
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Fig. 5.8 Measured forces for HDG, 1 mm/sec and 8 MPa
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In the Tab. 5.5 are shown results for HDG, feed rate v = 1mm/sec and contact

pressure p = 23 MPa. The corresponding graph for these conditions is subsequently

shown in Fig. 5.9. From the comparison of results for contact pressures 8 MPa and

23 MPa, it is obvious that forces Fn, Fmax, Favg increased cca. By 20%. Note mainly

the values of important peak-to-valley forces AF (465 N for p = 8 MPa and 1906 N for

p = 23 MPa), which means that under tested contact pressure (23 MPa), undesirable

stick-slip effect takes place that can finally lead to galling of Zn layer.

Tab. 5.5 Measured forces for HDG, 1 mm/sec and 23 MPa

Substrate Feed rate Contact Pressure
Measured forces
HDG 1 mm/sec 23 MPa
No. Fmax [N] Fn [N] Favg [N] Fmin [N] AF [N]
1 3483 3374 2229 1315 1829
2 3660 3516 2295 1303 1983
X 3575 3445 2262 1309 1906
(3 129 100 47 8 109
HDG, 1 mm/sec, 23MPa
12000
11000
10000
9000
8000
= 7000
w
g 6000
I.E 5000

4000

Fmax

Fh

1906

Favg

Measuredtypes of forces

AF

Fig. 5.9 Measured forces for HDG, 1 mm/sec and 23 MPa
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In the Tab. 5.6 are shown results for HDG, feed rate v = 1mm/sec and contact

pressure p = 38 MPa. The corresponding graph for these conditions is subsequently

shown in Fig. 5.10. In light of basic results, forces Fp, Fmax, Favg increased approx. by

50% of results for p = 23 MPa. Quite important peak-to-valley force AF is now about

2-times higher than in the previous case. Note that F,.x and Fy, are again equal as in

the first case (8 MPa), which means that maximal force was measured in the stable

zone — mainly at the end of whole measured length.

Tab. 5.6 Measured forces for HDG, 1 mm/sec and 38 MPa

Measured forces

Substrate

Feed rate

Contact Pressure

HDG 1 mm/sec 38 MPa
No. Fmax [N] F. [N] Favg [N] Fumin [N] AF [N]
1 5407 5407 3656 1904 3503
2 5498 5498 3793 2087 3411
X 5453 5453 3725 1996 3457
S 64 64 97 129 65
HDG, 1 mm/sec, 38MPa
12000
11000
10000
9000
8000
= 7000
w
g 6000
e

Fmax

Fh

3457 —

Favg

Measuredtypes of forces

AF

Fig. 5.10 Measured forces for HDG, 1 mm/sec and 38 MPa
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In the Tab. 5.7 are shown results for HDG, feed rate v = 1mm/sec and contact
pressure p = 53 MPa. The corresponding graph for these conditions is subsequently
shown in Fig. 5.11. Compared again to the previous case, now are forces Fnax and
Fn higher approx. by 40%. Much higher increase was here measured for force AF,
namely 60%. That is already quite severe magnitude, which can cause a heavy
damage of tested material surface by galling. Generally, higher contact pressure

means higher forces and that’s why the increase rate is important to be evaluated.

Tab. 5.7 Measured forces for HDG, 1 mm/sec and 53 MPa

Substrate Feed rate Contact Pressure
Measured forces
HDG 1 mm/sec 53 MPa
No. Fmax [N] Fn [N] Favg [N] Fmin [N] AF [N]
1 7895 7862 4888 2146 5486
2 7845 7845 4862 2109 5506
X 7870 7854 4875 2128 5496
s 35 12 18 26 14

HDG, 1 mm/sec, 53MPa
12000

11000

10000

9000

8000

7000 -

6000 -

Force F [N]

5000 5496 —
4000
3000 -
2000 -

1000 -

Fmax Fh Favg AF

Measuredtypes of forces

Fig. 5.11 Measured forces for HDG, 1 mm/sec and 53 MPa
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In the Tab. 5.8 are shown results for HDG, feed rate v = 1mm/sec and contact
pressure p = 68 MPa. The corresponding graph for these conditions is subsequently
shown in Fig. 5.12. Such magnitude of contact pressure (p = 68 MPa) is already
quite high and values of measured forces correspond to it. Note that Fn.x was
measured in the stable zone (not at the beginning, because Fnax = Fp), which means
that force values were still increasing a little in dependence on measured length.

Value of AF increased by another 50% compared to previous contact pressure.

Tab. 5.8 Measured forces for HDG, 1 mm/sec and 68 MPa

Substrate Feed rate Contact Pressure
Measured forces
HDG 1 mm/sec 68 MPa
No. Fmax [N] Fn [N] Favg [N] Fmin [N] AF [N]
1 10392 10392 6121 2080 8082
2 10478 10478 6131 2013 8235
X 10435 10435 6126 2047 8159
S 61 61 7 47 108

HDG, 1 mm/sec, 68MPa
12000

11000

8159 B
Z L
'8
q’ —
e
o
[T —

Fmax Fh Favg AF

Measuredtypes of forces

Fig. 5.12 Measured forces for HDG, 1 mm/sec and 68 MPa
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In the Tab. 5.9 are shown results for HDG, feed rate v = 1mm/sec and the
highest applied contact pressure p = 83 MPa. The corresponding graph for these
conditions is subsequently shown in Fig. 5.13. Forces Fnax and Fy, are already over
12 000 N, which can result in plastic deformation of sample. Generally speaking,
there is common static tensile test (just without strain gauge) from strip drawing test.
In this case, all samples “survived without fracture”, but they revealed truly very high

values of forces. After this 1% evaluation, friction coefficient p [1] was computed.

Tab. 5.9 Measured forces for HDG, 1 mm/sec and 83 MPa

Substrate Feed rate Contact Pressure

Measured forces

HDG 1 mm/sec 83 MPa
No. Fmax [N] Fn [N] FAvg [N] Fmin [N] AF [N]
1 12304 12281 6992 1933 10118
2 12093 12061 6847 1863 9968
X 12199 12171 6920 1898 10043
s 149 156 103 49 106
HDG, 1 mm/sec, 83MPa
13000
12000 -
11000 -
10000 -
10043
9000 - —
__, 8000 - —
Z
w 7000 | —
8
E 6000 -
5000 - —
4000 - —
3000 - —
2000 - —
1000 —
0 4
Fmax Fh Favg AF
Measuredtypes of forces

Fig. 5.13 Measured forces for HDG, 1 mm/sec and 83 MPa
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Previous pages described results in light of forces. However, very often (and it
was also needed in this thesis) there is necessary to describe tribological behavior
just by one value — friction coefficient p [1]. Equation (4) was used to compute friction
coefficient arising from the strip drawing test. As a force, there was mostly taken F,
in some cases F,g— see Tab. 5.1. There is given an example of such computation
for HDG, v = 1 mm/sec and p = 8 MPa. All magnitudes of friction coefficients vs.

contact pressure are listed in Tab. 5.10 and graphically shown in Fig, 5.14.

@
F - drawing force [N] (mostly Fp)

P - contact pressure [MPa]

S - contact area [mm] (S = 400 mm?)

Tab. 5.10 Measured friction coefficient for HDG, 1 mm/sec and all pressures

Feed rate Substrate Feed rate Contact Pressure
v=1 mm/sec HDG 1 mm/sec 8+83 MPa
Friction Contact pressure p [MPa]
coefficient 8 23 38 53 68 83
W1l 0.225 0.187 0.187 0.185 0.192 0.183
0.225 0.225
0.200 0.187 0.187 0.185 datez

Friction coefficient p [1]

0.183
0.175
0.150
0.125
0.100
0.075
0.050
0.025
0.000 T

8 Mpa 23 Mpa 38 MPa 53 MPa 68 MPa 83 MPa
Contactpressure p [MPa]

Fig. 5.14 Friction coefficients for HDG, 1 mm/sec and all contact pressures
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5.4. Measured Results - HDG and All Used Feed Rates

In this chapter are summarized all results for HDG in dependence on all used

feed rates. Fig. 5.15 and Fig. 5.16 show these results for 1 mm/sec and 10 mm/sec.

HDG, 1 mm/sec
13000
12000
11000
10000
9000
__ 8000
Z
w7000
[]
2 6000
(]
u- 5496
5000
4000
3000
2000 -
1000 -
0 i
Favg‘ AF Favg‘ AF |Fmax| Fh | Favg | AF
53 MPa 68 MPa 83 MPa
Contact pressure p [MPa]
Fig. 5.15 Measured forces for HDG, 1 mm/sec and all contact pressures
HDG, 10 mm/sec
12000
11000
10000
9000
8000
= 7000
(18
o 6000
o
£ 5000

4000

3000

Favg ‘ AF Favg ‘
68 MPa 83 MPa

Contact pressure p [MPa]

Fig. 5.16 Measured forces for HDG, 10 mm/sec and all contact pressures
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In Fig. 5.17 and Fig. 5.18 are subsequently shown measured results for HDG

and feed rate v = 50 mm/sec and v = 200 mm/sec, respectively.

HDG, 50 mm/sec
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0 i
Contact pressure p [MPa]
Fig. 5.17 Measured forces for HDG, 50 mm/sec and all contact pressures
HDG, 200 mm/sec
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Fig. 5.18 Measured forces for HDG, 200 mm/sec and all contact pressures
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In Fig. 5.19 are finally shown measured results for HDG and the maximal
tested feed rate v = 400 mm/sec. Note that values of AF are much smaller than in the

case of the minimal tested feed rate v = 1 mm/sec that was described in chap. 5.3.

HDG, 400 mm/sec

12000 -

11000

10000

9000

8000

7000

6000

Force F [N]

5000

4000

| [FH ||
2000

[ (=W | [l | ]
1000 - 1173

o TS | ] |

Contact pressure p [MPa]

Fig. 5.19 Measured forces for HDG, 400 mm/sec and all contact pressures

In the graphs shown above are given the major results of the evaluated forces
(except Fmin) for HDG in dependence on contact pressure p [MPa] for every used
feed rate v [mm/sec].The 1% graph (Fig. 5.15) has been already described in the
previous chapter. There is possible to observe tendency that is typical of tribological
measurement: the higher feed rate, the lower forces (thus also friction coefficient).On
the other hand, the higher contact pressure doesn’t always mean also increase of
the friction coefficient (see Fig. 5.25). Quite interesting result arouse from the
comparison between v = 10 mm/sec and v = 50 mm/sec (Fig. 5.16 and Fig. 5.17) in
light of peak-to-valley force AF for 83 MPa (6999 N and 2026 N). Such decrease of
its magnitude means that there was not stick-slip effect (galling) under 50 mm/sec.
From the overall results point of view, it can be seen that measured forces for feed
rate 10 mm/sec are only 80% of 1 mm/sec that is taken as 100%. Keeping the same
basic (1 mm/sec), the subsequent measured feed rates had forces as following: for
feed rate 50 mm/sec wereforces60%, for feed rate 200 mm/sec were these values

50% and for feed rate 400 mm/sec were only 40% of forces for 1 mm/sec.
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5.5. Measured Results — NIT and All Used Feed Rates

In this chapter are summarized all results for NIT in dependence on all used

feed rates. Fig. 5.20 and Fig. 5.21 show these results for 1 mm/sec and 10 mm/sec.

NIT, 1 mm/sec
12000
11000
10000
9000
8000
= 7000
[
o 6000
e
£ 5000
4000
3000 +
2000 +
1000 +
O i
Favg ‘ Favg ‘
83 MPa
Contact pressure p [MPa]
Fig. 5.20 Measured forces for NIT, 1 mm/sec and all contact pressures
NIT, 10 mm/sec
12000
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o
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Favg ‘

Contact pressure p [MPa]

Fig. 5.21 Measured forces for NIT, 10 mm/sec and all contact pressures
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In Fig. 5.22 and Fig. 5.23 are subsequently shown measured results for NIT

and feed rate v = 50 mm/sec and v = 200 mm/sec, respectively.

NIT, 50 mm/sec
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Fig. 5.22 Measured forces for NIT, 50 mm/sec and all contact pressures
NIT, 200 mm/sec
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Fig. 5.23 Measured forces for NIT, 200 mm/sec and all contact pressures
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In Fig. 5.24 are finally shown measured results for NIT and the maximal tested
feed rate v = 400 mm/sec. Note again the basic influence of feed rate on the final

magnitudes of forces compared to minimal feed rate v = 1 mm/sec (see Fig. 5.20).

NIT, 400 mm/sec
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Fig. 5.24 Measured forces for NIT, 400 mm/sec and all contact pressures

In the graphs shown above are given the major results of the evaluated forces
(except Fmin) for NIT in dependence on contact pressure p [MPa] for every used feed
rate v [mm/sec]. Already from the 1% graph (Fig. 5.20) it is possible to observe lower
magnitudes of evaluated forces — especially under high contact pressures (as it is
said to be from the producer). Generally, there are the same tendencies as before. In
this case, other quite interesting result arouse from the comparison of peak-to-valley
force AF for v = 1 mm/sec, because stick-slip effect took place not until contact
pressure 38 MPa (23 MPa for HDG samples). Moreover, it can be seen that Fnax
isn't mostly equal to F,, from 10 mm/sec, which means the more stable process
compared to HDG substrates (there it was from 50 mm/sec). From the overall results
point of view, it can be seen that forces for feed rate 10 mm/sec are approx. 90% of
1 mm/sec (taken as 100%). Keeping the same basic (1 mm/sec), the subsequent
measured feed rates had forces as following: for feed rate 50 mm/sec are forces
60%, for feed rate 200 mm/sec are these values 50% and for feed rate 400 mm/sec

are only 40% of forces for 1 mm/sec.
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Also in the case of substrate NIT was as an output to evaluate its tribological
behavior used friction coefficient p [1] instead of forces. Again, equation (4) was
used to compute friction coefficient arising from the strip drawing test. As a force,
there was mostly taken Fy, in some cases Fa4— see Tab. 5.1. There is also given an
example of such computation for NIT, v = 1 mm/sec and p = 8 MPa. All magnitudes
of friction coefficients vs. contact pressure are listed in Tab. 5.11 and graphically

shown in Fig, 5.25. Note that values under the high contact pressure are decreasing.

"= 2.?5 B 2.182.(4)1(7)0 =0.189 1] @

F - drawing force [N] (mostly Fp)

P - contact pressure [MPa]

S - contact area [mm] (S = 400 mm?)

Tab. 5.11 Measured friction coefficient for NIT, 1 mm/sec and all pressures

Feed rate Substrate Feed rate Contact Pressure

v =1 mm/sec NIT 1 mm/sec 8+83 MPa

Friction Contact pressure p [MPa]

coefficient 8 23 38 53 68 83

M [1] 0.189 0.182 0.202 0177 0.142 0.118

0.225

0.202

it 0.177

0.175

0.150 6142

0.125 01418

0.100

0.075

Friction coefficient . [1]

0.050

0.025

0.000

8 Mpa 23 Mpa 38 MPa 53 MPa 68 MPa 83 MPa
Contactpressure p [MPa]

Fig. 5.25 Friction coefficients for NIT, 1 mm/sec and all contact pressures
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5.6. 3D Color Maps Surface Graphs for HDG and NIT

There were quite a lot of data to be compared (see previous chapters) and
thus there was necessary to shown them in the simple way. That is why there were
finally used 3D color map surface graphs because they offer a very easy way how to
compare the measured results and to find out the difference between them. In this
chapter is described method how to create them and also evaluation of results.

Empty 3D graph is shown in Fig. 5.26 under the following conditions: feed rate
on X-axis, contact pressure on Y-axis and friction coefficient on Z-axis. Then (see
Fig. 5.27), the used intersections of feed rates (1, 10, 50, 200 and 400 mm/sec) on
X-axis and contact pressures (8, 23, 38, 53, 68, 83 MPa) on Y-axis are shown as
small black dots. Finally, the 3D scatter graph using also magnitudes of relevant
friction coefficient on Z-axis is shown in Fig. 5.28. In this case, these friction
coefficient values are drawn from the points arising from the intersections of X-axis
and Y-axis (used testing parameters in light of feed rate and contact pressure).
However, by using such 3D scatter graph, it is difficult to compare results measured
from tested substrates HDG and NIT. That is why there were subsequently used 3D

color map surface graphs (see Fig. 5.30 and 5.31) to compare final results.

HDG 0,25

0,23
0,20

0,18

0,15

0,12

IR 3UB101}}90D uonoudl

0,10

0,08

0,05

0,03

0,00

Fig. 5.26 Empty 3D graph under relevant conditions
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On this page, the point graph (Fig. 5.27) arising from testing parameters (small

dots on X-Y plane) and scatter graph (Fig. 5.28) arising from final result are shown
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Fig. 5.27 3D graph with points arising from testing parameters (X-Y plane)
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Fig. 5.28 3D scatter graph arising from results of HDG
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On this page is described how the 3D color map surface graphs were created
by the software OriginPro 9.0. Firstly, there was necessary to perform so-called XYZ
gridding from measured results. On the left side of Fig. 5.29 can be seen X-Y-Z
columns which consist of the feed rate v (X-column), contact pressure p (Y-column)
and friction coefficient p (Z-column). Then, Z-column (consisting of friction coefficient
values) was selected and its values were converted by the matrix conversion method
called as XYZ gridding into 25x25 matrix- as it is shown below. Series of 25x25
nodes can be seen on the 3D color map surface graph. To create such required
nodes on the 3D color map surface, a final matrix of 25x25 was created by the
method called as Thin Plate Spline. This matrix with 25 columns and 25 rows is
sh

i u 1E S pool ZEE L NRYE Al WK D o X X[Z) e G5 (¢ 0.0 ol
- *  XVZ Gridding: Ce rt Worksheet to z
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Fig. 5.29 Creation of 3D color map surface graph by using matrix 25x25

There are a lot of gridding methods, but a gridding method called as thin plate
spline was used in this evaluation. After converting the friction coefficient values into
25x25 matrix by this method, the own 3D color map surface was created. Such
procedure was used both for HDG and NIT substrate. The own gridding points are
also shown in these graphs as grey color surface lines together with the own results
of friction coefficient values for the relevant testing parameters (big black dots),

which were already used before in the 3D scatter graphs (Fig. 5.28).
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Below, the final 3D color map surface graphs both for HDG (Fig. 5.30) and NIT
(Fig. 5.31) are shown — in both of them are used gridding lines and scatter points.
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Fig. 5.31 3D color map surface graph for NIT
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5.7. Results Discussion and Recommendations

In this strip drawing test, samples with substrate of HDG and NIT were tested
under the tribological conditions as following: feed rates v [mm/sec] of 1, 10, 50, 200
and 400 mm/sec and contact pressures p [MPa] of 8, 23, 38, 53, 68 and 83 MPa.
After the testing, the forces as Fmax, Fn, Favg, Fmin @nd AF were obtained from every
combination of feed rate and contact pressure. These measured forces were used
for the computation of friction coefficient p [1]. After that, these friction coefficient
values were converted into 25x25 matrix and 3D color map surface graphs were
created with the help of such matrix to enable better overview of results.

The comparison by the side views on 3D color map surfaces (showing results
both for HDG and NIT) can be seen in Fig. 5.32. The differences in results can be
compared by the surface color and relevant color on the scale to the right. In both
cases, as feed rate v [mm/sec] and contact pressure p [MPa] increases, the friction
coefficient y [1] decreases. However, in general comparison, results of NIT are better
than HDG, because almost the whole surface is beneath the HDG one. As it was
discussed before, under the low feed rates and low contact pressures, the friction
coefficients for HDG and NIT are almost the same. On the other hand, under the
high feed rates and high contact pressures, NIT is much better than HDG. Under the
low contact pressures and high feed rates, the results are very similar. Finally, under
the low feed rates and high contact pressures, NIT is better than HDG.

HDG
NIT

{11 Jue1oy4e00 uondH
Friction coefficient w1y

Fig. 5.32 Side views of results (HDG is the upper surface and NIT is the lower one)

To make overview of these results a little bit better, perpendicular views on the
3D color map surfaces is shown in Fig. 5.33 — HDG (left) and NIT (right). By the
comparison of the results shown in this approach (perpendicular view), it can be
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again seen that under the low feed rates and high contact pressures, the friction
coefficient of HDG is higher than NIT. Under the high feed rates and high contact
pressure, the friction coefficient of HDG is much higher than NIT. And finally again,

under the low feed rates and low contact pressures, results are almost the same.

HDG Feed rate v [mm/sec] 025 NIT Feed rate v [mm/sec]

0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
| L N N L L L N L 1 L 1 N L 1 L N N

ure p [MPa]

Contact presst

Fig. 5.33 Perpendicular view of results: HDG (left) and NIT (right)

However, for better comparison and description of results in light of math, there
was calculated the volume beneath the matrix surfaces from zero panel by using the
software OriginPro 9.0. The software applied double integration in two directions
(axis X-Y) to sum every point under the matrix surface. So in this case, volume was
computed by using two different quantities - feed rate and contact pressures. The

volumes beneath the matrix surface for HDG and NIT are listed in Tab. 5.12.

Tab. 5.12 Volume beneath the 3D surface of HDG and NIT

Substrate

Volume beneath surface ; ;
HDG [MPa-mm-sec’'] NIT [MPa-mm-sec ']

[MPa-mm-sec™]
2514 1 1748.3

The software computed the volume under the matrix surface to have a rapid
comparison of the results both for HDG and NIT only as two values. Here again was
proved that NIT is better than HDG. Nevertheless, just by having this one value there
cannot be described the tribological behavior of HDG and NIT. Generally, tribological
behavior can be properly described only by 3D color map surface.

Finally, in this experiment was proved that NIT surface treatment is better than
HDG one in light of tribology (especially under the high feed rates and high contact
pressures). But there was not discussed the price for the production of these

surfaces, the purchase price for tools, resistance to corrosion and so on.
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6. CONCLUSION

This diploma thesis was about the influence of different surface coatings on
the magnitude of friction coefficient. As testing samples there were used Hot Dip
Galvanized (HDG) and New Inorganic Treatment (NIT)coatings on deep drawing
steel sheets. These surfaces were subjected to the tribological test termed as strip
drawing test under different conditions of feed rates and contact pressures. For
evaluation and comparison of results from both tested surface coatings, there were
used both common 2D bar graphs and 3D color map surface graphs of friction
coefficient for better evaluation in light of one value as well as the whole surface.

In the theoretical part of this thesis was described the tribology itself including
different types of surfaces, roughness parameters and tribological tests. Moreover,
there were also described materials that are commonly used at car-body design as
e.g. deep-drawing steels, ultra high-strength steels or composites. Finally, some
surface treatments (to be specific CVD, PVD, EG and HDG) were described as well.

In the experimental part of this thesis was primarily performed strip drawing
test for two different types of surface coatings (HDG and NIT). At the beginning,
samples were cut onto required dimensions, degreased and lubricated before the
test. The test was done under the following tribological parameters: feed rate 1, 10,
50, 200, 400 mm/sec and contact pressure 8, 23, 38, 53, 68, 83 MPa. After the test,
results as measured forces and friction coefficients in dependence on contact
pressure were tabulated and shown by 2D bar graphs. For better description and
analysis of results, 3D color map surface graphs were prepared as well. From the
basic comparison arising of these 3D surfaces, NIT revealed a better results
especially under the higher feed rates and contact pressures (the friction surface is
there situated much lower than HDG one). On the other hand, under the low feed
rate and low contact pressures, results were almost the same. Just to compare these
results from one value, volumes beneath the surfaces were computed and NIT was
about 30% lower. Thus finally it can be stated that NIT revealed better tribological
behavior under high feed rates and high contact pressures, as it was expected. On
the other hand, in this thesis was not evaluated e.g. economical aspect of using NIT
surfaces. Moreover, this was just a first testing and more tests under different
conditions (other feed rates, types of lubricants, also different surface coatings and

so on) are needed to be performed to verify such basic conclusion.
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