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Formula characters, Latin letters

Characters Unit Definition
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: ) tribological system
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E,, C/m? Electric field density
Fgy N Blank holder force in deep drawing
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Fig N Ideal forming force
Fy N Normal force
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F, Specific wear force
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i A/m? Current density




I A Thermoelectric current
k - Wear coefficient
k' - Deviating wear coefficient
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r - Residual
Ri - Interaction (within a system)
R - Stress ratio
R, um Arithmetic average of profile height
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measurements
R, MPa Maximal tensile stress
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O MPa number of fatigue load cycles can be
achieved by the material
Our MPa Ultimate tensile strength
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d - Standard normal distribution
U J Average energy of electrons
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Ur - Friction coefficient at the radius
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SBMF Sheet-bulk metal forming
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Se Sensibility
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Chapter 1

1 Introduction

A better understanding and control of tool wear in metal forming is a key to
higher resource efficiency for the following reasons: Firstly, it allows for a
broader usage of ultra-high strength steels or aluminum alloys. The proper use
of advanced high-strength-steels (AHSS) and ultra-high-strength-steels
(UHSS), such as dual-phase and micro alloy steels, allows for the use of thinner
sheets that have identical mechanical performance, resulting in mass reduction
and a smaller impact on the environment [TIS18]. These metals are therefore
important for realizing an expansion and enhancement of lightweight design, but
require higher forming and blank holder forces [TSC06]. At the same time, the
reduced thickness leads to failure during deep drawing through instabilities such
as wrinkling. In order to avoid these instabilities, higher forming loads are
required, which create more severe tribological conditions. Besides high contact
stresses, elevated process temperatures at the radii of deep drawing tools can
also be observed [KIMO08]. These factors provoke pre-mature adhesive and
abrasive wear and shorten tool lives [GRO11]. Secondly, over-engineering of
tool materials and surface treatments could be avoided. For example, in some
cases, tool hardness is adjusted to values higher than necessary. Sometimes,
surface treatments are needlessly laborious. Coatings, which are applied in
many cases for enhancing the life span of forming tools, might not be necessary
in some industrial processes. Although such kind of “over-engineering” can
avoid premature wear of tools in sheet metal forming, it leads to a higher cost
for tool manufacturing, especially for small batch productions [GRO13a].
Therefore, improved wear control helps in tool designing to be just as resistant
to wear as is necessary. This could foster the economic production of small
batches with cost-efficient tools.

The transformation of the concept of “over-engineering” to “lean construction”
was first proposed about 30 years ago [WEB94]. In the context of wear control
in sheet metal forming, a better understanding of the wear development is
beneficial for increased accuracy in wear prediction and therefore a more
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reliable plan for maintenance intervals of forming tools. This could pave the way
to lean construction and robust forming processes for AHSS and UHSS. As a
result, fewer scrap parts would be produced and a stable control of surface
finishing could be achieved [TSU18].Thirdly, lubrication states could be adjusted
to more environmentally friendly conditions without jeopardizing required tool
lives, which aggravates the tool wear control significantly. Adequate
adjustments minimize the amount of lubricant or remove environmentally
hazardous components of the lubricant [BAY10]. Fourthly, improved control of
tool wear paves the way for more stable process conditions, which lead to
smaller fluctuations of process results. Therefore, tighter tolerances in product
properties, especially surface quality, would be achievable [TSU18].

For these reasons, a better understanding and control of tool wear is a key factor
for efficient sheet metal processing. A better understanding of tool wear can
reduce variations in processes and thus allow for tighter tolerances in product
properties.



Chapter 2

2 State of the art

In this chapter, an overview of the topics investigated in this work is presented.
The negative influence of the occurrence of premature wear on sheet metal
forming processes is described. Based on the fundamentals of tribology, the
methods of wear prediction and detection are reviewed and evaluated. Finally,
tribometers characterizing the wear behavior are presented.

2.1 Sheet forming processes

Sheet metal forming is one of the most important processes in industry. In recent
years, the demand for sheet metal parts with different shapes and properties
has increased dramatically due to the development of modern industry. In recent
decades, various methods have been developed to form high-strength, low-
plasticity and difficult-to-form materials as well as complex-shaped parts
[RAM10].

2.1.1 Deep drawing

Deep drawing is a widely applied process in sheet metal forming. According to
DIN 8584-1, this process is classified as tensile-compressive forming. It is
characterized as the deformation of a blanked sheet metal to form a hollow cup
without the change of the sheet metal thickness [REC20]. The reduction of the
diameter of the hollow cup can also be achieved through deep drawing. The
process principal is shown in Figure 1.

In the first step, the blanked sheet is pressed between the blank holder and the
forming die through a blank holder force. Next, the punch moves relative to the
blank holder and forming die and deforms the sheet. The forming process
requires a punch force (F,), which consists of four parts: the ideal forming force
(Fiq), the reverse bending force (F,), the friction force at the drawing radius (F,),
and the friction force between blank holder and die (flange area) (F;;) [PAN61,

SIE32):
3



L punch

blankholder

J \\ forming die
A

Figure 1 Principle schematic of deep drawing [GON11]

Fp == Fid + Frb + FfT + Fff (1)

In equation (1), the terms Fg. and Fyr are induced through friction between
forming tools and sheet metal, which results in wear directly. The friction force
between blank holder and die in the flange area can be described by the
following equation:

d
Fff = FBH ' Z,UN ' FP (2)

Fgy corresponds to the blank holder force, uy is the friction coefficient between
the blank holder and sheet, d, the diameter of the punch and D the diameter of
the sheet.

The friction force on the die radius can be calculated through the theory of belt
friction according to Euler-Eytelwein [EYT32].
Fpr = (e — 1) - (Fiq + Fyy) 3)

1st and 2nd order wrinkling [SIM89], and fracture [WAN74] are the most
common failure modes in deep drawing. Especially, due to the utilization of high-
strength and ultra-high-strength-steel, the problem of 1st order wrinkling is
becoming critical where blank holder force is inadequate [YAO11].

Tschaetsch has proposed an equation for the minimal necessary blank holder
force for avoiding wrinkling in deep drawing of a sheet with a tensile strength of
R,, [TSCO6]:

FBH,min = AFlange *DPBH (4)

4
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2

DO dP
= Ariange * 0,002 (d—P—1> +0,5-(100_SO) ‘R

In equation (4), D, stands for the initial diameter of the blanked sheet, s, the
thickness of sheet, pgy the contact stress underneath the blank holder and
Arange the contact area in the flange region. It shows that the minimal necessary

blank holder force is proportional to the tensile strength R,,, of the used sheet.

Combining the equations (2) — (4), the friction forces Fy, and F;, increase by the

use of high-strength and ultra-high-strength steels. This increase of the friction
force is a potential risk for wear occurrence.

2.1.2 Sheet-bulk metal forming (SBMF)

The concept of “sheet-bulk metal forming (SBMF)” is relatively new within metal
forming. The raw material for SBMF is a sheet of a thickness between 1 and
5mm. This kind of sheet forming has a three-dimensional material flow with
thickness changes of the sheet metal [MER12a], while the material flow of the
conventional sheet metal forming is two-dimensional without an intended
thickness change. Contact stresses in forging can reach up to 2500 MPa
[BAY94], so tool wear is also an issue in SBMF tribology. The different types of
SBMF are shown in Figure 2.

Sheet thinning and thickening Sheet thickening
F

i 'y F
Il B ==

T

©
[
O
=
L
[}
c
©
-
=]

upsetting ironing forging coining
lF
¥ E 1 » (“
B W Ly

rotational

flow forming orbital forming boss forming

Figure 2 Classification of SBMF (modified figure from [MER11])



In this work, two SBMF processes serve as case studies for wear prediction
(discussed in Chapter 7), the ironing process and gear processing.

Ironing

Ironing is a process of smoothing and thinning the wall of a shell or cup by
forcing it through a die with a punch. It often follows a deep drawing process
and leads to a reduced wall thickness. According to Figure 2, ironing is a
translational sheet thinning process in SBMF. The principle of ironing is shown
in Figure 3.

-

0, —
-'Aso g S, x‘,_‘t(//////]i4
e

/

o '_do' dy —

RSN
O K‘.s’, |
J

Figure 3 Principle of ironing [TSCO06]

In Figure 3, the wall of the cup is reduced from s, to s,. The reduction 2= . 1 leads
0

to a high friction force on the forming tools. With an increase of reduction, the
friction force in the forming zone increases correspondingly. According to the
experimental results of Saito, an increment of the reduction by a factor of 1.7
can lead to an increase of the friction force by more than a factor of 3.5 and it
also leads to a more significant tendency of galling initiation on the forming tools
[SAIB9]. Moreover, in the combined deep drawing-ironing procedure, the ironing
process is often situated as downstream process after the deep drawing. The
initial amount of lubricant on the work piece is often scrapped off before the
ironing process. Therefore, the amount of lubricant is drastically reduced and
the friction situation is even more severe [HOL12]. Because of this sensitivity of
wear occurrence, the wear behavior in ironing processes will be studied in this

work.
6
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SBMF of gear

The SBMF of a gear has been used to manufacture a clutch hub in automobile
industry (see Figure 4). This process is similar to the “plate forging” presented
in the work of Nakano [NAKO1]. Compared to the conventional forging of billets,
plate forging can both shorten the process chain (see Figure 5) and reduce the
press force [MER12b]. Therefore, it has received more attention in the past ten
years.

Figure 4 Clutch hub after gear forming (Source: ZF Friedrichshafen AG)

R [N P > [

F -
(©
o
Cutting e._ Upsetting Piercing Backward extrusion Gear forming
forming
(b) WIS
o ' ’ L L L
@ | } - I 1 ]
Q I T
- 3 :
72} Blanking Piercing 1st forming 2nd forming Gear forming

Figure 5 The difference between conventional billet forging and plate forging
(Modified from [NAKO09])

In the SBMF gear forming, cold forging is deployed on the sheet metal with a
thickness of up to 5 mm. The sheet material flow is three-dimensional and both
sheet thinning and thickening occur. Due to high contact stresses, tool life is
reduced by premature tool wear [MER12b], which causes higher material cost

7



because of scrap production. Therefore, the wear issue in gear forming should
be taken into account.

2.2 Basics of tribology

Friction force is an important component of the whole process force (for example
the punch force in press) in the introduced forming processes. The study of
friction, wear and lubrication is called “tribology”, which is derived from the Greek
word “tribos” meaning rubbing and sliding [GOH18].

Wear is a major cause of material scrap and production failure. Any control over
or reduction of wear implies considerable production savings in mechanical
processing. It is estimated that one-third of the world's energy resources in
present use is needed to overcome friction and wear [STA06]. As discussed in
chapter 1, more and more high-strength and ultra-high-strength steels are
required to be used in forming processes. As a result, the friction forces of
forming processes rise accordingly in all mentioned processes such as deep
drawing, ironing and sheet-bulk forming (see Section 2.1), which leads to a pre-
mature wear occurrence on the forming tools. In this section, the basics of
tribology are discussed.

2.2.1 Tribological system

Devices and processes are often regarded as a technical system when
analyzing their function [EHR13]. The system and its environment are separated
by a virtual system boundary. A technical system is described through its
“system function” and “system structure”. The “system function” is defined as
the transformation of operational input variables into functional output variables
and is determined by the system structure. The “system structure” consists of
system elements (A), the character (P) and interaction (R) of the elements,
which can be modelled as followed [CZI10]:

S ={A4,P,R}

A tribological system in forming technology can be classified as a “mass transfer”
system according to Czichos [CZI10]. The structure of a tribological system is
illustrated Figure 6:

8
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(" Process parameters A (" Lubrication conditions
humidity/temperature lubricant viscosity
duration of contact thickness of lubricant film
relative velocity T flash-point
type of contact < j weld point

- S
/ Tool \\
tool material
hardness
surface texture
physical properties
unit pressure
protective coating
microhardness

Ve
( Sheet metal \

material properties

yield stress/
7 ultimate tensile trength

hardness

thermal properties
protective coating

workpiece

adhesion strength metallic microhardness
thermal properties contact chemical composition
K geometry of contact j \ thermal properties

Figure 6 lllustration of a tribological system in metal forming [TRZ19]

In a general view of tribology, a tribological system consists of two contact
bodies, the base and counter body, the intermediate substance and the load
collective [KONOG]. In view of metal forming, tool and workpiece are in contact
and play a role as base and counter body. Between tool and workpiece, the
lubricant can be regarded as the intermediate substance. Process parameters
such as contact stress, relative velocity and tool temperature are regarded as
the load collective of the tribological system [TRZ19].

2.2.2 Technical surface and its influence on friction

The contact pair in sheet metal forming, tool and sheet metal surfaces, are not
perfectly flat. A periodic profile of surface roughness can be found on a milled
and ground surface [HAS03, OST13]. For sheet metals, the electrical discharge
texturing (EDT) method is widely used for surface texturing of sheets [SIM94].
The application of stochastic surface structure such as EDT can enhance the
tribological conditions of sheet metal forming processes [STE96]. Because of
this character, the actual contact between tools and sheet metal is in a local
area, which is much smaller than the apparent contact area. Figure 7 illustrates
this actual contact. The actual contact areas are formed through the contact
between the peaks of the roughness asperities. A high concentration of contact
stress takes place in these actual contact areas [CZI10].



Area \ ,

ol ON ol °
| |

Figure 7 Actual contact area of contact pair [AVL15]

The concentration of the contact stress leads to plastic deformations of the
asperities in contact. The contact model put forward by Westeneng explains the
flattening effect, since the normal contact stress not only leads to the crushing
of asperity peaks, but also leads to the rise of asperity valleys [WESO3].
Moreover, the strains during deformation of arbitrarily shaped asperities also
influence the flattening of the contact surface [HOL12].

The high contact stress on the asperities also causes the concentration of
frictional heat in a tribological system, which is shown in Figure 8. Since the
actual contact area is considerably smaller than the apparent contact area, the
frictional energy and resulting heat at these contacts become highly
concentrated with a correspondingly large temperature rise. This effect
influences the material properties of the contact partners locally due to different
thermal expansion, which influences the behavior of friction and wear of the
material [STAO6].

10
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Load

Frictional
power

-

Frictional
temperature
rise if energy
is dissipated

Actual .
uniformly

temperature
rise

\j

Figure 8 Concentration of frictional energy at the asperity contacts [STA06]

2.2.3 Characterizing the roughness of a technical surface

Surface roughness can be evaluated through tactile and optical measurement.
For surface roughness quantification, several surface parameters are derived
according to DIN EN ISO 4288:1998-04 (Geometrical Product Specifications
(GPS) - Surface texture: Profile method - Rules and procedures for the
assessment of surface texture) [DIN98]. In this section, the surface parameters
used in this work are introduced.

Firstly, the parameters based on a 2-dimensional profile are described. R,
stands for the arithmetic average of profile height deviations from the mean line
(see Figure 9) [AME19]. This parameter is widely used in industrial applications
for tool wear evaluation [VOLO05]. The minimal sample length [, of the measured
profile is also given by the DIN EN ISO 4288 [DIN98]. The mathematical
equation can be described as the following:

Is
Ro=7 [ lzaGolds ®
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Figure 9 2-dimensional profile for surface roughness determination [REC20]

However, this characteristic value is not suitable for an objective description of
different profile geometries, since it cannot distinguish the difference between
peak and valley [REC20]. Moreover, local high peaks or deep valleys of a profile
(local wear mark for example) cannot be detected sensibly enough for R, .
Another constraint with the utilization of the average roughness R, is that totally
different surface topographies can return similar values [BHUOQ3].

For a description with better sensitivity for local peaks or valleys, the surface
parameters R, and R, are used. R, is defined as the peak to valley height of the
profile z;, within a single sampling length [ of five measurements:

ZSI Zj (6)

A much more sensitive surface parameter is R,, the maximal height of the

ul| =

R, =

measured profile:
R; = |min z,(x)| + |max z, (x)| (7

For a stochastic surface pattern, three-dimensional surface parameters are
derived according to DIN EN ISO 25178-1 [DIN16]. The characterization of
surface roughness is expanded from 2d profiles to a 3d curved surface. The 3d
surface parameters S,, S, and S; are equivalent to the 2d parameters R,, R,
and R,. According to DIN 25178, S, and S, are defined in the same way as: the
maximal distance between the highest peak and the deepest valley. The
equations for S,, S, and S; can be written as follows:
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=7 [ 1z laxay ®

S, =S = lminz,(x, y)| + Imax z,(x, y)| 9)

2.2.4 Wear mechanisms

According to “Gesellschaft fur Tribologie e.V.” (German Society of Tribology),
wear is defined as “Advanced material loss from the surface of a solid surface,
which is caused by mechanical effects such as contact and relative motion”
[DETO02]. According to Williams, wear is a result of complex mechanical,
physical and chemical interactions [WILO5b]. In metal forming, the failure of a
workpiece can be defined as wear being so advanced that it leads to an
inacceptable shape or dimensional change of the workpiece [HOF12].

The classification of the wear mechanism varies in the literature. A widely
accepted classification is abrasion, adhesion, fatigue wear and tribochemical
reaction [CZI10, TAK13], all of which are shown in Figure 10

l—-— Counter body
——> Upel
Base body
Surface fatigue Abrasion Adhesion Tribochemical reaction

N \ Ndd
A\
Micro-tribological appearance

Fatigue cracks

Figure 10 Basic wear mechanisms viewed microscopically (modified from [KOV09])

These four mechanisms are the highest level of classification. The other
classifications are mainly a refinement of these four mechanisms. For example,
Bayer classified the abrasive wear into abrasive wear resulting from single-cycle
deformation and repeated cycle deformation [BAYO04]. Kopeliovich has
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separated the abrasive wear into two-body and three-body abrasive wear
[KOP14]. The mechanism of tribochemical reaction is often separated into
oxidation and corrosive wear in literature [STAO6]. In the following part of the
work, the discussion of wear mechanisms will be based on the four basic wear
mechanisms shown in Figure 10. Some other wear mechanisms such as fretting
[BAYO04], erosive and cavitation wear [STAO06] will not be discussed in this work,
since they seldom take place in metal forming.

Abrasive wear

Abrasive wear is defined as a phenomenon that includes plastic deformation,
removal of material or permanent displacement when a rough, hard surface rubs
against a softer surface [BAY04]. The characteristics of the softer material
determine the micro effects of the abrasive wear.

In terms of the micro effects, abrasive wear can be classified into microcutting,
mircoploughing, microcracking and microfatigue (See Figure 11) [GAHS8S8].
Microcutting is the classic form of abrasive wear, which occurs when a sharp
and hard asperity cuts the softer surface, with only minimal or no displacement
to both sides of the groove [STAQ6]. After the indention of a sharp asperity into
a ductile, soft material, micro-ploughing occurs, where ridges are created along
the wear groove [GAH87]. If the softer material is brittle, microcracking occurs
when highly concentrated stress is imposed by abrasive particles [GAH88]. In
this case, large wear debris is detached from the wearing surface. Repetitive
microploughing can cause microfatigue.
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Figure 11 Physical interactions between abrasive particles and the surfaces of
materials [GAHS88]

The above-mentioned micro-effects are based on two body contact. Usually, the
debris or abrasives detached from the two contact bodies participate in the
sliding effect as well, which is known as the three-body effect [KOP14]. This also
affects the wear behavior of the material [SAS84].

Surface fatigue wear occurs on account of localized and progressive structural
fracture under repeated cycling loading when the applied load is higher than the

fatigue strength of the material. This can occur under sliding, rolling or impact
conditions [KOP14].

Figure 12 illustrates the mechanism of surface crack fatigue wear schematically.
A primary crack originates at some weak point of the surface and then
propagates downward along weak planes such as slip planes or dislocation cell
boundaries. A secondary crack can develop from the primary crack or
alternatively the primary crack can connect with an existing subsurface crack.

Finally, a wear patrticle is released when the developing crack reaches the
surface again [BUCS81].
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Figure 12 Procedure of fatigue wear [STAO06]

According to Timoshenko, the maximum shear stress in the counter body of a
line contact or a point contact is not located directly on the surface, but at a
distance below the contact surface. This distance correspond to the width of
apparent contact area [TIM70]. Hence, the fatigue wear is hazardous for
materials with internal defects (such as pores and micro-cracks) which can be
found e.g. in grey iron.

As discussed above, fatigue wear may not occur in short term sliding processes,
but it is harmful in a long-term sliding process, since the crack initiation and
propagation occurs inside the surface of the contact pair have an incubation
phase, which is hard to predict. Moreover, the material loss due to the fatigue
wear is high and harmful [BAY04]. Therefore, a detection of such fatigue wear
in due time is necessary.

Adhesive wear

Adhesive wear is a very serious form of wear. It is defined as a phenomenon
which occurs on account of the removal of material from the less wear-resistant
surface by sufficient separation force [BAY04].
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wm \ m&d

Figure 13 Conceptual illustration of adhesive wear mechanism [BAY04]

Galling is a severe type of adhesive wear on tools in sheet metal forming. Galling
is often defined as a term for seizure of the sheet surface and is often observed
as a consequence of transfer of sheet material to the tool surface. It is a
phenomenon in which the frictional force abruptly increases under specific
conditions at the contact surface due to microscopic welding [YOO13]. Because
of the welding, wear marks cause a severe scratching on the sheet surface
[SCH93]. After occurrence of galling, the normal operation of mechanical
systems such as forming tools in sheet metal forming is impossible. In most
sliding contacts, such as bearings, gears, chains and cams, it is the cause of
rapid and sometimes catastrophic failures [STAO06]. Therefore, the control of
adhesive wear is essential.

Tribochemical reaction

Tribochemical reaction is a chemical reaction that occurs during the friction
process, which takes place between contact bodies or between one of the
contact bodies and the lubricant [CHR16]. For metallic friction pairs, a brittle
corrosion layer is sometimes produced due to oxidation, which causes material
loss.

In metal forming, 50% of wear can be traced back to abrasion [WIL05a].
Abrasion and adhesion are the two dominating wear mechanisms in
manufacturing technology [CZI10]. In sheet metal forming, fatigue wear should
also be taken into account because of cyclic loading [PEROQ9].

2.2.5 Wear models

For characterizing the wear amount, different kinds of wear models have been
developed for various wear mechanisms. The most widely used model is

Archard’s wear model [ARC53]:
17
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W = k% (10)

In this equation, W stands for the wear parameter, p the contact stress, [ the
sliding length, H the hardness of the softer contact material and k the wear
coefficient. According to Habig, this wear parameter can be separated into three
main groups: the direct, related and indirect parameters [HAB80]. The direct
parameters can be 1d, 2d or 3d, which describes the wear amount. For example,
the wear volume belongs to the 3d parameters, while the wear area is a 2d and
the wear depth is a 1d parameter [CZI10]. In sheet metal forming, the surface
roughness parameters introduced in section 2.2.3 are usually used for the
characterization of wear severity [GRO13a].

The indirect parameters, on the other hand, are other physical parameters that
reflect the wear severity. For example, in sheet metal forming, punch or drawing
forces are usually used for wear severity evaluation [FILO4]. Similarly, the
coefficient of friction (COF) is also used as a parameter in wear tests such as
twist-compression-test [KIMO8] and strip drawing test (SDT) [FILO4]. Based on
these indirect parameters, methods for wear detection are developed and will
be discussed in Section 2.5.

The important related parameters are mainly time (life span), sliding length until
wear occurrence and wear work [KUWO7]. Besides the direct wear parameters,
the indirect method for wear prediction is based on relative parameters, which
will be discussed in section 2.3.3.

Another important parameter of the wear model is the wear coefficient k, which
Is a parameter used to define the wear rate [BAY04]. The definition of k varies
for different wear mechanisms.

For chemical processes, such as adhesion and tribochemical reaction, the wear
coefficient k is an empirical value. It characterizes a probability of a chemical
reaction between contact bodies resulting in wear. For adhesive wear, it
represents the probability of adhesion between two junctions of two contacting
bodies, which leads to wear. In tribochemical reaction, it means the probability
of a chemical reaction of contact partners that leads to wear [BAY04].
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For physical processes such as abrasion and fatigue, the wear coefficient k is
determined by the geometry of asperities according to Rabinowicz [RAB66],
which is shown in Figure 14.

Figure 14 Model of abrasive wear by a single grit (modified from [STAO06])

The wear coefficient k for a conical asperity can be written as followed:

2t
K = ana; (11)
I

It shows that the taper angle a, of the asperity determines the wear coefficient
of abrasive wear.

Archard’s wear model is applicable for characterizing wear in the classes
abrasion, adhesion and tribochemical reaction. However, the wear model for
fatigue wear is different from those of the other three wear mechanisms. Bayer
has proposed the following equation [BAYO04]:

W=k-p"-I,n>1 (12)

In this equation, two differences compared to Archard’s wear model can be
identified. Firstly, the dependency on hardness is eliminated. Secondly, the load
factor is non-linear instead of linear. The value of the power n varies for different
materials. The n-values of most materials are more than 1 [CLA87]. It is obvious
from equation (12) that fatigue wear is very sensitive to the variation of load.

2.3 Approaches for wear prediction

2.3.1 Wear development

According to Habig, the typical wear development of steel parts can be divided
into three phases: running-in, steady-state and failure (see Figure 15) [HABS8QO].
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In the running-in phase, wear development is regressive. As a result of surface
roughening, the wear rate during running-in is relatively high [BAY04]. The
duration and behavior of the running-in phase is determined by the distribution
of the energy in the tribological system [BLAO5]. According to Kragelsky,
reaching the optimal load-carrying capacity of a surface means the end of
running-in and the start of steady-state, which implies the influence of surface
roughness on the behavior of running-in [KRAG9].

After the initial phase with a high wear rate, the wear development starts to
stabilize and turns into a steady-state condition. In this phase, the wear rate is
constant and the duration is relatively long. After steady-state, failure occurs,
which shows an exponential development. The sliding length or the process time
at the transition between these two phases can be defined as the life span of
the tribological system. The transition of the phase of the wear development can
be regarded as the transition of the wear mechanism from mild wear such as
abrasion to more severe wear such as fatigue wear according to Bayer [BAYO04].
Czichos states that the wear mechanisms, which take place after failure, are not
unique. Instead, the superposition of the basic wear mechanisms also leads to
the rapid increase of the wear rate [CZI10].

o o»

Wear volume (mm?3)

Time (hours) —»

Figure 15 Typical wear development (1) running-in; () steady-state; (1) failure
(modified figure from [KUMO02])

In sheet metal forming, Christiany has deployed numerous conditions in the strip
drawing test for characterizing tool wear behavior [CHR16]. Similar to typical
wear development, tool wear also experiences three phases where the
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dominating wear mechanism varies in different phases [GRO13a]. Due to this
abrupt occurrence of “failure”, the prediction of wear and life span estimation is
a challenge in designing and controlling manufacturing processes. The wear
prediction is separated into direct and indirect methods, which are discussed in
the following sections.

2.3.2 Direct wear prediction methods

For direct wear prediction, the wear models discussed in section 2.2.5 are used
to calculate the wear amount (volume, area or depth) directly. The wear
prediction in metal forming is often based on Archard’s wear model (Equation
10) through the calculation of the load p by numerical simulations, the hardness
H and the wear coefficient k through experimental approaches.

Several other models are proposed through optimization of Archard’s wear. In
bulk forming, Behrens proposed the following model [BEHOS]:

W=kt 11
= k5 (11)

Compared to equation 10, the temperature dependent hardness H(T) is
proposed, since the contact temperature in bulk forming can reach more than
600°C and its influence on the material hardness is not negligible.

By using the wear prediction methods, it is possible to calculate the wear amount
through numerical simulation and material characterization. The determination
of the wear coefficient k, which is done empirically, is one of the main constraints
of this approach. Because of this, the transition of the wear mechanism is hard
to predict. The typical wear models and their applications in metal forming are
summarized in Table 1.

Table 1 Summary of the wear prediction model

Wear parameter | Forming process Wear model Relevant literature
[SOB92],
_ [WAN11],
Wear volume Deep drawing Archard
[HORO1], [HOFO095],
[WAN13], [XIAQ7]
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Wear volume Stamping [PER10], [PEROS8]

Wear depth Wire drawing [KIM97]

Wear depth Forging [BEHO8]

Contour Hot extrusion [PAI96]

Wear depth Cold rotary forging [HAN13]

Wear depth Extrusion forging [CHO12]
Behrens

Wear depth Forging [BEH174a]
Archard modified

Wear depth Deep drawing with energy | [ERSO08]
approach

Ersoy proposed a wear model based on an energy approach for wear prediction
in deep drawing processes. It is assumed that wear is directly related to the
dissipated energy. The tribological condition will change, if a certain amount of
work or dissipated energy accumulates at a certain location. Fatigue fracture
occurs when the total energy reaches a certain constant value for a given
material [ERS08]. With the help of this method, the transition of mechanisms is
predictable. Nevertheless, the threshold value of dissipated energy is also an
empirical value. For life span estimation, a database of threshold values would
be necessary.

2.3.3 Indirect wear prediction methods

Besides the direct wear prediction, some other indirect method can also be used
for wear prediction. These methods are based on the relative wear parameters
described in section 2.3.1.

Ashby and Lim proposed a concept for the prediction of the dominating wear
mechanism. The so called “wear mechanism map” is based on data gained in
pin-on-disc tests [LIM87]. This map offers a database for the analysis of
influencing parameters such as sliding velocity and normalized pressure on the
wear coefficient and the dominating mechanism. If the parameters of the load
collective are known, the wear coefficient and the resulting wear mechanism for
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a specific tribological system can be estimated through the wear map (see
Figure 16).
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Figure 16 Wear mechanism map according to Lim and Ashby [LIM87]

In addition, in metal forming, a method for wear prediction using the life span
estimation through a wear resistance diagram (WRD) was developed
[GRO19a], which is inspired from the stress-cycle (S-N) curves for fatigue
strength analysis (see Figure 17). These diagrams have been used to
characterize the wear resistance of different tribological systems in laboratory
tests [CHR16]. The WRD illustrates the life span of tools under different contact
stresses, quantified by the attainable sliding length until wear occurrence in a
strip drawing test. The results of previous studies show that the life spans
deviate drastically at different load levels, not only in terms of the absolute value
of life span, but also in the variation of the life span under the same nominal
conditions. At lower load levels, the obtained life span and its deviation increase
significantly, while at higher load levels the life span is significantly smaller and
its deviation decreases distinctively [GRO19a].
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Figure 17 Wear resistance diagram (WRD): comparison between contact pressure
and reachable sliding length [GRO19a]

With the help of this approach, the evaluation of the life spans of tribological
systems under different contact pressures is possible. For a deeper
understanding of the influence of the sheet metal strength, another
characteristic value, the specific wear force F;, is derived. It takes into account
the resulting friction force, which leads to wear after a characteristic sliding
length. The equation of the specific wear force is as following:

_ 2z (Hg\"
R =22 (2 (13)
Hy \Hy

This mathematical model demonstrates that the hardness of tools H; and
sheets Hg as well as the penetration of asperities z have an influence on the
specific wear force. With the help of wear resistance characteristic curves, it is
possible to analyze the wear development and approximate the life span of a
forming tool when forming different sheet metal materials with similar material
structure but different tensile strengths [GRO19a] (see Figure 18).
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Figure 18 Wear resistance diagram (WRD) by applying specific wear force [GRO19a]

The penetration of asperities z is obtained after the approach of Tsukizoe, which
is relevant to surface hardness and roughness [TSUG65]. In addition, the effect

of the exponent n on the relative hardness % is not clear because of the lack in
T

research on the influence of hardness. Therefore, more information about the
influence of hardness and surface roughness is required.

Due to the development of the WRD, the wear resistance of a tribological system
can be estimated through model tests such as strip drawing tests, which will be
introduced in section 2.7.2.

Moreover, the load-dependent life spans can be estimated through WRD.
Nevertheless, the influence of hardness and roughness should be defined
according to the model of specific wear force (Equation 13). For an accurate
wear prediction, a characterization of influence of hardness and roughness on
the life span is necessary as well.

2.4 Recent study on the influence of hardness and
roughness

Hardness is an essential property for the evaluation of wear resistance.
Archard’s and Rabinowicz’s wear models indicate that the abrasive wear rate of
a tribological system increases with a decreasing hardness of the softer

25



contacting body. However, results gained in pin abrasion tests show that the
hardness is not the only relevant property which influences the abrasive wear of
the material. Additionally, the ductility or the grade of case hardening are also
important factors. For a softer and more ductile material, microploughing occurs,
while harmful wear such as mircocracking with high material loss will occur for
a harder matter (see Figure 11) [GAH88]. For adhesive wear, Bayer's wear
model assume that the material properties of the contact pair (the wear
coefficient k) play a more important role than the hardness itself [BAY04].

In terms of surface roughness, Bayer and Sirico found that wear resistance
increases with decreasing roughness up to a specific value in their wear
experiments. Beyond this value the wear resistance did not improve with an
improved surface roughness [BAY75]. In dry forming, surfaces with lower
roughness show a reduced risk of galling [HANOS8]. Kumar has discussed that
the initial roughness and coefficient of friction determine the wear rate in steady-
state for E31 steel [KUMO02]. On the contrary, for a tribological system that
includes lubricant, the inclusion of lubricant pockets on tools made by machine
hammer peening is found to be favorable. The positive influence of such
lubricant pockets on the friction and wear behavior has been proven [STE15].
In a lubricated tribosystem, the application of proper surface texture leads to an
extended life time [PETO3].

In sheet metal forming, tools made from cold working steel are usually
engineered to be as hard as possible and the surfaces treated or polished to be
as smooth as possible. Although these measures can lead to a high wear
resistance, it is not resource efficient in terms of small or middle-batch
production. Therefore, a life span estimation through WRD, taking hardness into
account, should be considered for those fields of application.

The above-mentioned methods for wear prediction pave the way towards an
effective control of wear. Besides wear prediction, effective detection of wear is
also an important prerequisite for wear control.
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2.5 Methods for wear detection

Due to the characteristics of the tribological system (see section 2.2.1) and the
character of wear development (see section 2.3.1), the wear occurrence (start
of failure of wear development in Figure 15) is difficult to detect accurately. Table
33 offers an overview of methods for wear detection found in academic journals.
Generally, nine different methods are applied, ranging from the classical,
gualitative such as visual assessment (VA) to newly developed inline methods
such as acoustic emission (AE). In this section, the methods used for wear
detection in sheet metal forming are reviewed and benchmarked to offer an
overview of recent approaches for wear control based on 29 pieces of literature
that showcase some methods for wear detection (See Appendix 3).

2.5.1 Visual Assessment

So far, the detection of wear in forming technologies is still mostly based on
offline visual assessment and optical scan of the tool surface. The qualitative
visual assessment is often used to determine the severity of wear on tooling and
parts, and remains the most effective method for characterizing and identifying
the wear severity [VOS17]. According to Table 33, almost all journal papers
related to wear research use this visual assessment for the characterization of
wear. Before the development of other detection methods around 1998, it was
the most widely used method. Although it is a useful and direct method to identify
wear, the process relies heavily on the experience of the examiner, since no
guantitative data can be referenced. Moreover, the time delay between the
occurrence of unacceptable wear and the result of the offline surface analyses
increases the probability of scrap production in industrial processes.

2.5.2 Offline measurement (classic methods)

Besides the visual assessment, several offline approaches are used.
Measurement of roughness and mass are the two main typical methods. In
mass measurement, the evaluated part is weighed before and after sliding. The
measured difference in weight is the wear mass. A positive difference denotes
material loss, which implies abrasive wear, while a negative difference denotes
material gain, which implies adhesive wear. After wear occurrence, the mass
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difference is only about 0.02% according to [SKA03], which can be a challenge
for the measurement accuracy. Because of this constraint, relatively few
approaches use mass measurement for wear characterization.

In sheet metal forming, measurement of roughness is implemented for wear
detection on the surfaces of workpiece or forming tools after specified intervals
[GRO13a]. The measurement is deployed through confocal microscope
[GRO19a] or scanning electron microscope (SEM) [GAA09a]. After the
measurement, the 2d and 3d surface parameters described in Section 2.2.3 are
used for wear characterization. The accuracy of roughness measurement is
guaranteed since roughness is a typical indicator of wear. The time delay
between the wear occurrence and the pre-determined interval is a constraint for
this method, which is similar to the visual assessment. Therefore, an in-process
evaluation or inline measurement is necessary for wear detection.

2.5.3 In-process evaluation (Inline measurement)

Christiany integrated a confocal sensor into a strip drawing test for in-process
roughness evaluation. He found that it shows a good agreement with the
classical visual assessment [GRO13a]. The relatively long measurement period
Is the biggest constraint of this method. For example, the maximal measurement
period of the chromatic confocal sensor is 0.125 s per mm [GRO13a]. The
ironing process described in section 7.2.1 has a period of only 0.67 s for one
stroke of production, with a sliding length of 30 mm. This efficiency of surface
measurement does not meet the demand of the throughput time of modern
metal forming processes.

The evaluation of COF or force is equivalent, both of which measure the process
force (such as punch force) as an indicator of the wear. This method is widely
used in actual processes [VANO1] and in different tribometers [FILO4, PUJ13].
Generally, the force evaluation offers a good efficiency of in-process wear
monitoring. However, the tool wear is not the only cause of punch force
variation. According to Chen, lubricant system failure accounts for 15% of
failures in a punching machine. Other failures on the main drive system of a
machine with an occurrence frequency of 23.5 % will also cause a change in the
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punch force [CHEL6]. In a recent study, signal features of punch force are
studied to classify the defect in a blanking process [KUB21].

The temperature measurement is relatively seldom used for wear detection,
since the peak contact temperature in tribological systems during sliding, the
flash temperature according to Czichos [CZI10], is nhot measurable through the
existing measurement technologies. For a contact temperature determination, a
combination of an experimental and numerical approach is necessary. The
approach of Ustiinyagiz et al. showed a significant temperature drop of merely
1mm from the contact surface. Therefore, the sensitivity of the wear detection
through temperature measurement with the status-quo measurement
technology is limited [UST19].

The measurement of AE (acoustic emission) has been used for failure diagnosis
in manufacturing processes in both machining and forming for more than 50
years [DOR92]. It is a non-destructive evaluation technique to detect material
degradation. The initiation or propagation of a crack leads to a sudden release
of energy within a solid body. The energy is dissipated in the form of elastic
waves. This local, sudden energy release can be detected by audio devices
attached to the surface. This whole process is called acoustic emission [SCR87].
According to Section 2.2.4, the wear mechanisms are based on the degradation
of materials in a microscopic scale such as microcracking, microploughing,
which offers the potential for application in wear detection. AE measurement
was first investigated for wear detection in sheet metal forming in around 2010.
Through the analysis of an AE signal in the time and frequency domains, the
magnitude has a good correlation with conventional wear parameters such as
roughness and the force signal [MOG17b]. According to Hase, different wear
mechanisms have a specific frequency band of the AE signal in the frequency
domain, which makes it possible to identify the dominating wear mechanism
through the analysis of AE signals [HAS14]. Therefore, the AE-measurement is
a wear detection method with high potential due to its high sampling rate and
high sensitivity [GEN19].
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2.5.4 Assessment of the wear detection methods

The aim of this section is to evaluate the status-quo methods for wear detection
in sheet metal forming through benchmarking. The following criteria are set for
this benchmarking: “Accuracy (Ac)”, “Sensitivity (Se)”, “Uniqueness for wear
occurrence (Un)”, “Maturity of technology (MT)”, “Real-time property (RT)”,

“Possibility for Quantification (PQ)”, “Applicability in the industry (Ap)” and “Cost

(Ct)”. The benchmarking of assessment is defined in Table 2 .

Table 2 Benchmarking of the assessment

1 2 3 4 5
Ac | excellent good satisfactory sufficient | insufficient
Se | excellent good satisfactory sufficient | insufficient
Un unique Light ambiguous
ambiguous
RT | excellent good satisfactory sufficient | insufficient
PQ | excellent good satisfactory sufficient | insufficient
MT mature Rooms for medium Great Totally new
improvement potential
Ap | Very easy easy medium hard Very hard
Ct Very low Low Medium high Very high

The assessment of the above-mentioned methods for wear detection are
summarized in Table 3.

Table 3 Assessment of the measurement methods
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VA 2D/3D Mass COF/Force Temp AE
Ac 2 1 3 2
Se 3 1 3 1
Un 1 1 3 3 1
RT 2 2 1
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1 3 2
1 1 1
Ap | 1 3 2 1
Ct | 1 3 1 2

From the assessment above, it can be found that the most popular wear
detection methods such as visual assessment and roughness measurement
have a good accuracy and good uniqueness for wear detection. However, the
fatal disadvantage of the two methods is their real-time property. The detection
of severe wear is always delayed and leads to scrap production. For wear
detection in modern sheet forming, the real-time property becomes essential.

For an effective wear detection in metal forming, the wear detection method
should have both good functionality (accuracy, sensitivity and uniqueness) and
real-time property. Moreover, the cost of the measurement should also be taken
into account, which is a disadvantage for AE measurement. In this work, a real-
time, inline wear detection method based on thermoelectric measurement is
introduced (see chapter 4.2). This approach is inspired by a study on the
influence of thermoelectricity on wear, as described in section 2.6.

2.6 Influence of thermoelectricity on tribology

In this section, the influence of thermoelectricity on tribology are introduced in
sheet metal forming. Thermoelectricity is a physical phenomenon of conducting
or semi-conducting materials, which is widely used in temperature
measurement devices such as thermocouples. At first, the basics of
thermoelectricity are introduced and the application of thermoelectricity to
tribology will be reviewed.

2.6.1 Basics of thermoelectricity

If both ends of a solid body have a temperature difference, electric charges in
the bodies tend to displace. This effect is called thermodiffusion. The velocity of
charge carriers is temperature- and location-dependent. The generated electric
field causes the thermodiffusion to stop, and the moving charge carriers cause
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the generation of thermoelectricity [ASH76]. This effect is called the Seebeck
effect.

The Boltzmann transport equation offers a general relation of the electric field
density E,; [CAL79]:

Eel =—+ S-——=—- (14)

where i is the current density, g, the specific resistance, S the Seebeck

coefficient, Z—: the temperature gradient, e the amount of elementary charge (e =

1.6 x 10719C) and % the gradient of chemical potential.

The first term of equation 14 is the electric term, which corresponds to Ohm’s
law [OHM27]. The second term describes the thermodiffusion in a
homogeneous lead material. The value of the Seebeck coefficient S is
determined by the metallurgical composition and the temperature [DEM13]. The
third term is the generated chemical energy. The chemical potential indicates
the average energy u. of the electrons which contribute to the charge transport,
which is determined by the Fermi energy ¢z and the thermal energy kg - T
[PELOS5]. It is described mathematically through the following equation:

22 K3T?
#z‘EF'<1_E' 51%) (15)

It can be found that the chemical potential is determined by the chemical
character of the material (Fermi-energy) and the temperature T. The chemical
potential difference occurs not only within a material body, but also at the
interface of two materials in contact [PELO5].

The electric potential has a relationship with the electric field density E, as
described in the following equation:

U=J-Edz (16)

A widely used temperature measuring device, the thermocouple, is based on
the physical principles described in this section. A schematic explanation of the
physical basis is shown in Figure 19. In equation 17, the electric potential within
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the material Uy;’%X and Uy are composed of the thermal diffusion and

chemical term, while the electric potential at the contact areas U,?/B and U,f/A

are only dependent on the chemical potential difference.
1
U7WD_,)}1€ =85, (T, —Ty) + g' [tca(T2) = prea(T,)]
A/B 1
UK = - z ’ [:ucB (Tl) — Hca (Tl)]
k-w 1
Urpp =Sg* (T, —Ty) + . (e (T2) — pep (T1)]

1
UI?/A - e [tca(T2) — pep(T2)] (17)
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Figure 19 a) Schematic illustration of a thermocouple; b) lllustration of the electric
potential in a thermocouple [PELO5]

The sum of the four equations is the thermal potential Uy,:
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Urp = (S = Sa) - (T, = Ty) (18)

From equation 18, it is found that the thermal potential is only related to the
thermal term of equation 14. The terms related to the chemical potential are
eliminated after summation of the “electric circuit’. The mathematical model U,
is called the “Seebeck-effect”, which is dependent on the relative Seebeck
coefficient Sz — S, and the temperature difference between the warm and cold
side. It should be noted that the chemical potential actually exists according to
Figure 19b and should not be ignored. Besides the application in thermocouples,
other applications in metal forming are also based on thermoelectricity. This will
be discussed in the following section.

2.6.2 Study of thermoelectricity in metal forming

In section 2.6.1, it is introduced that a chemical potential exists at the interface
of two conductors in contact with two different materials (U,?/B and U,?/A of
Figure 19). In sheet metal forming, tool and sheet materials are in most cases
different. Hence, it is presumed that a chemical potential also exists between
tool and sheet metal. Moreover, 95% of plastic and friction work contribute to
the heat generation in the forming and contact zone, which also leads to a
temperature gradient in the forming zone [TRO15]. This temperature difference
leads to thermal diffusion in the solid materials of work piece and tool, which

causes the formation of a potential difference within the work piece and tools.

Two main topics have been studied in terms of the effects of thermoelectricity in
metal forming. Demmel proposed a method to measure the contact temperature
between tool and workpiece through the determination of the Seebeck-
coefficient, according to the following equation [DEM14, TRO18]:

U —fs r (19)

Compared to equation 14 and 17, the chemical term is not included, since the
temperature influence on the chemical potential difference in a material is
negligible small [PELO5]. Only at the interface of two contact materials, the
chemical term will be taken into account. Based on this theory, a device for
Seebeck-coefficient determination has been developed [DEM14].
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Already in the 1990s, Uehara has observed the influence of the thermoelectric
current on the wear tendency in cutting processes [UEH92].

Based on the measurable Seebeck-coefficient, the influence of thermoelectricity
on wear was studied in sheet metal forming. Trober et al. have developed a tool
set for the measurement of thermoelectric current or voltage blanking process.
In this tool set, the tool and sheet metal are in a separated technical system and
isolated through an isolating layer from the press [TRO16], see Figure 20.
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Figure 20 Tool set for thermoelectric measurement in blanking [TRO16]
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The change of the current flow between two contacting conductor materials
leads to the conversion of the chemical composition near the contact zone
[HUA12]. As a result, the wear coefficient k of Archard’s wear model is changed
(see section 2.2.5).

The study of Trober has confirmed that generated thermoelectric current
correlates to the relative Seebeck coefficient between tool and sheet metal (see
equation 18). And the higher the generated current, the higher is the tendency
for adhesion on the tool surface [TRO17al.

In a recent study, it is confirmed that the tendency for adhesion can be
weakened through different measures. Firstly, by deploying an external current
in the opposing direction of the generated thermoelectric current, the adhesive
wear can be reduced [TRO19, WEL20]. Moreover, through the modification of
the chemical composition of the coating, the generated thermoelectric current
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can be suppressed, which reduces the probability for adhesive wear occurrence
[SCH21b].

The recent studies support a better understanding of thermoelectricity in metal
forming. The temperature change is one of the reasons for the thermoelectricity
generation. Therefore, it is an open question whether thermoelectric currents
can be used for wear detection, as wear will result in higher contact temperature
after surface roughening.

2.7 Tribometers for wear test

In the last part of this chapter, tribometers for wear tests are introduced. In sheet
metal forming, increasing friction force always leads to premature tool wear
when forming high-strength or ultra-high-strength steels (as discussed in section
2.1). For separate investigations of tribological conditions in a forming process,
special tribometers were developed. They simulate the load conditions of actual
processes through tool sets with simple geometries. The main aim of the
experiments with the tribometers is the determination of the COF, which
indicates friction behavior. An accurate COF determination is helpful for
characterization of lubrication conditions for environmentally-benign lubricant
[BAYO08] or for understanding the influence of friction on the flow behavior of
deformed materials [TRZ19]. In modern sheet metal forming, an accurate COF
determination also optimizes the realistic forming simulation [SCH21a]. The tool
geometries used for COF determination are summarized in Figure 21.
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(a) (b) (c) (d)

- e

0} (g) (h)

Figure 21 Tribometers representing the friction conditions in the specific areas of the
work piece: (a) pin-on-disc, (b) bending under tension (BUT), (c) drawing with
tangential compression,(d) bending with tangential compression, (e) flat die test (FD),
(f) draw-bead test (DB), (g) strip-tension test, (h) hemispherical stretching, (i) strip
reduction testing (SRT) [TRZ19]

From all the tribometers listed in Figure 21, several tribometers serve for the
characterization of wear resistance of a tribological system in sheet metal
forming. These will be discussed in the following section.

2.7.1 Categories of tribometers

According to the degree of abstraction, the tribometers are separated into six
grades according to Czichos [CZI10] (see Figure 22). There is an inverse
correlation between metrological accessibility and transferability to real forming
processes [SCH21a]. In terms of sheet metal forming, DIN 50322 has classified
that the categories 1 - 3 are actual and quasi-actual forming tests, which have
high transferability. The experiments are deployed in actual, complicated
environments, which are similar to actual processes. Categories 4-6 can be
classified as model tests deployed in a laboratory environment. Tests from
category 4 are forming tests with original or reduced size of tool sets, while the
tribometers mentioned above can be classified to category 5 [CZI10]. In those
tribometers, parameters such as contact stress, sliding velocity and temperature
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can be adjusted to investigate the friction and wear behavior under specific
tribological conditions. The tests of category 6 are standard general tribometers
such as pin-on-disc or ball-on-disc tests according to DIN 51350, DIN 51834,
ASTM D5707, ASTM D1894, ASTM G99 [SCH21a]. For sheet metal forming,
this kind of tribometers has a low transferability to the actual process [GUOOQ9].
Moreover, the sliding contact between the pin and disc is always located at the
same position, which is different from sheet metal forming [EMM97].

N : / ’ -
- ’ P P et
p I
I' 5

" - \' v

Category 1-3 Category 4 Category 5 Category 6

Operating trial Model test Model test NModel test
(real forming test in industrial (laboratory scale forming test) (tribometer for sheet metal (general tribometer)

process) forming)

Transferability to industrial scale forming processes

Metrological accessibility

Figure 22 Categories of tribological test methods for sheet metal forming according to
DIN 50322 [SCH214a]

2.7.2 The selection of tribometers for wear characterization

To investigate the wear behavior, the tribometers for wear tests are reviewed in
Table 4. None of the tribometers are standardized except for the pin-on-disc
test. The other tribometers listed are designed according to the tribological loads
of actual processes.

Table 4 Overview of tribometers of wear characterization

Tribometer Category Forming Literature
process
Pin-on-disc 6 General [DOH15, NOO16, OKO12,
OKO11, TIL17, VEL17,
YAO11]
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BUT Deep [BEH17a, BEH17b, GROO0S,
drawing MOG17b, MOG17a, VANO2,
YIL17]
SDT Deep [ABR18, GRO11]
drawing
SRT Ironing [FIL22, MOG18, MOG19Db,
UST17, UST18]
Slider-on-flat- General [GAA08, GAA09Db, KAR12,
surface sheet metal VANO2, VANO1]
(SOFS) forming
Actual test N/A [OKO12, VOR17, VOS17]
(such as cup
test)
FD 5 Flange of [DOM21]
deep
drawing
DB 5 Stretching [CHR16, CHR14, GRO13a,
GRO19a]

As discussed in section 2.7.1, the pin-on-disc test is a basic tribometer that is
not specifically designed for sheet metal forming. The advantage of it is the easy
accessibility and low cost of testing. For other tribometers (in category 4 and 5)
such as SDT, a metal coil should be used, and the amount of material
consumption for a whole series of test can be over 1000 m [CHR16, GRO13a].
This high consumption of raw material and long test duration leads to a
disadvantage with respect to the cost of testing.

For shortening the test duration, several measures have been developed.
Firstly, the tools are designed to create higher loads and by that simulate more
extreme tribological conditions. For example, the cylinder radius in SRT can be
engineered smaller to obtain more sheet reduction [BAY08]. Secondly, Behrens
et al. proposed an increased severity of conditions by adding wear particles to
the contact zone between sheet and tools [BEH17a]. Thirdly, the normal force
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of blank holders in SDT, SRT or DB can be adjusted to be higher and by that
higher contact stress are set [GRO19a].

Hence, wear testing on tribometers is a useful method for characterizing the
wear behavior and evaluating tool life span in sheet metal forming. Combined
with the concept of WRD discussed in section 2.3.3, the life span under different
load levels can be estimated. However, since the duration of an e.g. strip
drawing test is very lengthy [GRO19a], it is necessary to discuss possibilities to
obtain a satisfactory estimate by performing as few tests as possible. So far,
data have been obtained at high contact stresses with comparatively low total
sliding length. Based on these data, it is difficult to predict tool life under the
loads commonly found in industrial forming processes. In order to extend the
predictability of wear, an extrapolation of the derived data is required. Therefore,
a wear resistance curve (WRC) described by a mathematical model is proposed
and discussed in chapter 6. With the help of the WRC, a database for analysing
the tool life spans can be obtained.

2.8 Summary of the chapter

In this chapter, the state-of-the-art of wear control in sheet metal forming was
described. Until recently, a reliable method of controlling wear in sheet metal
forming is still a challenge for several reasons:

1. A lack of a wear detection approach with high accuracy, sensitivity and real-
time capability (discussed in section 2.5.4)

2. The widely used wear detection method such as roughness measurement
have a poor measuring frequency, which is disadvantageous for determining the
wear development and hampers the understanding of wear

3. Inadequate research on the influence of tool hardness and roughness
(discussed in section 2.4)

4. The recent approach for wear prediction through wear models is still based
on empirical values such as the wear coefficient k (discussed in section 2.3.2).
The indirect wear prediction through load-dependent WRD has already been
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initiated, but a database is needed to look up the life span under all load levels
to enhance the application of this approach.

Therefore, an inline method for accurately detecting wear, a useful method for
life span estimation of forming tools and a deeper understanding of the influence
factors of wear behavior are the three main factors for improved wear control in
sheet metal forming. The way for a reliable and effective wear control is
illustrated as a triangle shown in Figure 23.

Method for life
span estimation
of forming tools

Inline wear
detection

Reliable wear
control in sheet

metal forming

Characterizing

the influencing
factors of wear

Figure 23 Necessary steps towards a reliable control in sheet metal forming
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3 Aim and approach of the dissertation

3.1 Aim of the dissertation

According to the state-of-art discussed in Chapter 2, a number of challenges in
wear detection and prediction are the main barrier for an effective wear control
in sheet metal forming.

The reliable and non-destructive detection of tool wear in due time is a
prerequisite to achieve the optimized wear control. So far, the detection of wear
in forming technologies is based on offline visual assessment and optical
roughness measurement of the tool surface. The time delay between the
occurrence of unacceptable severe wear and the offline surface analyses
increases the risk of scrap production. Consequently, alternative inline or online
wear data acquisition with higher resolution in time is needed for real-time wear
detection. The development of a concept for inline wear detection based on the
approach of thermoelectric measurement (see Section 2.6) is the first aim of this
dissertation.

Due to the system characteristic of a tribological system, wear prediction is still
a challenge, since several factors such as contact pressure, material hardness
and surface characteristics have an impact on the wear development according
to different wear prediction models. For actual production, the estimation of life
spans of forming tools is meaningful for an optimized planning of production and
maintenance intervals for forming tools. Therefore, a method for life span
estimation of an actual forming process based on the indirect wear prediction
method, the wear resistance analysis (see Section 2.3.3), is the second aim of
the dissertation.

After the derivation of the method for life span estimation, the investigation of
different influence factors on the tool life span also fosters a comprehensive
understanding of wear behavior, which is also beneficial for a reliable wear
control. The characterizing of diverse influence factors such as the material
hardness and the surface roughness on the tool life span is the third aim of the
dissertation.
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3.2 Approach of the dissertation

In order to cope with the challenges mentioned in 3.1, the approaches for wear
detection, prediction and investigation of wear influencing factors are
summarized in the mindmap of Figure 24.
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Figure 24 Mindmap of the dissertation

Firstly, a method for inline, non-destructive wear detection method is to be
proposed through the measurement of thermoelectricity based on the Seebeck
effect. The strip drawing test at the PtU with modified toolsets is used for this
investigation. Based on the proposed method for inline wear detection, the life
span of forming tools can be defined more accurately, which founds the basis
for a reliable wear resistance analysis.

For wear prediction of an actual forming process, the critical factors on wear
such as contact stress are analyzed by numerical simulations. The critical loci
of wear are defined. Based on the analysis, tool sets for strip drawing tests are
designed and manufactured. The wear tests are deployed under different load
levels and the wear data are plotted into the wear resistance diagram (WRD).

However, WRD is composed of scatter points with wear data. For a general
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application, the wear resistance curve (WRC) is derived by a mathematical
extrapolation based on the WRD.

Finally, the influence factors of wear such as hardness and surface roughness
are characterized for a better understanding of wear in sheet metal forming.
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4 Inline wear detection in sheet metal forming

As summarized in chapter 2, a reliable, sensitive and real-time wear detection
has several advantages for optimizing the resource efficiency in metal forming.
From an industrial point of view, the real-time detection of severe wear helps the
detection of tool wear in due time and avoids scrap production. From the
academic view, the determination of wear development in forming tools with
high measurement frequency promotes a better understanding of the wear
behavior in sheet metal forming. In this chapter, an inline wear detection method
based on thermoelectric measurements is proposed. The contents of this
chapter are part of the publications (co-)authored by the author ((GRO19b] and

[WU21a]).

4.1 Introduction to the test stand

For a targeted investigation of friction and wear in a forming process, a
modelling test method for wear detection is developed. The strip drawing test of
the Institute for Production Engineering and Forming Machines (PtU) of the
Technical University of Darmstadt is a model test for wear and friction testing. It
simulates the contact condition of a real process with similar loads. Figure 25
shows the principle of the strip drawing test. It consists of two reels for coll
unwinding and rewinding, a lubricating chamber, a sheet transfer system, the
press and the gripper. For the press of the test stand, several testing tools with
simplified geometries are designed for wear tests in order to simulate the real
sheet metal forming process [NET95]. The cylindrical-flat die simulates the load
of drawing rings of a deep drawing process, while the load between flat dies with
plain geometry corresponds to the load at the flange area of deep drawing. The
draw bead geometry models the multiple bending, which is widely used in car
body drawing processes. Additionally, process parameters such as contact
pressure can be independently controlled through adjusting the normal force for
an accurate evaluation of their influence. In the test stand, the required normal
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force is supplied by four hydraulic cylinders. Therefore, it can be classified as
“‘Category 5” of tribometers according to Figure 22. Groche et al. also
investigated the transferability of the results from strip drawing tests to real
production processes. The results show a good agreement between the wear
development of tools in laboratory wear model test and the industrial processes
[GRO19a].

wedge-drawing test  Bend-under drawing test

Draw bead geometry Plain geometry

Plain holder

Figure 25 The sliding zones of a deep drawing process and simplified tools for strip
drawing tests [NET95]

Based on its good transferability, it is reasonable to use this test stand for
developing the method for wear detection and prediction. The characteristic
parameters of the strip drawing test stand are shown in Table 5. The kinematics
of the strip motion is applied by a gripper, which is attached to a cam and draws
the strip through the closed tool discontinuously. The sheet metal is drawn with
a speed of 100 mm/s with 100 mm stroke length. After one stroke, the gripper
IS opened, returns to the initial gripping position and draws the next stroke. The
return motion lasts approximately 0.5 s. Meanwhile, the sheet metal remains in
a static state [GRO13a]. With this kinematics, a continuous strip drawing test
can be deployed automatically for wear behavior characterization. The test
setup for inline wear detection is carried out on the strip drawing test stand.
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Table 5 Parameters of the strip drawing test of PtU

Maximal normal force 150 kN

Recommended normal force for continuous tests | < 50 kN

Maximal drawing speed 100 mm/s
Sliding length pro stroke 100 mm
Compatible sheet metal width 20 -50 mm
Compatible sheet thickness 0.5-2mm

4.2 Test setup and measurement principle

For the integration of the inline wear detection concept, a thermoelectric
measurement is developed for the strip drawing test setup with cylinder-flat-
geometry. The radius of the cylinder is 238 mm. The principle of the test setup
is shown in Figure 26.

The sheet is loaded with a force F via blank holder and die tools. Two isolation
layers are installed to avoid the electric contact between the tool holders and
the tools. The material of the isolation layer is the glimmer plate GL-M of
Brandenburger Isoliertechnik. The measurement module NI 9219 of National
Instrument (NI) is applied for current measurements in this study. During the
sliding of the sheet metal, frictional heat develops in the contact area between
tools and sheet metal. An electric potential emerges between the hot and cold
ends of a solid, which generates a thermoelectric current flow within the solid
(the Seebeck Effect, see section 2.6.1).
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Figure 26 Test setup and principle of thermoelectric current in strip drawing tests with
cylinder-flat geometry (Source: [GRO19b])

In the test setup, the contact area between tools and sheet can be regarded as
the warm sides or the heat sources due to sliding between tool and sheet metal,
while the junction "HI" and "LO” of the measuring module represent the cold
sides. Figure 27 shows the electric schematic of the measurement principle.

NI19219

_.()\\ \ SDie
T,

Die

| ‘ Source of thermal voltage
Figure 27 Electrical schematic of the measurement principle (Source: [WU21a])

The generated thermoelectric voltage can be described by the following
equation:

Uth = Sgy (T1 - TBH) - SDie ' (Tz - TDie) + SSheet ’ (T1 - Tz) (20)

where Uy, stands for the thermoelectric voltage, T the temperature and S;
Seebeck coefficients of components i. According to the equation, the generated
thermoelectric voltage is dependent on the Seebeck coefficient, the temperature
difference between the contact (warm side) and the tool holder (cold side: Tgy
and Tp;. ). For simplification, equation 20 is transformed into equations as
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followed, when the cold side temperature Tgy and Tp;. IS assumed to be
identical with the room temperature Tgy:

Ui = (Su + Ssheet) * Tt — (Spie + Ssheet) * T2 +(Spie — Spu) Trt (21)
U = Spu+s " Ty — Spjess " To + 1 (22)

It is obvious that the generated thermoelectric voltage is dependent on the sum
of the Seebeck coefficient of tools Sgy and sheet metal Sgp,eet (Sp+s) as well as
the sum of Sp;e. and Sgpeer (Spiess)- Therefore, equation 21 can be simplified as
equation 22, where Sgy.s and Sp;i.+s are the combined Seebeck coefficients of
the tool and sheet metal. The residual r = (Sp;e — Sgy) * Trt IS determined by the
difference of both Seebeck coefficients of both tools and the room temperature.
To eliminate the residual, the contact temperature T, and T, can be described
as the sum of the room temperature Tyt and temperature rise AT; as well as the
sum of Tz and AT,. As a result, equation 22 is simplified as:

Uwh = Spu+s " ATy — Spiess - AT, (23)

The generated thermoelectric voltage is influenced by the temperature rise at
the two contact loci AT, and AT, as well as the combined Seebeck coefficients.
Since the signs of the two terms of equation 23 have a different direction, it can
be assumed that a positive thermoelectric voltage is caused by the abrupt
temperature increase due to severe wear occurrence on the blank holder, while
a negative thermoelectric voltage derives from the wear-induced temperature
rise on the die.

After connecting the cables to the measurement module NI 9219, an electric
circuit is formed and the thermoelectric current is generated, which is described
by the following equation:

Ith = Uth/(Rsheet + Rpu + Rpie + Rshunt) (24)

where [ stands for the thermoelectric current and Rgpeet» Ry, Rpje @and
Rshunt Stand for the electrical resistance of the sheet, blank holder, die and shunt
inside the measurement module NI 9219.

According to equations 23 and 24, it is assumed that, if wear occurs on a tool
surface, the surface roughness of this tool and the corresponding sheet metal
increases. It is assumed that more heat (AT, or AT,) is generated due to the
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increased friction resistance caused by the surface roughening. This results in
increased thermoelectric currents. Evidently, if no heat or the same amount of
frictional heat is generated in both contact areas in the contact zones no current
I.;, could be detected.

Depending on the locus of more pronounced roughening, either the first or the
second term of equation 23 dominates. Therefore, the amount and the sign of
the measured value I;;, indicate the locus of wear and is an indicator for the
degree of wear.

4.3 Correlation analysis for wear detection

In order to evaluate the measurement principle, an experimental wear test is
employed. For examining the feasibility, a first test serves as proof for the
correlation between tool wear and evolution of the thermoelectric current. The
test matrix is shown in Table 6. Tools are made out of the cold working steel
X153CrMoV12 (DIN: 1.2379), while the sheet metal consists of the high
strength, low alloy steel H630LA, manufactured by C.D. Waelzholz. In former
research, this type of sheet metal material has shown a high tendency to
adhesive wear [GRO13Db].

Table 6 Test matrix of correlation analysis

Tool material X153CrMoV12 (1.2379)
Sheet material Low alloy steel HG30LA
(Manufacturer: C.D. Waelzholz)
Lubricant Multidraw PL61 (Manufacturer: Zeller+Gmelin)
Lubricant amount 2 g/m?
Normal force 10 kN
Sliding velocity 100 mm/s
Sheet metal width 50 mm
Sheet metal thickness 1.5 mm
Tool width 40 mm
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The strip drawing test is interrupted after every five strokes (i.e. 500 mm sliding
length) and the 3d surface topography of the tools is scanned with the confocal
microscope uSurf 2015. The obtained surface topographies are shown in Figure
28. A first material pickup at the blank holder could already be observed in the
first measurement after the 5th stroke. With increasing sliding length, the ten-
point height S, (DIN EN ISO 25178) which is used to describe the worn surface
according to [REI12], increases gradually until the 25th stroke. After the 30th
stroke a drastically increased amount of adhesive wear becomes visible. It can
be assumed that a massive galling is generated next to the pickup, which was
built up between the 25th and 30th stroke, is responsible for this increase. The
maximum height of asperities reaches up to 50 um.

Stroke 5 10 15 20 25

—V - ,A_I.
4 o @ my
©3

~N

Stroke

Figure 28 Surface topographies after every five strokes (Source: [GRO19b])

At the same time, the thermoelectric current is measured continuously. After the
wear test, the 2d roughness profiles of the sheet are measured perpendicular to
the sliding direction through tactile roughness tester Hommel Waveline T8000.
The measuring length on the sheet metal is 40 mm, which is located
symmetrically around the center of each stroke. The obtained 2d and 3d
roughness as well as the thermoelectric current are shown in Figure 29.
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It can be found from the plot that the S,-value has an abrupt increase after the
25th stroke (see Figure 29b), which corresponds to the surface topographies.
From the observed offline tool surface analysis, it can be figured out that the
start of severe wear occurs between the 25th and the 30th stroke. According to
Bayer, the moment of sudden jump of the wear rate can be defined as the
beginning of severe wear [BAY04]. In this approach, the wear rate on the sheet
metal is described through the characteristic value |R,(n + 1)-R,(n)|, which
depicts the absolute roughness change between stroke n and the next stroke
(n+1).

As depicted in Figure 29c, the |R,(n + 1)-R,(n)| for the first 25 strokes fluctuates
in a small interval and the value remains on a low level: However, the value
increases abruptly from the 26th stroke onwards. This observation corresponds
to the sudden increase of the measured sheet roughness R, on the upper side
of the sheet metal strip. Both values indicate the start of severe wear at the 26th
stroke. This observation is also in good accordance with the surface roughness
S, of tools. From the sheet metal roughness measurements, it can be expected
that severe wear on the blank holder tool occurs during the 26th stroke firstly.

The development of the thermoelectric current increases during each sliding
movement of the sheet metal (see Figure 29a). The positive sign indicates that
higher temperatures occur in the contact zone between blank holder and sheet
compared to the contact zone between die and sheet. This can be reasoned by
a higher contact stress resulting from the cylindrical tool surface. Between two
strokes, the sheet metal does not experience any relative movement or sliding.
Therefore, the current decreases to zero due to temperature equalization. The
generated current rises with increasing sliding length up to the 25th stroke
gradually. From the 26th stroke onwards, the maximum current values increase
drastically with each stroke. This transition from stationary to suddenly
increasing thermoelectric current is in agreement with the transition from
stationary to severe wear on the blank holder surface as well as the sheet
surface. This distinct correlation indicates that the thermoelectric current can
serve as an indicator for severe wear occurrence. The gradient of the S,-value
and the thermoelectric peak value have a proportional relation. As a result, the

52



Chapter 4

relation between the deviating wear coefficientk and the peak value of the
thermoelectric current can be approximated by:

k =a- Peurrent (25)

with a representing an empirical factor depending on the tribological system and
P..rrent the thermoelectric peak current. Moreover, it can be stated that the end
of the moderate increase of the thermoelectric current indicates the end of the
stationary phase of wear development. In this case, the boundary value is about
9.8 YA (Figure 29b), which corresponds to P, ..nt at 25th stroke. It is assumed
that severe wear occurs after reaching the boundary value.
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(Source: [GRO19b])

4.4 Analysis of the reproducibility of thermoelectric
measurements

After the correlation analysis of the measurement principle, the reproducibility is
examined. Five strip drawing tests (Test 1 - 5) with identical blank holder loads,
materials and process parameters are conducted. Test 1 corresponds to the
results already described in section 4.3. To examine the influence of the
thermoelectric current on the wear development, the cables for the current
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measurement are disconnected in Test 5 and only the roughness values are
recorded. The peak values of the thermoelectric current of each stroke as well
as the sheet metal surface roughness values R, are shown in Figure 30.
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Figure 30 (a) Evolution of the thermoelectric peak current; (b) the sheet metal
roughness R, of the sheet where severe wear occurs on the upper side; (c) the sheet
metal roughness R, of the sheet where severe wear occurs on the lower side
(Source: [GRO19Db])

The transition from stationary to severe wear takes place between the 20th and
35th strokes for all investigated tribological systems. The stroke numbers for the
transitions from stationary to severe wear are determined with optical and
thermoelectric measurements. The transitions are marked in Figure 30b and c.

Regarding Test 1 - 4, as can be read from the diagram in Figure 30a, the values
of the thermoelectric current in tests 1 and 2 are positive, while they are negative
in tests 3 and 4. This implies that the wear on the blank holder (upper tool)
dominates in tests 1 and 2, whereas the wear on the die (lower tool) dominates
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in tests 3 and 4. These observations are in full accordance with the
measurement of the sheet surface roughness. The transition from stationary to
severe wear in tests 1 and 2 takes place on the upper side of the sheet surface.
In tests 3 and 4, the severe wear can only be observed on the lower side of the
sheet metal. Similar to the results of test 1 in Figure 29b, boundary values which
indicate the end of stationary state of test 2 - 4, can also be identified in Figure
30b. The absolute boundary values range from 9.8 yA (Test 1) to 10.2 pA (Test
2). Therefore, it is concluded that the validity and reproducibility of the proposed
test method is proven.

Test 5 of Figure 30 demonstrates the influence of the thermoelectric
measurement on wear resistance. The roughness values of the sheet surface
in test 5 increase sharply in the 26th stroke. This corresponds to the ranges of
life spans determined in tests 1 to 4. Hence, this result shows no significant
influence of the thermoelectric current measurement on the tool life span. This
is contrary to the study of Trober et al. [TRO17b]. The reason is that the
generated thermoelectric current in this study is in the order of pA, compared to
mA in the study of Trober et al..

Test 6 is to examine the necessity to use the isolation layer in the tool set (see
Figure 26). In this test, the isolation layer is not installed, but the cables for the
thermoelectric measurement are still connected. The result of surface
roughness shows a transition from stationary to severe wear at the 22nd stroke.
However, the thermoelectric current shows no corresponding changes, but
fluctuates around O pA. This confirms the necessity for the isolation layer to
avoid the current flow to the tool holder.

The reasons for wear occurrence at two different loci can be interpreted by
Vickers hardness measurements of the tools according to the standard ISO
6507 through a hardness tester DuraScan 20 (see Figure 31). Intests 1, 2, 5
and 6, the hardness of the blank holder is higher than the die. On the contrary,
the die hardness is higher than the blank holder in tests 3 and 4. Therefore, the
wear behavior of the tested tribological systems with respect to the locus of
maximum wear can be divided into two groups based on Archard’s model, which
determines the sign of the thermoelectric current.
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Figure 31 Initial hardness of the tools (Source: [GRO19b])

In summary, the method of the thermoelectric current measurement can serve
as suitable basis for detecting wear on forming tools. A threshold value for the
end of the moderate increase could be identified through evaluating all
determined curves. For the tested tribological system, the value £10.2 YA can
be regarded as the critical value between stationary and severe wear (Figure
30a). If the thermoelectric current exceeds one of these limits, severe damage
of the tools must be expected soon. This small amount of the current has no
negative influence on the tool life span. For a reliable measurement, the isolation
plate is necessary to be integrated in the tool set.

4.5 Influence of Seebeck coefficient on thermoelectric
measurement in wear detection

After understanding the behavior of thermoelectric current throughout the whole
wear development, several wear tests with different materials are used to obtain
a deeper understanding of this wear detection method. Tréber et al. confirmed
that the influence of different Seebeck coefficients has a pronounced influence
on the generated thermoelectric current [TRO17b]. According to equation 23,
the generated thermoelectric current is possibly around zero, when the
combined Seebeck coefficient of tool and sheet are close to zero. Therefore, it
is necessary to examine the influence of the Seebeck coefficient on the
effectiveness of wear detection. For this study, three further materials, 99.9%
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aluminum EN AW-1050A, the aluminum alloy EN AW 5083, the stainless steel
X5CrNil18-10, together with the low alloy steel H630LA as reference, are used
for the study.

4.5.1 Determination of Seebeck coefficients

The first step of the study is to determine the Seebeck coefficient of the
investigated materials. The method corresponds to the approach of Demmel
[DEM14]. A special equipment is designed and assembled for this approach.
The introduction to the measuring equipment and measurement principle is
shown in Appendix 1.

Firstly, the Seebeck coefficients of the four sheet materials are measured. Every
material is measured with three repetitions. The result is shown in Figure 32. It
can be stated that the low-alloyed steel sheet H630LA has the highest Seebeck
coefficient, which is about twice that of stainless steel X5CrNi18-10 (DIN 1.4301)
and the aluminum alloy AW 5083. The aluminum alloy AW 5083 and the
stainless steel X5CrNil8-10 have a Seebeck coefficient similar to the result of
Trober et al. [TRO17a], where the difference in Seebeck coefficient between the
aluminum alloy EN AW-1050A and the stainless steel X5CrNi18-10 is close to
zero.

(o)]
]

Seebeck coefficient sheet
(UV/K)

H630LA EN AW-1050A EN AW 5083  X5CrNil8-10

Figure 32 Measured Seebeck coefficient of different sheet materials (at room
temperature (23 °C)) (Source: [WU21a])

Besides the sheet metal, the Seebeck coefficients of the tools also play an
important role in the thermoelectric generation according to equation 23. Due to

the different design of the wire connection at the tool holders, the Seebeck
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coefficient of blank holder and die made of hardened cold working steel
X153CrMoV12 (DIN: 1.2379) is determined separately. It can be seen from
Figure 33a that the blank holder is mounted on the tool holder, which is made
of the unhardened cold-working steel X153CrMoV12. On the side of the tool
holder, a brass bracket is mounted for the cable connection. In the tool holder
of Figure 33b, the bracket connects the die directly. For the thermoelectric
measurement, the cable is fixed between the contact position of the tool (heating
point: red) and the bracket (reference point: blue). At each position, two K-type
thermocouples are connected at the heating and the reference points for
temperature monitoring. With this measurement setup, the Seebeck coefficient
of both sides of the tools can be calculated and the result after three repetitions
is illustrated in Figure 33c. It can be stated that the Seebeck coefficients of the
blank holder and die (Material: X153CrMoV12) are in the same level around 20
UV/K, which also corresponds to the results of Trober [TRO17a)]. The slight
differences can be ascribed to the different connection methods of the brackets.

Comparing the Seebeck coefficient of sheet metals (Figure 32), the Seebeck
coefficient of the tool material dominates. Based on equation 23, the combined
Seebeck coefficient determines the generated current. The combined Seebeck
coefficients Sgy.,s and Sp;..s Of four materials are shown in Figure 34.
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Figure 33 Measurement procedure of the Seebeck coefficient of the a) Blank holder;
b) Die; c) the measured Seebeck coefficient of the blank holder Sg and die Sp;,
(Source: [WU21a])
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temperature of 23 °C) a) blank holder; b) die (Source: [WU21a])

Similar to the results shown in Figure 32, H630LA shows the highest combined
Seebeck coefficient, about a factor 1.2 higher than AW 5083 and X5CrNi18-10.

4.5.2 Wear test: influence of the Seebeck coefficient

After the determination of the combined Seebeck coefficient, wear test for
characterizing the influence of the Seebeck coefficient on the wear detection are
carried out. According to equation 23, the sign of the measured thermoelectric
current is dependent on the loci of the wear. If the severe wear occurs in the
blank holder, the sign is positive and vice versa. In order to obtain the value of
the thermoelectric current on both the positive and negative sides in a targeted
manner, the lubrication conditions are different for each wear test. Six tests are
used for each material and the aim is to generate the severe wear three times
on the blank holder (Test 1 - 3) and three times on the die (Test 4 - 6). In Table
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7, the lubricating condition of each wear test is summarized. The strategy is: the
lubricating amount on the upward and downward side of sheet is manipulated.
For example, the amount on the downward side of test 1 - 3 is higher, which
leads to a tendency to wear occurrence firstly on the upward side. The
lubricating amount on the tool follows the same strategy.

Table 7 Summary of the lubricating condition in wear tests

Test material

Lubrication condition on sheet metal

Lubrication condition on tool

upper side: 0.5 - 0.8 g/m?

H630LA Test1l-3: Test1-3:

upper side — 0.8 - 1 g/m? upper side — 0.8 - 1 g/m?
X5CrNi18-10 | lower side — 1.8 - 2 g/m? lower side — 1.8 - 2 g/m?

Test 4 - 6: Test 4 - 6:

upper side: 1.8 - 2 g/m? upper side: 1.8 - 2 g/m?

lower side: 0.8 - 1 g/m? lower side: 0.8 - 1 g/m?
EN AW-1050A | Test1-3: Test1-3:

upper side - no lubricant blank holder: approximately 3
EN AW 5083 lower side — 0.5 - 0.8 g/m? g/im?

Test 4 - 6: Die: no lubricant

lower side: no lubricant Test 4 - 6:

blank holder: no lubricant
Die: approximately 3 g/m?

The wear test is deployed until severe wear occurs on one of the test tools. The
boundary value of the thermoelectric current and the peak value of the
thermoelectric current of the last stroke are documented. An example of the
wear test with H630LA and its evaluated values is illustrated in Figure 35.

61




100
End of the el
80 stationary wear
Q
£ < 60
% B Boundaryvalue
2 o 40 of stationary
S 3 wear
£ %20
0
0 10 15 20 2 35
Stroke number (-)
Tool: Cold-working steel X153CrMoV12 Last stroke and its
roughness

Shee metal: H630LA (Manufacturer: C.D. Waelzholz)
Lubricant: PL 61 Multidraw (Zeller Gmelin)
Lubricant amount: 2g/m?

Normal force of blank holder: 20MPa

Figure 35 An example of thermoelectric current evaluation (Source: [WU21a])

Figure 36 shows the boundary value of stationary wear for each wear test for
three materials. Since the wear development of EN AW-1050A shows an abrupt
increase after the occurrence of severe wear and no steady-state phase can be
detected, no obvious boundary value can be found. Compared to the measured
Seebeck coefficient shown in Figure 34, the boundary value of the current is
approximately proportional to the development of the combined Seebeck
coefficient.
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Boundary value of
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X5CrNi18-10 EN AW 5083

*: the linear evolution of EN AW-1050A is not observable

Figure 36 Boundary value of thermoelectric current for three test materials

62



Chapter 4

From the results, the following conclusions can be drawn:

The tribological system with higher combined Seebeck coefficient (Sgy.s and
Spie+s ) has a higher boundary value of the thermoelectric current. The
temperature increase due to the surface roughening after wear is much easier
detectable in tribological systems with higher combined Seebeck coefficient.
Hence, the wear detection for tribological system with higher combined Seebeck
coefficient has a higher sensibility. On the contrary, the wear is hard to detect
when the combined Seebeck coefficient is close to zero. Therefore, for an
optimal detection of wear with high sensibility, a higher combined Seebeck
coefficient of tool and sheet metal is desired.

4.6 Behavior of thermoelectric current after severe wear
occurrence

In section 4.4, the behavior of the thermoelectric current and its correlation with
the surface roughness in the running-in, steady-state and the beginning of
severe wear phase is discussed. In this section, the behavior of the
thermoelectric current after severe wear occurrence will be discussed.

4.6.1 Behavior of thermoelectric current after wear occurrence

Another wear test deployed at room temperature with a low alloy steel in a strip
drawing test is analyzed. The cold-working steel X153CrMoV12 and the low
alloy steel H630LA are used in this test. The sheet metals are lubricated with
the lubricant PL61 (Supplier: Zeller+Gmelin) with an amount of 2 g/m?. The
normal force of the blank holder is set to 20 kN for an accelerated wear
development. Similar to the last tests, the sheet metal is clamped with a gripper,
the sliding speed is 100 mm/s and the length of each stroke is 100 mm. After
the wear occurred on both sides of the tools, the wear test was interrupted.
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Figure 37 Case study for the explanation of the wear behavior after wear occurrence
(tool: X153CrMoV12; sheet metal: H630LA, Source: [WU21a))

Figure 37 shows the measured thermoelectric current and the roughness on
both sides of the sheet metal. After the occurrence of severe wear, the sheet is
drawn for further 50 strokes (5 m of sliding length accordingly). By observing the
thermoelectric current and the roughness, three phases of wear development
can be identified. In the first phase, no change of roughness is observed on the
lower side of the sheet, while the roughness of the upper sides increases only
moderately until the 14th stroke. In comparison, the development of the
thermoelectric current remains just above O pA in the low range and shows a
linear increase up to thel4th stroke with a value of 7.36 pA. In the second phase,
the thermoelectric current increases abruptly from the 15th to the 44th stroke to
a value of 62,83 pA. At the same moment, the sheet metal roughness on the
upper side of the sheet metal increases abruptly up to the 44th stroke, which
indicates a severe wear on the blank holder, while the roughness of the lower
side of the sheet metal remains unchanged. From the 45th stroke onwards, the
current starts to decrease and the wear development goes into the 3rd phase.
The decline of the measured thermoelectric current can be derived from the
increase of the sheet metal roughness on the lower side, which indicates a tool
failure on the die.
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Summarizing the results of the studies, it can be found that the thermoelectric
current has an intense fluctuation after the occurrence of severe wear (see in
Figure 29a and Figure 37). Therefore, interpretations are needed for this
instable evolution.

4.6.2 Surface topography and thermoelectric current

For interpreting the instable thermoelectric current after wear occurrence, the
correlation between the surface topographies, the roughness parameters and
the thermoelectric current is determined. Figure 38 shows the thermoelectric
current signal between the 24th and the 28th stroke of the test discussed in
section 4.3 and Figure 29 (Test 1) in higher magnification. A sudden increase of
the current can be observed at position 1 during the 26th stroke. A more detailed
analysis of the upper surface of the sheet metal after this stroke with a high-
resolution image and the respective surface topography is shown in Figure 38b.
The width and depth of the groove on the sheet metal surface of Pos.1 grow
drastically within a short sliding length. In particular, the depth of the groove has
been increased by about 5 pum during a sliding movement of merely 2 mm
length.

After the occurrence of severe wear, the thermoelectric current signal changes
significantly with increasing sliding length (see Figure 38a). The reasons can be
found in the obtained surface topographies between the tools in the 27th stroke.
Pos. 2 and 3 depict the surface conditions at the beginning of the stroke and
around the current peak value. Pos. 2 shows pronounced grooves, which clearly
shows an abrasive wear on the sheet metal surface. This is caused by
microcutting provoked by the pickups on the tool surface. On the other hand,
the adhesive wear (galling) is observed next to the grooves in Pos. 3, which
implies a mixed wear mechanism, abrasion and adhesion, on the sheet metal
surface. Both mechanisms generate an increasing amount of heat in the contact
zone. This phenomenon proves that the change of wear mechanisms has a very
high impact on generated heat in the contact area, which causes the high
difference of thermoelectric current between Pos. 2 and 3.
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4.6.3 Roughness parameters and thermoelectric current after
severe wear

In section 4.3, the correlation between the roughness parameters R,, R, and the
thermoelectric current is demonstrated before severe wear occurrence and at
the transition. Compared with the surface roughness R,, R, and P, ren: after
wear occurrence in Figure 30b and c, the thermoelectric current has a much
greater change. Therefore, the correlation of the parameters in the “failure”
phase of the wear development should be determined in a study.

Three different tribological systems, which were already used in section 4.5.2,
are tested. The tests were run with the low alloy steel H630LA, aluminum alloy
EN AW-1050 and EN AW 5083. The process parameters of the tests are
summarized in Table 8.

Table 8 Test matrix: roughness parameters and thermoelectric current

Tool material X153CrMoV12 (1.2379)
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Sheet material Low alloy steel H630LA
(Manufacturer: C.D. Waelzholz)

EN AW-1050A, EN AW 5083

Lubricant Multidraw PL61 (Manufacturer: Zeller+Gmelin)
Lubricant amount 2 g/m?
Normal force 10 kN
Number of repetitions 6

After the occurrence of severe wear, the sheet is drawn for further 10 strokes (1
m of sliding length accordingly). After tool disassembly, the tool surface
roughness was measured through tactile measurement, which corresponds to
the roughness of the “last stroke” (see Figure 35). Figure 39 shows the peak
value of the thermoelectric current of the last stroke and the roughness of the
wear mark R, and R,, based on standard DIN EN ISO 4287. It is found that the
measured thermoelectric current correlates with the roughness parameter R;,
which indicates the highest peak value of wear marks. On the contrary, the
roughness parameter R, is not that sensitive to the change of the current. This
effect can be explained by the higher micro-plastic deformation on the sheet
metal, when the micro-asperities with high R, on the tool surface cut the sheet
metal. The higher deformation causes a higher temperature increase at the local
area which leads to a higher thermoelectric current generation. This observation
indicates that the maximal peak height of the wear marks plays a more important
role on the thermoelectric current generation.

By comparing the results discussed in section 4.6.2 and 4.6.3, it can be found
that the thermoelectric current is very sensible to the local surface change of
tool asperities after wear occurrence. This surface change leads to a local
plastic deformation on a microscopic level and a high temperature gradient,
which generates a large amount of thermoelectric current. The correlation of
Figure 39 indicates the possibility to detect this temperature gradient through
thermoelectric measurements. This confirms that the tool surface degradation
due to wear can be detected through thermoelectric measurement with high
sensibility.
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Figure 39 Comparison of the measured thermoelectric current and roughness a) EN
AW-1050A; b) EN AW 5083; c) H630LA (Source: [WU21a])

4.7 Conclusions of the chapter

In this chapter, a new approach for inline wear detection through thermoelectric
current is introduced. Sensitivity and reproducibility of this detection method for
wear are approved. The correlation between the current and surface roughness
is high, while the measuring frequency and resolution of thermoelectric current
are much higher compared to conventional measuring methods as well. The
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real-time capability of thermoelectric current measurements also has
advantages in industrial applications.

Moreover, the influencing factors for thermoelectric wear detection are also
investigated. Firstly, the Seebeck coefficient of the participating materials in the
tribological system plays an important role in the sensitivity of wear detection.
Secondly, after the occurrence of severe wear, the roughness parameter R, has
a better correlation than R, to the thermoelectric current, which implies the
higher sensitivity of the thermoelectric current to the local surface asperity
change on the tool surface due to adhesion and abrasion.

Thirdly, the wear mechanism can also affect the measured thermoelectric
current. By mixed wear mechanism, higher generation of thermoelectric current
can be expected.

From this conclusion, it is stated that this new approach can serve as a
promising method for wear detection with high potential for industrial
applications, because of its real-time wear detection with high sensitivity.
Moreover, no sensor is needed to be integrated inside the punch. This
sensorless measurement provides a low-cost possibility for wear monitoring in
forming processes. However, for further industrial applications, the following
aspects should be considered:

(1) An optimal grouping of the combined Seebeck coefficient (the sum of
Seebeck coefficient of tool and sheet metal) should be considered for an optimal
sensitivity of the wear detection.

(2) For tribological systems with combined Seebeck coefficients close to zero,
the effectiveness of wear detection through thermoelectric measurement is not
favorable.

(3) For the tool design, a broader investigation of the isolation material is needed
in terms of the mechanical strength, stiffness, fatigue strength, electric
resistance and cost. The tool design with integration of isolation layer should
consider further aspects of the production, such as the assembly/disassembly
of the tools.
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5 Influencing factors of wear resistance for
tribological systems in sheet metal forming

After the discussion of the inline approach for wear detection in Chapter 4, a
systematic method for wear prediction is considered. In section 2.3.3, the
indirect method for wear prediction through wear resistance analysis is
introduced. Christiany has developed a systematic method to characterize the
load-dependent wear resistance and its wear behavior through the “wear
resistance diagram (WRD)”, a diagram similar to “S-N curve” for fatigue strength

analysis for materials [CHR16].

However, according to Archard’s wear model, the load is not the only factor
which affects the wear resistance [ARC53]. The hardness and the surface
topography of the bodies in the tribological system are also important factors.
Conventionally, the hardness of tools is often processed as high as possible and
the surface roughness are polished “as smooth as possible” to obtain an
optimized wear resistance. These procedures can be challenged by raising the
question, whether the tools with high hardness and smooth surface are always
beneficial to the wear resistance of a tribological system. Furthermore, is it
necessary to process the tool to the highest hardness and the lowest surface
roughness in all circumstances? In this chapter, the influence of tool hardness
and roughness on the wear resistance is characterized through wear resistance
analysis. The results give answers to the questions posed above.

Besides the characteristics of the tools, the surface of the sheet metal can also
affect the wear resistance. For corrosion prevention, the sheets are often
covered with a galvanized coating. In car body drawing, in addition to contact
forming, free deformation also exists. This leads to roughening of the sheet
metal surface [LUD12, THO80]. According to Raabe et al.,, the surface
roughening is caused by the elastic-plastic deformations which differ locally in
the microstructure of the sheet material due to point defects and dislocations
[RAAOQ3]. The effects of the galvanized coating and its roughening due to pre-
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straining on wear resistance and wear behavior are also discussed in this
chapter.

In this study, the cold working steel X153CrMoV12 (DIN EN ISO 4957) and the
nodular iron EN-GJS-700-2 (EN 1563 SYM) are used as tool materials, while
the galvanized high-strength dual-phase-steels HCT980X and HCT580X serve
as sheet metals. Both types of tool materials are widely used in sheet metal
forming. Voids in the nodular iron are responsible for a premature damage of
the material [BERO1], which leads to a propagation of fracture inside the material
[BAY04]. The performance of the two types of tool materials is evaluated based
on the gained wear data. The wear development and the life span of the tools
are determined through the inline thermoelectric measurement described in
Chapter 4.

In the industrial application, worn tools often are reused after reworking
processes such as grinding and polishing. For the wear type adhesion, a
metallurgical change due to local welding on the tool surface occurs. This
chemical changes cannot be eliminated through the physical tool reworking
such as grinding and polishing. Therefore, it is also interesting to find out,
whether the reworking of tools with adhesion history has an impact on the life
span of the reused tools. This question will also be discussed at the end of this
chapter. The contents of this chapter are part of the publications (co-)authored
by the author ([GRO19b], [WU20] and [WU21Db]).

5.1 Wear test setup

The influence of tool hardness and roughness as well as the characteristics of
sheets on the wear behavior is investigated in strip drawing tests. A draw bead
geometry is used for several reasons. Firstly, the tribological condition is
extreme, since the contact stress can reach 800 MPa (tool material: cold
working steel CP4M, sheet material: HCT980X). Secondly, the bending and
unbending of the sheet due to the sliding through the bead leads to a pre-
straining of the sheet surface, which helps to investigate the influence of surface
roughening of sheet metals. Sketches of the draw bead geometry and the
drawing direction of the sheet metal are shown in Figure 40. The penetration of
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the draw bead in this illustration is 3 mm. The tool set consists of two blank
holders with a rounding of 3 mm (BH1 and BH2), two dies (Die 1 and Die 2) and
a draw bead (DB) with a radius of 5 mm.

During the process of draw bead testing, the sheet metal is bent three times at
the rounding of the BH1, BH2 and the top of DB. According to the simulation
results of Groche and Christiany, the contact stresses are locally concentrated
and three critical positions with dominant contact stress can be defined
[GRO13a]. The positions of high local stress are located on the rounding of the
blank holders at both entrance and exit side (BH1 and BH 2) as well as on the
top surface of the die at the exit side (Die 1). The three critical positions are
marked as red points in Figure 40, where the contact stress at Pos. 1 is 694
MPa, at Pos. 2 810 MPa and at Pos. 3 794 MPa [GRO13a] for tests with the
sheet metal HCT980X. The contact stresses on the exit side (Pos. 2 and 3) are
the dominant ones and wear is most likely to occur at the Pos. 2 according to
the Archard wear model [ARC53]. In the following part of this chapter, different
wear tests are carried out as draw bead tests.

Sheet metal

Penetration

Drawing direction

BH 2

Die 2

Figure 40 Draw bead geometry for strip drawing tests (BH=blank holder; DB=Draw
bead)

5.2 Influence of tool hardness

For evaluating the influence of tool hardness, the cold working steel
X153CrMoV12 is selected for the experimental investigation at five different
hardness levels. The 4th level of tool hardness is identical to the sheet metal
hardness. The scatter of the obtained life spans is determined by three test
repetitions. The test matrix and the hardness of the tools after heat treatment
are shown in Table 9 and Figure 41.
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Figure 41 Influence of tool hardness on wear resistance: Initial hardness of tools
(Source: [WU20])

Table 9 Test matrix: influence of hardness of tools

Tool material Cold working steels X153CrMoV12
(DIN EN ISO 4957, 1.2379)
Sheet metal HCT980X (DIN 10346), electro galvanized
Lubricant and amount PL61 (Zeller Gmelin), 1 g/m?
Normal force 25 kN
Velocity of drawing 100 mm/s
Length of each stroke 100 mm

Besides the thermoelectric measurement, the surface topographies of the tools
are scanned after specified intervals (every 1, 5, 10, 50 m of sliding length).

The peak values of the thermoelectric current of each stroke as well as the
surface roughness S, of the tools are used to characterize the wear
development of the tools with different hardness (see Figure 42). The roughness
S, is calculated from the obtained topographies (see Figure 43). Regarding the
peak value of the thermoelectric current (Figure 42a), it can be found that the
currents of the tools with the hardness level 1 to 3 are negative, while those with
the hardness level 4 and 5 are positive. According to the principle of wear
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detection through thermoelectric measurement (see Section 4.2), the loci of the
higher thermoelectric currents determine the signs of the thermoelectric current.
From the measured surface roughness (Figure 42b), the increase of roughness
can be identified in the dies (D1) of the tests with hardness level 1 to 3 and in
the blank holders (B1) of the tests with hardness level 4 and 5. No significant
surface changes can be identified in other tools.
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Figure 42 Wear development of tools with different hardness levels: a) Peak value
thermoelectric current of each stroke; b) Evolution of surface roughness through the
measurement of confocal microscope (Modified figure from [WUZ20])

Regarding the tendencies of the thermoelectric current, the evolutions vary with
different hardness. The thermoelectric currents of hardness level 1 and 2 show
a slight decrease at running-in and steady-state. After that, they decrease
abruptly from the sliding length of 28 m (hardness level 1) and 22 m (hardness

level 2) when exceeding the current value -2 pA. Comparatively, the current of
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hardness level 3 decreases abruptly from 16 m of sliding length without any sign
of transition. Other than the first three hardness levels, the wear development
of tools with hardness level 4 and 5 does not show the phase “steady-state”, but
increases linearly from the beginning of the sliding. Therefore, no transition
phase can be identified in the curves of hardness levels 4 and 5.
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Figure 43 Topographies of wear marks during stationary wear (3rd column) to that of
severe wear (4th column) for different tool hardness levels (Source: [WUZ20])
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In order to explain the differences in the wear progress, the surface
topographies of the wear marks for each test are scanned and shown in Figure
43. For the tools with hardness level from 1 to 3, the initial wear marks are
detectable after a sliding length of 10 m (stationary phase of wear development).
Following the initiated wear marks, the severe wear occurs at the same loci.

For tests with tool hardness levels 1 and 2, mild adhesive wear can be identified
in the stationary state, indicated by only gradually increasing thermoelectric
currents. Severe wear comes along with massive galling as a result of the cold-
welding of the sheet metal coating on top of the tool surface. That leads to an
abrupt change of the thermoelectric current and the surface roughness of the
tools. On the contrary, the wear mechanism of the tool with hardness level 3 is
different. Similar to hardness levels 1 and 2, the mild adhesion wear can be
identified in the stationary state and an adhesion of galvanized coating (material
zinc) can be identified on the tool. Nevertheless, the pitting on the tools can be
regarded as another cause of severe wear on the tool due to the lower tool
hardness. The tools with hardness levels 4 and 5 experience a plastic
deformation just from the beginning of the sliding, which corresponds to a micro-
ploughing. With the increasing of the sliding length, more material is removed
from the surface and the grade of plastic deformation increases. This premature
micro-ploughing leads to an increasing wear of the tools.

For the sake of reproducibility the analysis of the influence of hardness on the
wear development, the tests are with three repetitions and the obtained life
spans are depicted in a diagram with the ratio of tool hardness and sheet metal

IZI—W as the characteristic value. The WRD is shown in Figure 44. In terms of its
B

evolution, it can be noticed that a higher hardness of the tools has a positive
influence on the life span of the tools, which corresponds to the general
understanding and Archard’s wear model. According to the gradient, the curve
can be separated into three zones. In zone 1, the tool hardness is lower than
the sheet metal hardness. The micro-ploughing of the sheet metal asperities on
the tool surface is the dominating wear mechanism, which leads to a premature
tool failure within short sliding length. Moreover, an increase of the tool hardness
has a restricted contribution to the life span improvement. Therefore, the tool
hardness which is lower than the sheet hardness is not recommended to be
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applied in forming high-strength-steels. In zone 2, the gradient of the curve is
lower, which implies that an increase of the tool hardness has a positive effect
on the wear resistance up to a specific tool hardness. Above this hardness level,
the curve comes into zone 3 and the adhesive wear is the dominated wear
mechanism. Because of the high gradient, the increase of tool hardness also
leads to a limited improvement of the tool life.
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Figure 44 Wear resistance diagram (WRD): influence of tool hardness H,, : tool
hardness; Hy: sheet hardness (Source: [WU20])

In summary, a tool with higher hardness is recommended to enhance the wear
resistance, since higher hardness avoids the massive plastic deformation on the
tool surface. A tool hardness higher than the sheet surface is mandatory for
avoiding the pre-mature tool wear with high wear rate and low life span.

Nevertheless, an optimized tool hardness Z—W:1.4 can be identified, above which
B

the wear resistance yields only in a limited increase. In the industrial application,
it is recommended to select a proper heat treatment process in order to obtain
the optimized tool hardness according to the production quantity.

5.3 Influence of surface roughness

The influence of the surface roughness on the wear behavior is investigated by
studies with two types of tool materials, the cold working steels and the nodular
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iron. These two types of material are widely used as tool material in sheet metal
forming.

The tool surfaces are finished with four different processes: polishing, manual
grinding with grain size 320 and 80 as well as sandblasting. For surface grinding,
the groove direction corresponds to the drawing direction. Four roughness levels
are obtained through this approach. The hardness of the tools is selected
according to the hardness of typical industrial applications, i.e. 58 HRC (660 HV)
for the cold working steel and 324 HV for the unhardened nodular iron. The test
matrix and the initial roughness of the tools after finishing are shown in Table 10
and Figure 45. A surface area of 0.8x0.8mm is scanned through the confocal
microscope puSurf. The ten-point height S, as roughness parameter is selected
to characterize the surface in the initial and the worn condition. The scatters of
the measured surface roughness are determined by five repeated
measurements on different samples.

Table 10 Test matrix: influence of surface roughness

Tool material Cold working steels X153CrMoV12
(DIN EN I1SO 4957, 1.2379)

Nodular iron EN-GJS-700-2
(EN 1563 SYM)

Sheet metal HCT980X (DIN 10346), electro galvanized
Lubricant and amount PL61 (Zeller Gmelin), 1 g/m?

Normal force 25 kN

Drawing velocity 100 mm/s

Length of each stroke 100 mm
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Figure 46 shows the measured thermoelectric currents and surface roughness
S, of the tools made of a cold working steel with different surface roughness.
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figure from [WU20])
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The hardness of the cold working steel is 58 HRC (660 HV). From the evolution
of the thermoelectric current, it can be found that the measured thermoelectric
currents in the experiments with cold working steel are negative, which indicates
a failure of the die. The surface roughness increases on the dies (D1) (see
Figure 46b), which proves this statement.

Similar to the tools with polished surfaces, the tools ground with grinding paper
of grain size 320 and 80 also experience the running-in, stationary and failure
phases (see Figure 46a). The transitions can be identified after a sliding length
of 55 m (grain size 320) and 71 m (grain size 80). The wear development of
sandblasted tool is linear without steady-state. In order to analyze the influence
of the wear development, the wear tests are repeated three times. When the
thermoelectric current exceeds +2 pA, the tool’s life spans are considered to be
reached.

The same process is repeated for the tests with nodular iron. The development
of thermoelectric current and surface roughness is shown in Figure 47.

On the contrary, all of the nodular iron tools experience a linear increase of wear.
The measured thermoelectric currents of nodular iron are positive, which
corresponds to a failure of the blank holders. The severe wear occurs on the
nodular iron after a very limited sliding length. The thermoelectric current
reaches 2 pA only after a short sliding length. The steady-state of tool wear is
not detectable according to the wear development. Even the tools with polished
surface can only reach 3.2 m of sliding length. Smoother surface produced by
polishing and grinding lead to merely longer life spans compared to those with
rough surfaces. According to the Figure 47b, the roughness value S, reaches in
general over 50 um after merely 5mm sliding distance. From the scanned
topographies shown in Figure 48, both the galling and the adhesion of the sheet
metal coating can be identified after a short sliding length. This characteristic
shows that the nodular iron in the unhardened state is not suitable for forming
high-strength-steels. It is deduced that the sheet material is prone to adhere on
the surface of tools because of the voids in the nodular iron.
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Figure 47 Tool wear development with different roughness levels (nodular iron): a)
Peak value thermoelectric current; b) Surface roughness of the dies after specified
sliding length (modified figure from [WUZ20])

Similar to the approach described in section 5.2, the life spans of all tests are
summarized in a WRD for a broad analysis (see Figure 49). The surface
roughness S, is used as the characteristic value.

However, it is interesting to find in the WRD that the life spans of the tools after
grinding have a great variation (see Figure 49). In the “worst case” of the three
tests with ground surface, the wear development shows a linear development
and the severe wear occurs after a short sliding length (see Figure 46a).
Regarding the wear behavior, the adhesive wear occurs on the asperities of the
rough surface directly for the worst cases (see Figure 50a and c), while the
rough grooves after grinding in other cases are flattened at first and the galling
occurs after a stationary state on the smoothened surfaces (see Figure 50 b and
d). The differences can be explained by the fluctuations of the surface
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topography created during the manual grinding operations. The distribution of
the asperities on the surface is not homogeneous, which leads to a high
difference in local surface pressures and deformations.
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Figure 48 Surface topographies of tool surfaces: from initial state to severe
wear (Nodular iron) (Source: [WU20])
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Figure 49 Wear resistance diagram (WRD): influence of tool roughness (Source:
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From the results of this section, it can be concluded that the nodular iron without
heat treatment is not suitable for forming high-strength-steels because of its low
hardness. In the case of the cold working steel, an optimized surface roughness
can be identified on the WRD by observing the average life span (see Figure
49). It can be concluded that the surface with higher roughness causes in some
cases a better wear resistance than those with lower roughness. In lubricated
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circumstances, the grooves of rough surface serves as a storage of the
lubricants and the debris detached from the tool surface. Under advantageous
conditions, it is possible to build up a three-body contact consisting of lubricant
and debris. The storage of the lubricants as well as three-body sliding reduce
the friction and enhance the wear resistance. However, on the other side, severe
wear can occur on the rough surface prematurely in worst cases and the wear
resistance is smaller than the corresponding one of polished surfaces (see
dashed line in Figure 49). Because of the large variation, it is risky to apply a
rougher tool surface in sheet metal forming of high-strength-steels. Hence, the
characterization of tool surfaces for wear resistance optimization is a good topic
for future studies of wear behavior.

5.4 Influence of pre-straining on the sheet metal

Besides the tool hardness and surface roughness, the character of sheet metals
also has an impact on the wear development. In car body forming, a free
deformation without tool contact often takes place. In this case, the influence of
sheet surface roughening due to contactless deformation on the wear
development is of interest.

The dual-phase-high-strength-steel HCT580X (DP600) with galvanized coating
Z140 (galvanizing amount 140 g/ m? on both sides) is selected for this
investigation. Two different material types are used to characterize the strain-
induced surface roughening on tool wear: the cold working steel X155CrVMo12-
1 (1.2379) with a hardness of HRC 58, and nodular iron EN-GJS-700-2 (DIN EN
16482) with two different hardness levels (HRC 58 and 48). The summary of the
experimental parameters is shown in Table 11.

Table 11 Experimental parameters for characterizing the influence of pre-straining

Sheet metal type HCT580X, 50 mm width, 1.2 mm thick

Drawing velocity [mm/s] 100

Tool material X155CrVMo12-1 (1.2379) 58 HRC;
EN-GJS-700-2 (DIN EN 16482) 58 HRC;
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EN-GJS-700-2 (DIN EN 16482) 48 HRC
Lubricant amount [g/m?] 2
Lubricant Zeller Gmelin PL61
Blank holder force [kN] 30
Sliding length per stroke [mm] 100

Firstly, a numerical simulation of the strip drawing test with draw bead geometry
is deployed to determine the pre-straining of the sheet metal during the test. The
surface roughness after the pre-straining is also determined through surface
scanning of the sheet surface with the highest pre-straining. After that, the wear
tests are deployed for three different tools. Similar to the former approaches, the
wear developments are determined through thermoelectric measurement. The
obtained life spans and the contact stress are also summarized in WRD for a
general analysis.

5.4.1 Process simulation of strip drawing tests with a draw bead
geometry

First, the strain on the top and bottom side of the sheet metal during the strip
drawing process is determined by numerical simulation. For a better illustration
of the strain distribution on the sheet metal, a 3d numerical model is built up in
the FE-Software ABAQUS, illustrated in Figure 51. The model consists of the
bodies blank holder (BH1 and BH2), dies (Die 1 and Die 2) draw bead (DB) and
the sheet metal. The tools are modeled as rigid bodies, while the sheet metal
can be deformed elastric-plastic. The penetration of the draw bead is set as 3
mm. For tool strain evaluation, a coordinate system s is created with its origin at
the beginning of the contact between BH2, Die 2 and sheet metal (see yellow
line of Figure 51). Along the coordinate system s, a path is created in ABAQUS
on both sides of the sheet metal and the strains are evaluated in the x-direction
(PE11) and in the z-direction (PE33). The boundary conditions of the numerical
model are illustrated in Figure 51.
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Figure 51 3d FE model for the determination of the strain distribution in wear tests
with draw bead geometry (after sheet drawing with a distance of 40mm in drawing
direction) (Source: [WU21b])

In order to evaluate the strain distribution in the z-direction of the sheet, three
positions along the width of sheet metal are selected for strain evaluation and a
path is created for each position on each side of the sheet metal. The strain in
the center of the contact area (25 mm from edge) is characterized by path 1 and
the strain at the edge by path 3. Path 2 characterizes the strain distribution in
the middle between paths 1 and 3 (12.5 mm from edge). The evaluated paths
are shown in Figure 52.
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Figure 52 The evaluated paths for strain distribution on the sheet metal (Source:

[WU21b])
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Figure 53a and b show the strains at different positions on the top and bottom
sides regarding the normalized coordinate system s. Between s=0 — 0.28, the
contact zone between BH2 and Die 2 is located, while the contact zone of BH1
and Die 1 is positioned between s=0.72 - 1. In the area between s = 0.28 and
0.72, the sheet metal is bent three times. Since the surface roughening results
from the free deformation without contact, only the maximal strain outside the
contact area on both sides is evaluated. In general, the strain in x-direction is
dominating. On the top side, the maximum strain in x-direction at the edge (s =
0.52, Pos. a) is 0.105, while the maximum strain on the bottom side in the center
of the sheet metal (s=0.66, Pos. b) is 0.122. The corresponding strains in z-
direction in Pos. a and b are negative.
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Figure 53 ) Numerically calculated strain in x-direction regarding normalized s; b)
numerically calculated strain in z-direction regarding normalized s (Source: [WU21b])

The calculated maximum strain on the top and bottom sides are summarized in
the diagram in the Figure 54a. It can be seen that the maximum pre-straining on

the bottom side of sheet is higher than on the top side. With the sliding motion,
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the resulting surface roughening on both sides will influence the tribological
condition of the critical contact point on BH1 (Pos.2 of Figure 40) and on Die 1
(Pos. 3 of Figure 40). The measured surface roughness S, in Figure 54b reveals
that the strain-induced roughening in Pos. b (average value 10.4 pum) is more
severe than in Pos. a (average value 9.2 um), which is in accordance with the
simulated maximum pre-straining in Figure 54a. It can be concluded that the
sheet surface roughness after contact with the tools on Pos. 2 and 3 is different.
Since the contact stresses at Pos. 2 and 3 are comparable, the influence of the
surface roughness difference can be evaluated by means of a draw bead test.
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Figure 54 a) maximal strain on top and bottom side (top side: Pos. a; bottom
side: Pos. b; d) surface roughness S, at Pos. a and b according to 3d surface
scanning through uSurf (Source: [WU21b])

5.4.2 Wear tests for characterizing the influence of pre-straining

The wear test of each tool is deployed once until severe wear occurs. The wear
development is documented through the thermoelectric current, which is
illustrated in Figure 55.

Regarding the measured thermoelectric current of the test with cold working
steel, it increases from O pA to about 10 pA in the first 10 m sliding length. This
is caused by the increasing temperature of the test tools as a result of friction.
Between the sliding length 10 m and 70.2 m, the thermoelectric current is stable
with only slight fluctuations. This implies that both temperature and wear
conditions remains in steady-state. From the sliding length of 70.2 m, the

89



thermoelectric current starts to fluctuate in negative direction, which indicates
the severe wear on the die (Diel according to Figure 40). With the increasing
sliding length, the amplitude of the fluctuation also increases, which is caused
by the increasing severity of the die wear.
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Figure 55 Evolution of thermoelectric current with sliding length in strip drawing test
(modified figure from [WU21b])

The pictures of the tools after the wear tests in Figure 56a show, that adhesive
wear marks (1 and 2) can be seen clearly on Diel. This corresponds to the
measured thermoelectric current. The severe adhesive wear is mainly caused
by the accumulation of zinc coating particles on the test tool. Wear mark 1 is
located in the critical contact area (Pos. 2 of Figure 40), but the larger wear mark
2 is observed at the exit of Diel. This observation can be explained by the
particle detachment from the galvanized sheet due to strain in the draw bead
test. The study by Moghadam on the draw bead tests of ultra-high-strength-steel
HCT980X with electrogalvanized coating also showed a similar wear mark
distribution. The severe wear is mainly caused by the adhesion of the particle
powdering [MOG19a]. This effect of strain-induced loss of galvanized coating is
called “strain-induced powdering” by Rangarajan, which is mainly caused by
bending and unbending strains in combination with the influence of contact
stress and friction shear stress [RAN96]. Figure 53a shows that the sheet metal
is bent three times before entering the critical contact area (Pos. 2 and 3), which
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meets the demand of the strain-induced powdering effect. Under these
circumstances, the strain-induced particles penetrate into the tribological
system in the critical contact area between BH1 and Diel and the resulting
three-body contact may lead to great effects on the frictional condition and wear
mechanism of the test tools. With the increasing sliding length, increasing
number of particles penetrate and accumulate into the tribological system, which
changes the distribution of contact stress in the tribological system and forms a
new critical position with high contact stress. Pos. 2 of Figure 56a is such a new
critical position, where large amounts of particles accumulate and a higher local
contact stress occurs in this position.

c)

Drawing Drawing

Drawing
direction direction

direction

Figure 56 Wear marks on test tools after severe wear occurrence: a) 1.2379 with
hardness HRC 58; b) EN-GJS-700-2 with hardness HRC 58; ¢) EN-GJS-700-2 with
hardness HRC 48 (Source: [WU21b])

Compared to the signal derived with the cold working steel, the behavior of
nodular iron is different. Two tool sets with different hardness (HRC 58 and HRC
48) are tested. Firstly, the measured thermoelectric current decreases to an
average value of -3 YA within 5 m of sliding length and moves on to a steady
state. After the sliding length of 180 m of both tests, the wear test is interrupted
because of coil changing, which leads to a slight increase of the thermoelectric
current because of the cooling of the test tools. However, the tendency of the
thermoelectric current remains stable and the tool wear stays in steady-state.
The steady state lasts until the sliding length of 287.5 m for the tools with higher
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hardness (HRC 58) and 274.4 m for the tools with lower hardness (HRC 48) is
reached. After the steady-state, the signals of thermoelectric current for both
tool systems start to increase abruptly. This indicates the occurrence of severe
wear on the blank holders of both tests. The adhesive wear marks can also be
detected visually on the rounding of BH 1 (Pos. 3 and 4) of both tests, which is
shown in Figure 56b and c. This observation also corresponds to the evolution
of the measured thermoelectric current. The reason for a lower detected
thermoelectric current in the test of nodular iron can be explained by the different
Seebeck coefficients of different tool materials [TRO17b], which leads to
different amounts of thermoelectric current.

5.5 Derivation of wear resistance diagram (WRD) with
combined influencing factors and interpretations

In section 2.3.3, the specific wear force Fy, (equation 13) has been introduced
for wear resistance characterization. This parameter combines the influencing
factors such as tool hardness, sheet hardness, roughness and contact stress. It
implies the friction force, which leads to wear resulting from the sliding in sheet
metal forming processes. The forming tools are much more prone to severe
wear with higher Fy than that with lower Fy, and accordingly the life span is
shorter. With the help of this parameter, the life span and its wear behavior can
be predicted with one characteristic value.

According to equation 13, the exponent n was not determined because of the
lack of the wear resistance characterization with respect to hardness and
roughness.

In this section, specific wear forces of the tested tribological systems of section
5.2 - 5.3 are first summarized in a WRD for the determination of the exponent n.
The procedure for WRD derivation follows the approach of Groche et al.
[GRO19a]. The results of the calculation are summarized in Table 12.
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Table 12 Parameters and results to calculate the specific wear force

Tool | Influence Contact | Pene- | Tool Specific wear force
No. | factors stress | tration | hard- N - ym/mm?]
z ness
[MPa] | um HV N/mm? | n=2 n=3 n=4
H1 | Hardness 833 0.087 | 756 2510 4.591 2.002 0.873
level 1
H2 | Hardness 833 0.091 | 655 2190 7.262 3.631 1.815
level 2
H3 | Hardness 833 0.096 | 459 1485 24.382 | 17.979 | 13.257
level 3
H4 | Hardness 833 0.098 | 331 1060 68.221 | 70.473 | 72.80
level 4
H5 | Hardness 833 0.099 | 214 690 251.452 | 399.04 | 633.26
level 5
R1 | Roughness | 833 0.091 | 655 2190 7.262 3.631 1.816
level 1
R2 | Roughness | 833 1.412 | 655 2190 111.871 | 55.936 | 27.968
level 2
R3 | Roughness | 833 4.239 | 655 2190 335.766 | 167.883 | 83.942
level 3
R4 | Roughness | 833 16.8 655 2190 1331.25 | 665.63 | 332.81
level 4

Together with the obtained life spans of the strip drawing test from section 5.2
to 5.3, the WRDs are plotted. Since the exponent n of the model specific wear
force (1) is limited to values around 3 based on the former considerations, three
curves with n= 2, 3 and 4 are plotted in order to limit the exponent adequately
(see Figure 57).
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Figure 57 WRDs with variation of exponent n (Source: [WUZ20])

Similar to the approach in section 5.2 and 5.3, three repetitions have been
conducted for scatter determination. In general, it can be found that the life
spans of two tests with tool number R2 and R3 are considerably longer than in
the third test (the “worst case”). Except for these four tests, the life spans of the
other tests are distributed around a trend line (dashed line). This trend line can
be divided into two zones of linear development. In Zone 1, the life spans of the
tools are relatively short and the gradient of the trend line is high. This indicates
that the tool life spans are sensible to the variation of specific wear force Fy.
Comparing the distribution of the points along the trend line of the three plotted
curves, it can be concluded that the characteristic curve with exponent n=4 is
more feasible, since the life spans increase proportionally with the decreasing
specific wear force. This conclusion is based on the points of the test number
R4 and H5. The life span of the tools of test H5 are higher than that of R4,
although the calculated specific wear force is lower in Figure 57a and b. Hence,
Fy can be written in the following form:

= _ oy’z (&)4 (26)
" Hr \Hp

After the derivation of Fy, the calculated parameters and the specific wear forces

of the tests in section 5.4 are summarized in Table 13. For the characterization

of pre-straining, the reproducibility of the wear resistance analysis is not

investigated because of a lack of material.

Table 13 Calculated parameters and specific wear force for wear resistance
characterization (Influence of pre-straining)
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Tool No C1 N1 N2
Description Pos.3 of 1.2379 Pos.2 of EN- Pos.2 of EN-GJS-
(HRC 58) GJS-700-2 700-2 (HRC 48)
(HRC 58)
Contact stress [MPa] 486 486 486
Penetration z [um] 4.61 4.58 4.68
Tool hardness HV 756 756 655
[MPa] 2510 2510 2190
Sheet hardness [MPa] 1095 1095 1095
Specific wear [N u ”mz] 82.4 82.04 127.53
mm
force(n=4)

According to Figure 54b, the strain-induced surface roughening of the sheet at
Die 1 (Pos. b) is higher than that on NH1 (Pos. a). However, from the result of
the calculated penetration z, the difference of the strain-induced roughening
does not lead to a significant difference in the penetration depth z, which also
does not lead to a significant difference in the specific wear force as well. This
can be explained by the relatively high hardness difference between the tool
and the sheet metal. The penetration of sheet asperities into the tools is
suppressed due to its low hardness. Therefore, it can be concluded that strain-
induced roughening has a minor effect on wear resistance.

The experimentally derived WRD is summarized in Figure 58. The wear
development of different tests according to the measured thermoelectric current
is also demonstrated. The linear development in Zone 1 is obvious and
corresponds to the linear wear development according to Figure 42a, Figure 46a
and Figure 47a. On the contrary, the gradient of the linear development in zone
2 is low and the wear progress shows the typical wear development (running-in,
stationary and failure).

The life spans of test R2 and R3 (also see Figure 49) are two exceptions, which
do not fit to the obtained WRD. Nevertheless, the worst cases of the test R2 and
R3 do match the derived characteristic curve. It can therefore be concluded that

95



this curve is suitable for practical application, since only the worst cases are
taken into account for the evaluation of tool wear in industrial manufacturing.

In the test which investigates the pre-straining influence, the specific wear force
Is smaller, since a relatively softer sheet (HCT580X) is applied. The life spans
are much higher than for tribological systems with HCT980X, which also fits to
the theory of specific wear force.
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Figure 58 WRD by applying specific wear force a) All test data; b) Amplified points
with low life spans; ¢) WRD with pre-straining influence (modified figures from
[WU21b] and [WU20])

However, according to the detailed WRD with pre-straining influence (see Figure
58c), some interesting effects can be found. For similar tool materials with
different hardness like EN-GJS-700-2 (HRC 58) and EN-GJS-700-2 (HRC 48),
the higher specific wear force results in a lower wear resistance. Although the
different types of tools X155CrVMo12-1 (HRC 58) and EN-GJS-700-2 (HRC 58)
have a similar specific wear force, the life span is significantly different.

For the explanation of this observation, the powdering effect mentioned in
section 5.4.2 is regarded as the main reason. The strain resulting from bending
leads to the formation of particles from galvanized coating. Figure 59 shows the
size of abraded particles from the experiment with nodular iron EN-GJS-700-2
and cold working steel X155CrVMo12-1. It is shown that the size of the particles
from the experiment with the cold working steel is about 6 times larger than that
from the experiment with the nodular iron. Bayer states that the small particles
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in combination with the lubricant build a so-called three-body sliding, which is in
some circumstances beneficial to friction behavior and wear resistance of the
tribological system [BAY04]. Furthermore, the large particles, which penetrate
into the tribological system, cause the change in the contact stress distribution.
It is also difficult for the big particles to escape from the tribological system,
which leads to an accumulation of particles inside the contact area. That
explains why the tool made of nodular iron shows a higher wear resistance than
that made of the cold working steel at similar specific wear force. The change of
contact stress distribution as a result of particle accumulation can explain the
severer wear mark on the exit side (Pos. 2) compared to the critical contact area
on Pos. 1 of Die 1 (see Figure 56a).

a)

Figure 59 lllustration of abraded patrticle size of the galvanized HCT580X under Zeiss
microscope Smartzoom 5 a) particles in experiment with nodular iron EN-GJS-700-2;
b) particle in experiment with cold working steel X155CrVMo12-1 (Source: [WU21b])

For interpreting the reason for the different sizes of particles, the surface
topographies of wear marks on positions where severe adhesive wear occurs
(Pos. 2 on nodular iron and Pos. 3 on cold working steel according to Figure 40)
are analyzed. It is obvious that a pitting is formed as a result of the extreme
stress on both kinds of tools. From the 2d-profile of the pitting (see Figure 60c
and f), it can be found that a bulge is formed before the pitting with a height of
about 6 um due to the plastic deformation (micro-ploughing). The bulge resists
the sliding of the sheet in the drawing direction, which leads to a separation of
the galvanized coating and a formation of particles with larger size.
Comparatively, small particles are formed, since no such bulge is formed. In
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addition, the depth of pitting on cold working steel is higher than on nodular iron.
These different types of 2d-profile and the depth of pitting can be interpreted by
Gahr’s microplasticity theory, who stated that the section view of wear groove is
composed of three parts, the groove and two bulges. The size of the bulges is
determined by the plasticity of the material. For brittle material, the height of the
bulge is small, while for ductile material the bulge height is larger due to the
material plasticity [GAH88]. For the two investigated materials, a bulge is formed
on the surface of the tools made from ductile cold working steel, which causes
the formation of larger particles.
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Figure 60 a) Surface topography ; b) Optical picture; c) 2d profile of the wear mark on
Diel made of cold working steel X155CrVMo12-1; d) Surface topography ; e) Optical
picture; f) 2d profile of the wear mark on BH1 made of nodular tool EN-GJS-700-2
(Source: [WU21b])

Summarizing all the evidence revealed in this section, it is possible to predict
the wear development and estimate the life span of the forming tools in
tribologically similar systems with the help of the WRD. With the calculation of
the parameter specific wear force F, and the determination of the behavior of
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wear development (linear or typical “three phase”), the life span can be predicted
correspondingly through WRD.

5.5.1 Summary of the study

From this study, several exceptions in the WRD can be found. For example, tool
with higher roughness can extend the life spans, but in worst cases, its wear
resistance can be lower than those of polished surfaces. This effect can be
explained by the indeterministic surface processing of rough surface. However,
the positive effects of high surface roughness is worth to be studied in future
investigations.

Another exception is the influence of pre-straining. From the obtained WRD, it
can be concluded that strain-induced surface roughening has little effect on the
wear resistance. However, the abrasive particles caused by strain, especially
bending and unbending, cannot be ignored in wear resistance investigations.
The size of the particles plays an important role in the wear behavior and in the
tool life span.

In industrial production, the tool reworking through grinding and polishing of the
worn-out tools is a very common approach for tool reuse. Therefore, the life
spans of the tools after reworking are also interesting for industrial applications.
This investigation will be discussed in section 5.6.

5.6 Influence of tool reworking on tool life spans

In industrial forming processes, worn-out tools often have to be repaired by
welding, cutting, grinding and polishing operations to achieve the initial state for
further utilization. In this study, a tool is reworked by grinding and polishing after
reaching the transition zone between stationary and severe wear. The wear
behavior of the reworked tools is compared with new tools.

Three worn-out tools are selected for further investigations. The test matrix is
shown in Table 14. For Test 1 and 2, the worn-out tools of the approach in
section 5.3 are reworked, while test 3 corresponds to the rework of tools
described in section 4.4.
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Table 14 Experimental study: life span after tool reworking

Test number 1 2 3
_ Nodular iron EN-| Cold working steels X153CrMoV12
Tool material
GJS-700-2
Sheet materials HCT980X with galvanized coating H630LA
Initial surface Polished
Initial hardness 324 HV 720 HV

Procedure of reworking | Grinding paper with 80 grain size - 320 grain size >
polishing

The wear detection is also deployed through thermoelectric measurement. The
test is aborted three strokes after reaching the threshold value of the
thermoelectric current. The worn-out blank holder and die are ground and
polished until the initial state of surface topography is reached.

The initial hardness, the hardness of wear mark and reworked surface are
summarized in Figure 61. It can be found that the tool hardness of Test 2 (cold
working steel) cannot be significantly changed through reworking, while an
improvement of the tool hardness of nodular cast iron (Test 1) after reworking is
detectable.
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Figure 61 Tool Hardness before and after reworking (Modified from figures of
[GRO19b] and [WU20])
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In terms of the life spans of tools after reworking (see Figure 62), the life spans
of Test 3 have extended dramatically after reworking. For the other two tests,
no clear improvement can be found. This observation can be caused by
hardness improvement of Test 3 (see Figure 61).
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Figure 62 Life span of tools before and after reworking (Modified from figures of
[GRO19b] and [WU20])

The life spans of nodular iron have not improved after reworking, although the
hardness improves after reworking. From the section view, it is deducted that
the adhesion is caused by the accumulation of zinc coating initiated from the
voids on the surface (Figure 63). After reworking these voids are still visible,
which explains the limited contribution of rework to the reduction of adhesion on
the tool surface for nodular iron.

Fracture on zinc
coating = instable
joint because of
sliding

Zinccoating

The void leads to the
accumulation of zinc weak joint of

(g ® | coating from sheet metal. || adhesion

oy’ Sli

ding direction

Figure 63 Section view of adhesion on nodular iron2 (Source: [WU20])
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This difference in wear behavior between the different studies with cold working
steels (Test 2 and 3) can be explained by the different wear mechanisms of
different sheet types. The severe wear of test 1 and 2 is caused by the joining
of the galvanized coating from the sheet metal with the tool. The joining is weak
since a gap between the adhesive mark and base material is visible.
Additionally, fracture can be seen from the section view of adhesive marks (see
Figure 63). It implies that the wear mark is instable because of its lower
hardness.

Comparatively, galling in test 3 is caused by the chemical reaction between the
base materials of tool and sheet metal. The robust joint of the base material and
the tool surface is depicted in the section view of Figure 64. A high density of
plastic deformation close to the surface can be identified. Unlike the joint of Test
1 and 2, no gap can be identified between adhesive mark and base material of
tools, so the joint of adhesive wear is more robust. This kind of robust joint
fosters an increasing work hardening of the tool surface, which further improves
the hardness after reworking.

Without gap, adhesion
with robust joint

The high density of the
plastic deformation close

to the surface — . .
Sliding direction
N

Figure 64 Section view of cold working steel (Test 3) (Source: [WU20])

From the test results of the section, it can be concluded that the judgement of
the effectiveness of life span improvement after reworking cannot be based
merely on the hardness before and after tool reworking. Several other factors
such as the wear mechanisms and the structure of the tool surface should be
taken into account.
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5.7 Summary

In this section, the influence of tool hardness, roughness and pre-straining of
sheets on wear development are discussed. The wear resistances of the
investigated tribological systems are analyzed through WRD. The following
conclusions are drawm:

1. An adequate tool hardness is mandatory for a satisfying wear resistance. For
the tested tribological system, an optimized hardness feature between tool and
Hy

sheet (e.g. = 1.4 in section 5.2) can be determined for an optimized resource
B

efficiency.

2. A perfect “smooth” surface with low surface roughness does not always lead
to a perfect wear resistance. Sometimes, a surface texture with higher
roughness extends possibly the life span, but it can also lead to pre-matured
wear occurrences after a short sliding length. Therefore, the influence of surface
texturing on wear resistance is a future research direction with promising
potential.

3. The surface roughening due to pre-straining of a free deformation has a
limited influence on the wear resistance, but the effect of strain-induced
powdering of galvanized coating of sheets on wear is unneglectable.

4. WRD is a good tool for life span prediction. The parameter specific wear force
Fy can also serve as a characteristic value for wear resistance quantification.

5. The reworking of a worn-out tool can extend the tool life span for future use,
when the worn-out tool is based on the galling. Due to the high-strength joining
caused by a plastic deformation of the base material, a local case-hardening
occurs, which leads to an increasing hardness after tool-reworking. However,
the reworking of adhesive wear due to powdering of abraded particles does not
help to extend the tool life span.
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6 Estimation of wear resistance curves (WRC) for
life span estimation

6.1 Introduction

After the investigation of the method for wear detection and different influencing
factors, the investigated method for wear prediction will be applied in an actual
application of a forming process.

As discussed in section 2.3.3, a method for wear prediction using the life span
estimation through wear resistance diagrams (WRD) was developed. These
diagrams have been used to characterize the wear resistance of different
tribological systems in laboratory tests [GRO19a]. The WRD summarizes the
tool life spans under different contact stress, quantified by the reachable sliding
length in the strip drawing test. The results of previous studies show that the life
spans deviate significantly at different load levels, not only in terms of the
absolute value of life span, but also in the scatter of the life spans under the
same stress conditions. At lower load levels, the obtained life span und its
deviation increase dramatically, while at higher load levels the life span is
significantly lower and its deviation decreases distinctively [CHR16, GRO19a].
In chapter 5, the WRD is used to characterize different influence factors on wear
resistance such as tool hardness, roughness and pre-straining of sheets.

The main barrier for the WRD application is the required amount of wear data,
especially at lower tribological loads. So far, data have been obtained at high
contact normal stresses and comparatively low total sliding length. Based on
these data it is difficult to predict tool life under the contact stress usually found
in industrial forming processes. Moreover, WRD is composed by scatter points,
so it is difficult to estimate the life spans at all required load levels. In order to
extend the general application of WRD, an extrapolation of the derived data is
required. Therefore, a wear resistance curve (WRC), based on WRD, described
by a mathematical model is proposed. Since the concept of WRD was inspired
by the S-N curve of the material fatigue strength estimation [CHR16], the
transferability of the S-N curve estimation approaches to wear prediction is

investigated in this chapter. In addition, the duration of a strip drawing test for
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life span determination is very lengthy [GRO13a], so it is necessary to discuss
possibilities to obtain a satisfactory estimation by performing as few tests as
possible. In this chapter, only the behavior and its established WRC of uncoated
tools are discussed. The behavior of tools with coating will be discussed in the
case studies in chapter 7. The contents of this chapter are part of the
publications (co-)authored by the author ([WU22]).

6.2 Approaches for WRC estimation

The pre-selection of fitting models and the mathematical approaches for curve
fitting based on Maximal Likelihood Evaluation (MLE) are described in Appendix
2. Four models for S-N curve estimation with highest citing frequency are
selected for WRC estimation, shown in Table 15.

Table 15 Pre-selected models and equations

S-N curve models

Original equation

Basquin p =a(L)?
Weibull p = pyr - exp(—a(log L)*)
Henry and Dayton _a
p=7th
Hwang and Han LF
P=Pur(l——)

Four WRDs of four tribological systems with uncoated tools are discussed for
WRC estimation. These include tribological systems with both high and low wear
resistances. The tested tribological systems are summarized in Table 16. The
wear data of the tribological systems No. 1, 2 and 4 are based on the author’s
former research [GRO19a, GRO19b]. The data amount and its load levels are
also summarized in Table 16.

The first two tribological systems have a relatively high wear resistance (over
500 m at a contact stress of 590 MPa), while the other two tribological systems
have relatively low life spans (within 10 m at the contact stress of 200 MPa). In
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this study, it is interesting to discuss the compatibility of the pre-selected models
on the WRC estimation for tribological systems with both high and low life spans.

Table 16 Tested tribological systems with uncoated tool

No. Tool Sheet metal Data Load Lubricant
amount | levels

1[GRO19a] | CP4M DP980 15 3 PL61 of Zeller

2[GRO19a] | CP4M ZStE1000 | 9 3 Gmelin

3 X153CrMoV12 | X5CrNil8-10 | 19 5 Amount 1 g/m?

4[GRO19b] | X153CrMoV12 | H630LA 12 3

In the tribological system No.3, the cold working steel X153CrMoV12 (1.2379)
Is the tool material and the stainless steel X5CrNil8-10 (1.4301) the sheet
material. It is also a critical tribological system with low wear resistance
[MOG17a]. For this tribological system, 19 tests are deployed under five load
levels. The life span of the tribological system is obtained through the
measurement of thermoelectric current, which is described in section 4.2.

For WRC estimation, the parameter p,; should be defined separately. As
discussed in Section 6.1, p,r is defined as the contact stress, from which the
severe wear of the tribological system occurs with a sliding length of 1 m. The

p.t vValue are summarized in Table 17.

Table 17 Value of p,,t of the four tested tribological system

No. of tribological system Pur [MPa]
1 880
2 910
3 550
4 518
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6.3 The estimated WRC of tested systems — median

The median estimation follows the procedure of fitting parameters’ calculation
according to equation (A-4). The estimated WRC for the median of the tested
tribological systems 1 - 4 and the goodness of fitting, depicted by Mean Square
Error (MSE) are shown in Figure 65. From the fitted curves, some generality in
the trend of the models from Basquin, Weibull and Henry can be found. At higher
load levels, the gradient of the curve is steep and most data of the WRD are
located at the right side of the derived curves, which indicates the tool lives are
underestimated. On the contrary, the gradient of the curves of the three fitting
models becomes flatter at low load levels. At the lowest load level of the fitting
data, most of the data is located on the left side of the derived curve, which
implies an overestimated tool life at low load level. For these three models, the
life spans are sensible to contact stress at higher load levels, but insensible at
lower load levels.

Compared to the three other models, the model of Hwang and Han shows a
different behavior. The gradient of the curves is flatter at higher load levels and
steeper at lower load levels. The data of each load level is relatively evenly
distributed on both sides of the fitted curve, which means that the Hwang and
Han model shows better predictability of tool life span for all load levels.
Regarding the calculated MSEs, it also confirms that the model “Hwang and
Han” has the least MSE in comparison to the other three models for all four
tribological systems.

Regarding the validity for tribological systems with high and low wear resistance,
it can be seen that the model “Hwang and Han” is compatible for estimating the
average tool life span of tribological systems generally for uncoated tools. Since
the validity of the models can be approved under different experimental
conditions for different tribological systems, the robustness of the models can
be approved [SHA19].
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Figure 65 The results of curve fitting and the goodness of fitting for different fitting

models a) b) tribological system No. 1; c) d) tribological system No. 2; e) f)
tribological system No. 3; g) h) tribological system No. 4 (Abbreviation: H. and D. —
Henry and Dayton; H. and H. — Hwang and Han, Source: [WU22])
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6.4 Quantile calculation for uncertainty estimation

The results in section 6.3 show that the median estimation is suitable for
tribological systems with low variation of the life span at both higher and lower
load levels. However, in practice, the variation of the life spans is load-
dependent [GRO19a].

In Appendix 2, the equation for quantile estimation is described. The difference
between the median and the quantile estimation is the conversion of the fitting
parameter according to equation A-5.

In this section, the curves with confidence levels 95%, 80%, 70% and the
median (quantile 5%, 20%, 30% and 50%) are plotted for all four tested
tribological systems according to the three models with the best goodness of fit
(see Figure 65). The results are illustrated in Figure 66.

After the derivation of the quantile, it is possible to determine the uncertainties
of the estimation, especially for lower load levels. It can be found that most
failures can be pre-estimated through the application of the curve with a
confidence level of 95 %. Only limited number of exceptions for several test
points which are located on the left side of the estimated curve, can be identified
(see Figure 66a and d).

The main difference among models is the life span at lower load levels. For
example, for tribological system No.1 (Figure 66a), the lowest load level of the
test data is 580 MPa, but the estimation for an even lower load level like 500
MPa reveals large deviations when different fitting models are applied (For
confidence level 95%, “Hwang and Han” estimates 230 m, while the model
“‘Basquin” estimates 800 m). In practice, the effectiveness of the fitting for lower
load levels also determines its applicability. Therefore, it is necessary to validate
the estimation by additional tests for the life spans at lower load levels.
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Figure 66 Quantile of different confidence levels of the three best models with
goodness of fitting for a) tribological system No.1; b) tribological system No.2; c)
tribological system No.3; d) tribological system No.4 (Source: [WU22])

6.5 Validation of the models at lower load levels

For examining the fitting models at lower load levels as well as the load levels
other than the tested level, several additional tests are deployed for validation
by repeating the strip drawing test. In this section, the tribological system No. 3
Is used, since it has the highest data number of all the tribological systems. For
characterizing the life span at lower load levels, wear tests are deployed four
times at the load 163 MPa (30% to p,r), which is about 75 % of the lowest load
level of the fitting data. For further validation, three tests with randomly selected
contact stresses are deployed. The test matrix and the resulting life spans are

illustrated in Table 18.
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Table 18 Test matrix for fitting model validation

Test No. Contact stress | Number of | Life span [m) Lubricant
[MPa] Repetition
1 163 4 15.116.33342.6 | PL61 of Zeller
2 247 1 125 Gmelin
3 312 2 89115 Amount 1 g/m*

The life spans of the test matrix are illustrated as scattered points in the diagram
of estimated WRC in Figure 67. The life spans of Test No. 2 and 3 with
intermediate load levels are located on the right side of the curve with 80 %
confidence level for all three models. The four life spans for the validation under
the lowest contact stress (Test No. 3) show a greater variation, which
corresponds to the former research of the authors that the variation of the life
span increases with decreasing contact stress.

From the validated results of the other two fitting models, it can be seen that the
estimated life spans for the lower load levels are extremely overestimated even
for the estimation with 95 % confidence. In comparison, the estimation by the
model “Hwang and Han” shows much better performance in estimating the life
span under the lower load levels, since all data points are located on the right
side of the WRC with 95 % confidence (Figure 67a).

Summarizing the results of sections 6.3 and 6.4, it can be seen that the
estimation with the "Hwang and Han" model not only has the highest accuracy
of curve fitting compared to the other fitting models, but also a better
performance in estimating the service life for even lower load levels. Through
quantile calculation with high confidence levels, tool wears for both higher und
lower load levels can be predicted.
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6.6 Discussion

6.6.1 Evaluation of the models in different circumstances of
application

In the former sections, the applicability of the models was evaluated merely by
calculating the MSE of all data. However, it is necessary to consider the models’
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performances in industrial applications, in which the load levels vary in different
sheet metal forming processes. Therefore, the goodness of fit should be
evaluated for both higher and lower load levels.

The tribological system No. 3 is used as an example to show how the required
parameters are obtained. Firstly, the MSEs are calculated separately for the
highest load level (435 MPa) and the lowest load levels (218 MPa) of the tested
data (see Figure 66b). The results of the parameter calculation are shown in
Figure 68.

nnnnnn

100
1

Basquin Webu H. and D. H. and H.

MSE

H Overall mLow oad eve high load eve

Figure 68 MSE for different load levels (Tribological system 3) (Source: [WU22])

Combining the goodness of fit at both low and high load levels, it can be seen
that the fitting model “Hwang and Han” shows the best agreement in fitting the
life spans at both high and low load levels.

6.6.2 Interpretation of the results

In the former sections, it is found that the model “Hwang and Han” is suitable for
the life span estimation of uncoated tools. This model was originally derived for
the fatigue strength estimation of composite materials with glass fiber [HWAS8G6].
It seems that the fatigue strength of composite material and the wear resistance
of the uncoated tools are two different kind of problems. However, it is well worth
considering why the "Hwang and Han" model can be used to estimate the wear
resistance of the uncoated tools. The similarities between fatigue strength and
wear resistance will be discussed in this section.
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Firstly, regarding the damage development, both the fatigue damage [SHA19]
of the composite material and the wear development show three phases (see
Figure 69a and e). In the first phase, the running-in phase, the degradation of
the composite material, which is characterized by the “fatigue modulus”, shows
a regressive development until saturation. After the saturation, it experiences a
long-term “stationary phase” until an abrupt “failure” [SHA19]. Comparatively,
wear development shows a similar trend according to Habig [HAB80], who
proposed the typical wear development curve for metals. According to the
typical wear development proposed in section 2.3.1, the obtained wear
development shows a similar development with three phases. Therefore, the
damage development of fatigue strength and wear is the first similarity.

Secondly, in terms of the damage mechanisms of each phase, several
similarities can also be found. In the first phase of the fatigue damage of
composite material, cracks are initiated on the whole matrix of the composite
material (see Figure 69b) [SHA19], while tiny adhesive pick-ups emerge on the
tool surface, which is shown in Figure 69f. These cracks within the composite
materials, as well as tiny adhesion marks, grow in the stationary phase, the
second phase of the damage development (see Figure 69g). According to the
damage development of material under cyclic load, the length of cracks can not
only be extended, but also be suppressed [CLA10]. This leads to a relative slow
development in the stationary phase. Similarly, in the wear development, the
roughness asperities of the adhesion marks can grow but can also be flattened,
which also provokes a lower gradient. However, the overall size of wear marks
tends to increase instead of being flattened and the wear marks merge gradually
to form a severe wear mark (see Figure 69h), which cannot be flattened and
therefore is irreversible. After the formation of the merged wear mark, the
“failure” of the tool surface occurs. In comparison, in the development of fatigue
failure of composite materials, the crack propagates to a certain extent and
leads to a fracture of the material (see Figure 69c and d).
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Figure 69 a) Fatigue development of composite material and its failure mechanism at
b) running-in, c) steady-state and d) fracture phase [REI12]; e) typical wear
development according to Habig and the wear mechanism at f) running-in, g)
steady-state and h) severe wear phase (Source: [WU22])

Another question is, why the fitting model for composite materials such as
‘Hwang and Han” [HWAS86] instead of the models for single steels (such as
“Basquin” [BAS10]) is more suitable to the life span estimation of the uncoated
tools investigated in this paper. This can be explained by the number of cracks
in the initiating phase of failure development between composite and single
material. Within the composite material, a larger number of cracks initiates
during the running-in phase [REI12], while the fatigue damage of metal starts
from a single crack initiated within the material [CLA10]. Similar to the composite
material, the tiny wear marks initiated during the “running-in” phase occur at
several loci, which is also similar to the crack initiation within the composite
material.

After analyzing the failure development and failure mechanism of composite
fatigue failure and wear in composite materials, several similarities have been
observed. These evidences of physical similarities support the applicability of
the model “Hwang and Han” for the life span estimation for uncoated tools.
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6.7 Discussion of minimal number of tests for wear
estimation

Another objective of wear estimation by the WRC derivation is that the
estimation should be satisfactory with a limited number of wear tests. Therefore,
the influence of the number of tests and the selected load levels on the
goodness of curve fitting will be discussed.

As an example, the tribological system No. 3 with 19 data points at five load
levels is used. Firstly, it will be examined, if it is possible to estimate the tool
lives for lower load levels through the test data of higher load levels. Therefore,
the 19 data points are split into two parts, the data for fitting and the data for
validation. The test matrix is shown in Table 19.

Table 19 1st Attempts for influence for load levels on fitting quality

Attempts Load levels for fitting Load level(s) for validation
1 1,2 3,4,5

2 1,2.,3 4,5

3 1,2,3,4 5

The models with the best performance “Hwang and Han” with 50 % confidence
are used for this investigation. Three tests are made. In the first attempt, the
results with the highest loading level 1 and 2 serve as the fitting data, and the
fitting parameters are defined according to the fitting model in equation (A-4).

The estimated life spans for load levels 3, 4 and 5 are calculated and
summarized in Table 20. The same procedure is repeated for the 2nd and 3rd
experiment according to Table 19. In Table 20, the estimated load levels at the
whole load levels with 19 data points are also included as a reference. The
relative errors of attempts 1 - 3 with respect to the reference (attempt 4) are also
listed in Table 20 in brackets.
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Table 20 Estimated life span and its relative error with higher load levels as reference
to the estimated life span with whole load levels

Attempts Estimated life span (m) and its (relative errors)
Load level 3 Load level 4 Load level 5
1 205.7 (2610%) | 2197 (15604%) | 12593 (57219%)
2 - 58.04 (315%) 137.3 (525%)
3 - - 31.24 (42.2%)
4 (reference) 7.59 13.99 21.97

The results in Table 20 indicate that the errors for attempts 1 and 2 are high and
therefore, this approach is not applicable for life span estimation. In attempt 1,
for example, the estimation of load level 3 has already an error with factor 26,
while the estimation for load level 5 has an error with factor 572. For the 3rd
attempt, the error is decreasing to an error of 42 %. Nevertheless, it is still
unacceptably high and the estimated life spans are overestimated with all the
experiments. It can be stated that the estimation for lower load levels through
fitting data from higher load levels results in poor quality. Therefore, these
experiments are not suitable for WRC estimation for all load levels in practical
application.

In the following, three more tests are deployed. In these tests, the number of
load levels corresponds to the attempts 1 - 3 (see Table 19). The only difference
is that the data of load level 5 always serve as fitting data. The attempts 5-7 are
summarized in Table 21.

Table 21 2nd Attempts for influence for load levels on fitting quality

Attempts Load levels for fitting Load level(s) for validation
5 1,5 2,3,4

6 1,2,5 3,4

7 1,2,3,5 4
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Similar to test 1 - 3, the model ,Hwang and Han“ with 50 % confidence is used
for curve fitting. The estimated life span and its relative errors are illustrated in
Table 22.

Table 22 Estimated life span and its relative error with higher load levels as reference
to the estimated life span with whole load levels

Attempts Estimated life span (m) and its (relative errors)

Load level 2 Load level 3 Load level 4
1 3.91 (23.5%) 8.82 (16.2%) 18.26 (30.5%)
2 - 8.42 (10.9%) 15.27 (9.1%)
3 - - 14.89 (6.4%)
4 (reference) 3.82 7.59 13.99

From the results, it can be seen that the estimation quality of experiments 5 - 7
has improved dramatically compared to attempts 1-3 after implementing of load
level 5 for curve fitting. Even the lowest number of load levels for fitting data
(attempt 5) offers a better quality of fitting than the fitting data of four load levels
(attempt 3) without the participation of load level 5. When the number of load
levels for curve fitting increases to three (attempt 6), the relative error decreases
to around 10 %. Therefore, it can be concluded that the pre-requisite of a high-
guality fitting for WRC is the consideration of the wear data of both high and low
load levels. By using the pre-selected models in Table 15, it is hard to obtain a
satisfactory estimation of the whole load levels by using only the first two load
levels with the shortest test duration of the strip drawing test. The wear data of
lower load level is necessary for a more accurate estimation.

6.8 Case study: wear resistance of different lubricants

In the industrial manufacturing, lubrication is a key factor for increasing tool life
spans. In this section, a case study about the WRC characterization for different
lubricants is described. This investigation was deployed in Technical University
of Denmark.
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In this case study, the derived WRC of stainless steel X5CrNi18-10 (Tribological
system No.3 of Figure 66) is used as the reference tribological system. The
lubricant Multidraw PL61 of Zeller Gmelin was used. Due to its relative low
viscosity (58 mm?/s), it does not fit the actual industrial application for stainless
steel forming and the life span is very short (see Figure 65c). In this study, six
different lubricants specialized for stainless steel forming of two manufacturers
are used. The lubricants and their viscosities of this study are summarized in
Table 23.

Table 23 Summary of the used lubricants of stainless steels

Name of Lubricant Viscosity 40°C [mm?/s] Manufacturer
Multidrawi PL61 58 Zeller Gmelin
(reference)
Rhenus SF125 125 Rhenus
Rhenus SU 200A 200
Rhenus SU 500A 500
CLF 130 HL 130 Raziol Zibulla & Sohn
CLF 250 S-KR 250
CLF 400 E 400

The stainless steel X5CrNil18-10 is used as sheet material and the cold working
steel X153CrMoV12 as tool material in this investigation. The tests are deployed
as strip reduction test (SRT), which simulates the load condition of an ironing
and deep drawing process. The test load is set through adjusting the sheet
reduction. The used lubricants have two levels of viscosity. The lubricants with
the lowest level of viscocity, Rhenus SF 125 and CLF 130 HL, are used for deep
drawing of stainless steel. The reductions of this test are set as 2%, 4% and 6%.
The lubricants of middle level, Rhenus SU 200A and CLF 250 S-KR and those
of the highest level, Rhenus SU 500A and CLF 400E are used for ironing
processes with severe tribological conditions caused by high thickness
reduction. The reductions for strip reduction tests are set as 4 %, 6 %, 10 %, 12
% and 16 %. During the strip reduction test, the sheet metals are lubricated
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manually with a huge amount of lubricant (> 2 g/m?). The drawing speed is 100
mm/s and the stroke length 100 mm, which is in agreement with the approach
with the test of PtU (see Section 6.2). The procedure of contact stress
calculation corresponds to the approach of Ustiinyagiz [UST17]. The test matrix
and the calculated contact stress are summarized in Table 24.

Table 24 Test matrix: Wear resistance of lubricants

Viscocity Lubricants Reduction [%]
levels

Contact stress [MPa]

Low Rhenus SF 125 CLF 130 HL 2 4 6

564 643 740

Middle Rhenus SU 200A | CLF 250 S-KR 4 6 12

643 740 787

High Rhenus SU 500A CLF 400E 10 12 16

765 787 867

According to section 6.7, three load levels with each three tests are necessary
for a satisfactory WRC derivation. For the tests with each viscosity, nine tests in
all the three levels are deployed for Rhenus lubricants and the WRCs for
Rhenus lubricants are determined. Comparatively, three tests under two load
levels are carried out with lubricants of the series CLF. The wear development
Is determined through measuring the drawing force at a test stand at DTU. When
the force signal has a sudden increase, it can be regarded as the start of severe
wear, according to [UST17].

Figure 70 shows the WRD of Rhenus lubricants. Even at the severe load
condition over 500 MPa, the wear resistance is improved compared to the
reference lubricant PL61. Probably, the higher viscosity of the lubricant is the
reason for the improvement.

For a better qualification of the lubricant influence of load-dependent wear
resistance, the WRC is derived from the raw data of WRD, which are shown in
Figure 71. The best model “Hwang and Han” for uncoated tools is used for curve
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fitting. In this diagram, not only the curves of median but also those of with 95%
confidence, are plotted. The area between the median and the 95 % curve can
be regarded as the wear resistance characteristic field of the lubricant. With the
help of these characteristic field, it can be found that the wear resistance of tools
is improved significantly when a lubricant with a viscosity of 200 mm?/s is

applied.
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Figure 70 WRD of lubricant series Rhenus (Lubricant PL 61 as reference)
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After the WRC determination, four characteristic fields for four lubricants with
different viscosities are derived. These four WRCs can be used as reference for
wear resistance characterization for different viscosity levels.

Figure 72 shows an example of application. In this diagram, the life spans of the
CLF series lubricants are demonstrated in the diagram. Compared to the
Rhenus series, all the points of CLF 400E are located on the median WRC of
the Rhenus series, which indicates an identical wear resistance between these
two lubricants for stainless steel ironing. The points of other two variants, the
CLF 250 S-KR and CLF 130 HL, are located at the left side of the median WRC
of the Rhenus series, which implies a poorer performance than the reference
lubricant.
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Figure 72 A practical example for wear resistance analysis based on reference
WRCs

6.9 Conclusions

In this chapter, the process for WRC estimation is described. Four basic models
for S-N curve estimation are used. Not only the median but also the curves for
different quantiles are calculated. Of all the models, the model ,Hwang and Han"
Is most suitable for the WRC estimation for different kinds of tribological systems
with different wear resistance through the analysis of the mean square errors
(MSEs). Regarding the fitting functionality for higher and lower load levels
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separately, the fitting through the model ,Hwang and Han“ also has a good fitting
accuracy at both higher and lower load levels. Therefore, the model for fatigue
life estimation for composite material “Hwang and Han” serves for the life span
analysis of uncoated tools of forming processes. The similarities in the
mechanisms and development between composite fatigue life and tool wear life
are also discussed in this paper to support this finding.

Since wear tests are very time consuming, the possibility of life span estimation
at lower load levels using data at higher load levels with short-term tests is also
discussed in this chapter. It is concluded that the accuracy of fits for predicting
wear behavior at lower load levels based on data from only the higher load levels
is unsatisfactory. Thus, this strategy for life span estimation is not applicable.
For a satisfactory estimation of the WRC the prediction of wear data for higher
and lower life spans is a pre-requisite.

The approach described in this section offers a new aspect for life span
estimation in sheet metal forming processes. With empirical data on the life span
of the actual forming process corresponding to the lower load level, and the wear
data in model tests at higher load levels such as strip drawing tests, it is possible
to estimate the life spans and its uncertainties by applying estimation models
like ,Hwang and Han® for all load levels. As a result, through the estimation
process of the WRC, the planning of tool maintenance can be optimized.

The case study described in section 6.8 shows an example for WRC application
for different lubricants. After the determination of typical WRCs with different
viscosity levels of lubricants, the performance of deviating lubricants (for
example deviating additives or base oil) can be determined through a limited
number of tests. This approach will be discussed further in section 7.7.

The derived WRCs in this chapter serve for the life span estimation for tools
without coating. In actual forming processes, tools with coating are widely used.
The procedure for life span estimation for tools in actual forming processes is
described in the following chapter with two case studies.
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7 Case study: Life span estimation for industrial
forming processes

In previous sections, methods for inline wear detection through thermoelectric
current (Chapter 4) and life span assessment through wear resistance analysis
(Chapter 6) are described. These two approaches are the main foundations for
effective control of wear in sheet metal forming. In this section, two case studies
from actual forming processes are presented for these two approaches applied
to them.

The example forming processes are ironing process and sheet-bulk forming
(SBF) of a gear. Contrary to the processes described in the former chapters, the
tools of the two actual processes are coated. The behavior of wear detection
through thermoelectric current for tools with coating is discussed in this chapter.
Moreover, the wear resistance curves (WRC) for tools with coatings will be
estimated in this section and the difference between the WRCs for tools with
and without coating is discussed.

7.1 Procedure of life span estimation

Figure 73 shows the procedure for life span estimation for an actual ironing
process. According to section 6.7, for a satisfactory WRC estimation, three load
levels are necessary. Firstly, the actual process is analyzed. Through numerical
simulation, the contact stress in the process is calculated. The life spans found
in the actual forming process are also documented. Existing data relating to the
contact stress and life spans supply data-points for the WRD at low load levels.
To estimate the WRC, wear data for two higher load levels are found through
strip reduction testing. Before utilizing the strip reduction test, the tools for the
test should be designed. The wear data for higher load levels is also
summarized in the WRD. By extrapolation through models mentioned in 6.2, the
WRC for the actual process is found.
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Figure 73 Procedure of life span estimation for an industrial forming process (Cup
ironing as example)

7.2 Actual process analysis

7.2.1 Ironing process

The combined deep-drawing and ironing process serves for the manufacturing
of a “Cup” part. It consists of three deep drawing processes and two ironing
processes. The 2nd ironing process has the highest risk of wear for two reasons:
firstly, the sheet thickness reduction in ironing is 10% which is the highest of all
the process steps; secondly, the lubrication conditions in the 2nd ironing process
are more severe. Similar to the industrial process, the initial lubricant amount is
set to 4.5 g/m?. According to the industrial partner, the lubricant is scrapped
and the remaining lubricant before the 2nd ironing process is around 1 g/m?.

The process parameters of the ironing process are summarized in Table 25.

Table 25 Process parameters of the combined drawing and ironing process

Sheet metal material HSM760 (988) from ThyssenKrupp
Tool material HWS Premium from STM
Coating Duplex-Variantic 1000
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(Manufacturer: Eifeler)

Lubricant Dionol ST V1842 (Manufacturer: MKU)
Sheet metal thickness [mm] 2.1
Sliding length per stroke [mm] 0.3

The 2nd ironing process consists of two ironing levels, the first of which involves
a reduction of 10% and the second of which involves a reduction of 5%. To
calculate the contact stress, a numerical simulation is deployed in Simufact 16.

The parameters used in the simulation are summarized in Table 26

Table 26 Parameters for simulation: ironing process

Mesh type

Tool: Ringmesh

Sheet: sheetmesh

Element size [mm] 0.7

Punch velocity [mm/s] 100
Coefficient of friction [-] 0.08

Initial die temperature [°C] 92

Initial temperature of punch and sheet [°C] 20
Young’s module [GPa] 210

Tool hardness 60 HRC
Poisson's ratio 0.3

The initial temperature of the die is measured by a thermal camera. It
corresponds to the stable die temperature at steady state conditions. The
coefficient of friction is determined through strip drawing tests according to VDA-
Standard 230/213.

Simulation results are shown in Figure 74. It can be found that the contact stress
during the first level of ironing (Ring 1) is the highest with an average contact
stress of 1392 MPa, while the average contact stress of Ring 2 is 1115 MPa.
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Figure 74 a) lllustration of contact stress evolution; b) contact stress within a stroke of
production

7.2.2 SBF of gears

SBF of gears is an important process in manufacturing of clutch housings for
automobiles (Figure 75). Sheet metal with a thickness of 5 mm is first blanked

and drawn to form a cup. Subsequently, the gear-shaped contour is formed
using a gear-shaped punch.

During sheet-bulk forming of gears, the work piece has a large local forming
strain, which leads to large contact stresses at the tooth area. This high contact
stress causes localized premature wear on the tool edges. In most
circumstances, the dominating wear mechanism leads to fracture of the coating.
This fracture degrades the accuracy of the teeth and leads to the occurrence of
chips in the production processes. Since fracture occurs abruptly and is not easy
to predict, tool life estimation is also useful for SBF of gear.

Figure 75 Left: clutch housing; right: wear mark of the tooth (Source: ZF
Friedrichshafen AG)

The process description of SBF of the gear are summarized in Table 27.
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Table 27 Process description: SBF of gear

Sheet metal material S420MC
Tool material CPOH plus
Coating Duplex-Variantic from Eifeler
Lubricant DRAWLUB S13/20 (1 g/m?)
Sheet metal thickness [mm] 5
Sliding velocity of the punch [mm/s] 43
Sliding length of a stroke [mm] 43

Numerical simulation was used to illustrate the evolution of contact stresses.
The result is shown in Figure 76. It can be found, from the stress distribution,
that the maximal contact stress is located at the front of the tooth, where the
punch has direct contact with the sheet metal. However, the front of the tooth
geometry does not experience the largest wear in the actual process. Therefore,
the distribution of contact stresses on the tooth edge are investigated in this
study.

Along the tooth edge, five positions with a spacing of 5 mm are selected and the
contact stress distribution across a full stroke is plotted (Figure 76a and b). The
contact stress along the tooth edge is found to be position-dependent. The
contact stress and the contact length during a stroke vary significantly along the
tooth edge. The highest contact stress is located at Pos. 4, at the top half of the
tooth edge. However, the contact length found in this position is only 40% of the
whole sliding length. Pos. 2 and Pos. 3 have lower contact stresses but a higher
contact length over a stroke compared to Pos.4. Figure 76¢ shows the
calculated wear according to Archard wear model with the wear coefficient
k=1 x 107°. The critical position for wear occurrence in this process is clearly
located at Pos. 3, which is at the middle of the tooth edge. The average contact
stress is 1166 MPa and the contact length is 70% of the whole sliding length
over a full stroke (30 mm).
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Figure 76 Process simulation of sheet bulk forming of gear a) Contact stress
distribution over a single tooth (Source: ZF Friedrichshafen AG); b) Contact stress
and c) Wear amount (Archard, k =1 x 10~) during a stroke of the forming process

7.3 Test setup for strip drawing tests

The analysis of the ironing process serves for the determination of the contact
stress in the actual process. The load level of the process corresponds to the
lowest load level of the WRD of this study (see Figure 73).

For WRC estimation, it is necessary to know the life spans under three different
load levels. Hence, a life span estimation of the investigated tribological systems
at higher load levels is performed using a strip drawing test. Through the
adjustment of process parameters such as contact stress and sliding velocity in
the strip drawing tests, the load can be set to more severe conditions than those
found in the actual forming process.

In this section, the parameters used in strip drawing tests emulating the two
investigated actual forming processes are determined. Firstly, tools for the strip
drawing tests are designed based on the geometry of the actual forming tools.
After manufacturing of the tools, process parameters such as the normal force
are determined and the contact stresses at higher load levels are calculated
through numerical simulation. The recommended maximal normal force for
continuous operation of the combined strip drawing test stand at PtU TU
Darmstadt is 36 kN. It is demanded that the resulting contact stress during strip
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drawing tests should be at least double that of the contact stress in the actual
forming process.

Figure 77a shows the numerical model built to emulate the strip drawing test.
The strip drawing test is composed of a blank holder and a die. The die is
designed as flat and the blank holder as cylindrical, which simulates the load of
‘Ring 1”7 in the actual process (see Figure 76). Through adjusting the normal
force Fy, more severe load levels can be achieved. In this case, two levels of
normal force, 32 kN (load level 1) and 24 kN (load level 2) are used. For contact
stress evaluation, the maximal contact stress of three elements with a contact
length of 0.75 mm in each time increment within a stroke are plotted in Figure
77c. The average contact stresses are shown in Figure 77d. It can be found that
load level 2 is 1.6 times and load level 1 2.2 times higher than those found in
the actual process.
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Figure 77 Strip drawing tests for emulating the ironing process: a) Numerical model of
the strip drawing test; b) Distribution of contact stress; ¢) Contact stress evolution within
a stroke; d) Three levels of average contact stress

The tool design and contact stress analysis of the SBF of a gear is shown in
Figure 78a. The die is also designed as flat, and a bead which simulates the
tooth edge is added to the blank holder. After applying the normal force, the
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bead penetrates into the sheet as the sheet is drawn. Due to the reduction,
severe contact stresses can be produced on the bead. Through changing the
normal force, penetration (reduction) into the sheet metal can be controlled. In
this case, compared to the ironing process, normal forces of 20 kN (load level
1) and 16 kN (load level 2) are used. The contact stress evolution and the
average contact stress are shown in Figure 78c and d. Load level 2 is found to
be a factor 1.7 and load level 1 a factor 3 higher than the contact stress found
in the actual process.
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Figure 78 Strip drawing test for sheet-bulk forming of gear: a) Numerical model of the
strip drawing test; b) Distribution of contact stresses; ¢) Contact stress evolution within
a stroke; d) Three levels of average contact stress

After the design of experiment described in this section, the test matrix for the
following wear tests can be defined.

7.4 \Wear test

After the definition of load levels, six strip drawing tests under two load levels
for each process are performed to determine the life spans at higher load levels.
Thermoelectric measurement is used for wear detection (See Chapter 4) with
tool life spans being determined through signal analysis of the thermoelectric
current. After the experiment, the wear mechanism and the surface
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topographies are characterized through optical measurement with puSurf and
SEM microscope of Zeiss. The test matrix of each test series is summarized in
Table 28.

Table 28 Test matrix — Wear test for life span estimation at higher load levels

Ironing process SBF of gear
Sheet metal material HSM760 S420MC
Tool material K490 CPOH plus
Coating Duplex-Variantic 1000 Duplex Variantic
Lubricant and amount Dionol ST V1842 DRAWLUB S13/20
(1 g/m?) (1 g/m?)
Load level 1 [MPa] 3102 3568
Tool number: T1, T2 and T3
Load level 2 [MPa] 2142 1973
Tool number: T4, T5 and T6

Figure 79 shows the evolution of measured thermoelectric current from the
model test of the ironing process. After the running-in (first 10 m of sliding length)
and steady-state, the measured thermoelectric current of T1, T2, T4 and T5
shows a significant drop of current after 91.7 m, 22.9 m, 84.8 m and 165.7m of
sliding length. For the other two tests, T3 and T6, the thermoelectric current
increases significantly after a long period of steady-state.
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Figure 79 Thermoelectric current: model test of ironing process

The different behavior of measured thermoelectric current among different tests
can be explained through the analysis of the dominating wear mechanisms in
the tests. In Figure 80, two different wear mechanisms from T1 and T3 are
shown as examples. On the surface of T1, a local wear mark can be found.
Under a microscope using 20x magnification, the abrasive wear on the coating
is obvious. Based on the grooves seen on the coating, which have a height of
up to 50 pum according to surface analysis, local galling occurred. The position
of galling corresponds to the position of highest contact stresses according to
the simulation (see Figure 77b). It is deducted that the galling is caused by the
direct contact between the sheet metal and the base material of the tool after
breakage of the coating.

In the running-in and steady-state phase, the sheet has direct contact with the
tool coating. The Seebeck coefficient of the blank holder (Sgy of equation 23)
corresponds to the Seebeck coefficient of the coating. After wear occurrence,
the direct contact between sheet and base material also leads to a sudden
change in the Seebeck coefficient of the contact partners, which causes a
sudden decrease in the measured thermoelectric current. Under these
circumstances, Sgy corresponds to the Seebeck coefficient of the tool base
material. Through thermoelectric measurement, a local breakage of the coating
can be detected in real-time, and the compatibility of wear detection through
thermoelectric measurement at tools with coatings can be proven.
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On the contrary, only adhesive wear was found on the surface of T3 and T6. On
the surface of these two test tools, no breakage of the coatings was detected.
Therefore, the increase of thermoelectric current is merely caused by the
temperature increase because of surface roughening due to galling.

Figure 81 illustrates the thermoelectric current in the model test for SBF of a
gear. For the highest load level (load level 1), the thermoelectric current starts
to decrease within a sliding length of 5 m, which indicates a coating breakage.
The tool life span at load level 1 is so short that it occurs during the running-in
phase of the wear development.
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Figure 81 Thermoelectric current: model test for SBF of gear a) Load level 1; b) load
level 2

At load level 2, the life spans increase significantly. From the measured
thermoelectric current at the tools T4 and T5, a steady-state of wear
development can be observed. Similar to load level 1, a sudden decrease of
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thermoelectric current can be detected, which indicates coating breakage and
the beginning of tool failure.

Figure 82 shows the surface topography of tool T1 after wear has occurred
under load level 1. From Pos. 1, the coating breakage can be identified, which
explains the sudden decrease of the thermoelectric current due to the abrupt
change of the material characteristics of contact partners in the tribological
system. Compared to the coating breakage in the ironing process (see Figure
80), the coating fracture of Pos. 1 tends to be caused by fatigue instead of
abrasion because of the formation of pitting on the tool surface. Pos. 2 shows
severe galling on the surface, which causes the deterioration of the finished
parts. It is deduced that severe coating fracture causes the formation of severe
galling on the tool surface.

dmmmm  Drawingdirection

Pos. 1
¥
ES
g.
X
SIS P S AP SR

Pos. 2

Figure 82 Surface topography after wear occurrence (load level 1: T1)

On tool surfaces used in tests where load level 2 is applied, pitting is also visible,
but the size of the pitting is approximately 50% of those at load level 1 (Figure
83). Similarly, comparing the severity of galling on the tool surface (Pos. 2) of
load level 1 (see Figure 82), the pickup height of load level 2 is only about one-
fourth of load level 1.
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In summary, the wear mechanism of tools in the model test emulating SBF of
gear is mainly the formation of galling due to fatigue of the tool coating. The
severity of surface fatigue and galling is load-dependent, which leads to the
obvious difference of life spans between load levels.

Combining the two tests, thermoelectric measurement proves an effective
method for wear detection. It can detect not only the heat generation due to
surface roughening, but also the fatigue fracture or abrasive breakage of
coatings. With this method, tool life spans can be determined accurately.

7.5 Wear resistance curve (WRC) of tools with coating

The next step of the investigation is the derivation of the WRC for
characterization of the load-dependent wear resistance of the investigated
tribological systems.

The life span and the corresponding contact stress of the investigated processes
are summarized in Table 29.
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Table 29 Summary: contact stresses and life spans of the investigated tribological

systems
[roning process Sheet-bulk forming of gear
Tool Contact stress Life span [m] Contact stress Life span [m]
number [MPa] [MPa]
T1 3102 91.7 3568 11
T2 3102 22.9 3568 3.95
T3 3102 142.2 3568 11.2
T4 2142 84.8 1973 15.9
T5 2142 165.7 1973 46.1
T6 2142 168.4 1973 117.7
Actual 1392 542.7 603 1166 1204 1565.2
process 663.3 842.8

The data from the industrial forming processes is provided by industrial partners.
The life span corresponds to the sliding length until occurrence of wear in the
actual process. After summarizing all the data, different fitting models (see Table
15) are used to extrapolate the raw data (WRD) and the quality of the fittings
are evaluated by mean square error (MSE) as was done in Chapter 6.

Figure 84 shows the estimated WRC with 50% confidence (median) and the
quality of fitting. It is interesting to find that the “Henry and Dayton” fitting model
is best for the coated tools, which is different from those without coating (see
section 6.3). For coated tools, the “Hwang and Han” model does not match well.
In the fatigue life estimation, the “Hwang and Han” model serves well for
composite materials, while “Henry and Dayton” serves well for isotropic metals.
An interpretation of this difference will be discussed in section 7.6.
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Figure 85 shows the WRCs with different confidence levels. Compared to the
median (50 % confidence), curves with higher confidence levels move to the
left-hand side, indicating a more conservative estimate of the life span. The level
of conservativeness should correspond to the actual requirement of a process.
For products with higher and stricter requirements with respect to surface
quality, higher confidence levels should be selected. For products with a wider
tolerance of surface quality, a riskier WRC with lower confidence level can be
used for a better utilization of forming tools.
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7.6 Discussion of the results

Combining the derived WRCs of section 6.3 and 7.5, it is interesting to find that
the best fitting models for tools with and without coating are different. For tools
without coating, the “Hwang and Han” model, which serves for fatigue life
estimation of composite materials, has the best fitting. However, the “Henry and
Dayton” model has the best fitting performance for tools with coating.

The reason for the compatibility of the “Henry and Dayton” model for wear
resistance estimation of coated tools can firstly be explained through the wear
mechanism. The “Henry and Dayton” model is normally used for the life span
estimation of typical isotropic metals. For metals, the source of fatigue failure is
crack initiation and propagation from local weak spots such as metallurgical
defects or cast porosities. In Figure 12, section 2.2.4, the procedure of fatigue
wear is described. The pitting or detachment of wear particles from the surface
of the material is formed from micro-crack initiation, which is similar to crack
initiation in isotropic metals.

The pitting on the tool surface from SBF of gears (Figure 82 and Figure 83) also
clearly shows the detachment of wear particles from the coating, which implies
a fatigue wear mechanism and explains the similarity between fatigue material
failure and failure by wear.

7.7 An example for practical application of wear resistance
analysis

In this section, an example for practical application of WRC is described. For
SBF of gears, the short life span of tools is a challenge for actual production.
The utilization of different kinds of coating is a common way to extend tool life
spans. In this investigation, two alternative coatings are tested in strip drawing
tests to evaluate their wear resistance with a limited number of tests. The test
matrix is shown in Table 30.
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Table 30 Test matrix of alternative tribological system (sheet-bulk forming of gear)

Sheet metal material S420MC
Tool material CPOH plus
Coating Duplex Variantic 1000 Formatic Pro
Lubricant and amount DRAWLUB S13/20 (1 g/m?)
Load levels 1x. load level 1 (3568.46 MPa)
2x. load level 2 (1973.32 MPa)

Compared to the original coating, Duplex Variantic, Duplex Variantic 1000 is
identical in material composition, except that the thickness is increased from 3
to 9 um. Formatic Pro is a PVD coating based on Titanium carbide which shows
an extremely high hardness (3.900 = 500 HV) and high resistance to abrasion
for avoiding adhesion. Three tests are performed at the two highest load levels.
One test is performed at load level 1 and two tests are performed at load level
2. The tool life span is also determined by thermoelectric measurements. Figure
86 shows the evolution of thermoelectric current.

For the test with Formatic Pro, the thermoelectric current under load level 1 and
one of the tests under load level 2 increases after 59 m and 62 m of sliding
length (Figure 86a), while the current of the other test under load level 2
decreases after 113 m of sliding length. For the test with Duplex Variantic 1000,
the thermoelectric current of all tests decreases after 25.8 m, 80.4 m and 113 m
of sliding length. According to results shown in Figure 79 and Figure 81, the
increase of thermoelectric current indicates adhesive wear and the decrease of
the current indicates a breakage of the coating.

The life spans of the tools are shown in comparison to the reference WRC of
the SBF of a gear (see Figure 87). It can be found from the WRC that both
alternative coating systems show better resistance to wear in higher load levels.
At the highest load level, Formatic Pro has significantly better wear resistance,
while Duplex Variantic 1000 shows better wear resistance at load level 2.
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Figure 86 The evolution of thermoelectric current a) Formatic Pro; b) Duplex Variantic
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Figure 87 The wear resistance of alternative coating systems

Comparing the same coating family, the life span of Duplex Variantic 1000 is
higher than the reference system. According to the measured thermoelectric
current (Figure 86b) and the wear mechanism shown in Figure 88, a detachment
of coating was observed, which led to a decrease of the thermoelectric current
after wear had occurred. Coating breakage also leads to a high tendency for
adhesive wear. Compared to Figure 82 and Figure 83, the depth of pitting for
Duplex Variantic is 7 um, while it is over 10 pum for the Duplex Variantic 1000.
For lower coating thickness, pitting will cause a higher tendency for adhesion
even at a low depth, since the base material is exposed and has direct contact
with the sheet. For a higher coating thickness, pitting with a low depth will not
cause the exposure of base material and therefore has a lower probability of
adhesion. Once the depth of pitting exceeds the coating thickness, the risk for
adhesive wear increases and severe galling occurs. As a result, the increase of
coating thickness is helpful for extending the life span of tools, since it reduces
the risk for exposure of the base material.
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Figure 88 Pitting on the Duplex Variantic 1000 coating a) load level 1; b) load level 2
(drawing direction: from right to left)

In terms of Formatic Pro, the wear resistance is also higher than the original
Duplex Variantic, although the coating thickness of the two coatings is the same.
The higher hardness and decreased tendency for adhesion to the coating
reduces the risk for fatigue wear. At the highest load level, the wear resistance
of the Formatic coating is better than the Duplex Variantic 1000 coating.

Figure 89 shows the track of squeezing of the Duplex Variantic 1000 coating for
the highest load level. This squeezing causes the coating to be strained in the
drawing direction and leads to coating detachment. This kind of squeezing is,
however, not visible on the surface of the Formatic Pro coating. On one hand,
the contact stress distribution on the tool along the drawing direction is
inhomogeneous (see Figure 78b). There are several critical positions with high
contact stress. On the other hand, the adhesive force between coating and
sheet is not only material-dependent but also load-dependent, which leads to
an inhomogeneity of tangential force in the drawing direction. This
inhomogeneity leads to surface squeezing when the adhesive tendency
between tool and sheet is high. Since the Formatic Pro has a low tendency for
adhesion, this causes a small tangential force and reduces the risk of squeezing.
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Figure 89 The track of squeezing on the surface of Duplex Variant 1000 (drawing
direction: from right to left)

At load level 2, the wear resistance of the Duplex Variantic 1000 coating is
higher than that of the Formatic Pro coating. For the tools of this load level,
surface squeezing is not visible for Duplex Variantic 1000. The cause for failure
is mainly fatigue breakage of the coating but adhesion between tool and sheet
metal is no longer a problem. Since the thickness of the Duplex Variantic coating
is 7 um greater than Formatic Pro, it is more resistant to the exposure of the
base tool material.

From the example explained in this section, it can be concluded that the wear
resistance of alternative tribological systems can be estimated through wear
resistance analysis by applying a limited number of tests when a reference WRC
is available. For an even lower contact stress, corresponding to the actual
forming process, the risk of fatigue wear is much higher than surface squeezing.
Therefore, it is deduced that the coating with higher thickness is more important
for life span extension in the actual forming process.

7.8 Summary of this chapter

In this chapter, a practical application of tool wear detection through
thermoelectric measurement and wear prediction through wear resistance
analysis is presented through two case studies, an ironing process and SBF of
gears. The tools of both processes are coated and prone to premature wear due
to severe tribological loads.

From the case studies, the following conclusions are obtained:
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1) The thermoelectric current monitoring is a reliable method for inline detection
of severe tool wear, also for coated tools in actual forming processes. Tool
breakage leads to a sudden change of the measured thermoelectric current due
to the abrupt change of Seebeck coefficient of the tools.

2) The estimation of life span through wear resistance curves (WRC) is also
compatible with tribological systems that include a coating. However, different
fitting models are used for tribological systems with or without coating. For actual
processes with coating, the “Henry and Dayton” estimation model is most
compatible. The example shown in section 7.7 reveals that the wear resistance
evaluation of alternative (coating) systems is achievable through a limited
number of tests, when a reference WRC of a tribological system is available.

3) In this chapter, two typical WRCs for ironing and SBF of gears are given. For
a further practical application of this method of life span estimation, different
WRCs for typical forming processes should be found. A database for “typical
WRCs for forming processes” could be built in the future. With such a database,
the influence of factors such as alternative coatings, lubricant systems, sheet
metals and tool materials on the wear resistance could be characterized through
a limited number of model tests.
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8 Conclusion and outlook of the dissertation

Tool wear in metal forming is a process limit and is harmful to an effective
production. For several reasons, such as increased demand of light-weight
material, ecological specification of lubricants and reduction of over-
engineering, wear becomes an issue in manufacturing processes. For a
sustainable development, controlling wear effectively has many ecological and
economic benefits in metal forming. Firstly, finishing parts with wear defects can
be reduced when a reliable wear detection method is available. Secondly, tool
maintenance and production planning can be optimized if the tool life spans are
predictable. Thirdly, a better understanding of the influence of various
parameters on wear supports the know-how for tool and material selection for
production to avoid and reduce possible wear occurrence. Therefore, controlling
wear effectively requires a combination of three factors: real-time wear
detection, accurate estimation of tool life, and characterization of the influence
of wear, which are the main topics investigated in this dissertation.

Thermoelectric current monitoring is a sensorless method for wear detection.
For wear monitoring, only two cables are needed, one for the blank holder and
one for the die. The thermoelectric current is recorded during sliding between
tools and sheet metal, which makes inline wear monitoring possible. Moreover,
isolation plates are needed to separate the tool set from the other parts of the
machine. The effectiveness of wear detection through thermoelectric current is
dependent on material characteristics, namely the Seebeck coefficient of the
participating contact partners. For wear detection with high sensitivity, a higher
sum of Seebeck coefficient of tool and sheet is required. According to the
investigation, galling (adhesive wear) detection for both coated and uncoated
tools is reliable. For tools with coating, tool breakage can also be detected. In
summary, tool wear can be detected in real time and the wear development can
be obtained with high time resolution through thermoelectric measurements.

The effectiveness of this measurement principle for real-time wear detection has
already been proven in strip drawing tests in the lab. This method for wear
detection has a high potential for practical application in actual production.
However, several problems should be solved before industrial implementation.
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Firstly, the design of isolation plates should be optimized for the requirements
of manufacturing. This includes material selection and characterization of
material behavior under long-period operation. Secondly, different lubricants
and coatings have different characteristics such as Seebeck-coefficient and
conductivity. The suitability of coatings and lubricants for wear monitoring with
thermoelectric measurement should be evaluated.

Another focus of the dissertation is on indirect wear prediction through wear
resistance analysis. Through WRD, the influence of factors such as contact
stress, hardness of tools and sheets, and surface roughness on tool life spans
can be characterized. This idea is inspired from the S-N curve for fatigue
strength estimation. The procedure for evaluating the influence of contact stress
through the use of WRC is given in this dissertation. Through WRC, the life
spans of typical tribological systems at different operating load levels can be
estimated. Because of the high variation of life spans at lower load levels, the
WRCs with different conservativeness (confidence levels) are given in this
investigation. For practical application, the user can choose the appropriate
WRC according to their practical need.

Fitting models for S-N curve estimation are directly compatible with the
estimation of WRC. The reason can be explained by the similarities between the
development of fatigue failure and tool wear. However, the choice of a specific
fitting model depends on whether the tools are coated or not.

The potential for life span estimation through wear resistance analysis is also
high. WRCs for two typical metal forming processes are derived in this
investigation. For future applications, more WRCs for other typical forming
processes should also be found. It is expected that a database with a series of
WRCs for different typical forming processes can be determined.

The investigations in this work build a basis for wear control, focused on wear
detection and life span estimation of forming tools. Sustainable production is
foreseen through wear control of the forming process and subsequent
optimization of the method.
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9 Appendix 1: Device for Seebeck coefficient
determination

In this chapter, a device for Seebeck coefficient measurements of sheet metal
is introduced. According to Seebeck, thermoelectric voltage emerges when a
temperature differences emerges within a certain material. Similar to the
approach of Demmel et al. [DEM14], a device for the measurement of Seebeck
coefficients is designed.

In Figure 90a, a schematic diagram illustrates the measurement principle of the
Seebeck coefficient. The two ends of the sample are placed on a warm and a
cold block. The warm block 1 is heated by a ceramic heater with a power of 500
W, while the cold side 2 is connected with a water tank 4. Water with a reference
temperature (0°C with ice water or room temperature) is supplied by the water
pump 3 through the cold side of the device (see Figure 90c). The whole
mentioned system plays a role as a cooler 1. The temperatures of both, the cold
and warm sides are measured by the K-Type thermocouples with a
measurement frequency of 200 Hz, while the voltage between the cold and
warm sides are measured through Quantum MX840A, through which it is
possible to measure a voltage in the pV range. The whole function of water
supply and evacuating, is realized by a control and measuring system based on
Arduino.

In Figure 90b, the method for the measurement data evaluation is illustrated.
The Seebeck coefficient at the temperature of T,,,,, corresponds to the
gradient of the thermoelectric voltage U, relative to temperature T and can be
described as following:

S = AU (Twarm)/dT (A-1)

where S is the determined Seebeck coefficient, T the measured temperature
and U, the measured thermoelectric voltage.
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Figure 90 a) Measurement principle of the Seebeck coefficient for metal samples
according to Demmel et al. [DEM14]; b) Measured data and method to determine the
Seebeck coefficient; c) Illustration of a device for the determination of Seebeck
coefficients

Under the background of the wear issue and in the demand for light-weight
design, the sheet metals aluminum EN AW-1050A, aluminum alloy EN AW
5083, stainless steel X5CrNil18-10 and high-strength low-alloy steel H630LA
(Manufacturer: C.D. Waelzholz) are selected in this approach for evaluation.

After mounting of the sample, the warm block starts heating continuously to
250°C and the thermoelectric voltage between the two ends as well as the
temperature of the warm and cold sides are acquired through Quantum
MX840A. The integrated Bessel low-pass filter is used for noise filtering.

Figure 91 shows the data of the Seebeck coefficient measurement of three
repetitions for each sample. The temperature differences between the warm and
cold side are the x-axis, while the measured thermoelectric voltage is the y-axis.
The diagram clearly shows a non-linear evolution between the temperature
differences and the measured thermoelectric voltage.

The Seebeck coefficient is calculated through the linear regression by applying
the “Curve Fitting” Toolbox of MATLAB. The gradient of the linear regression
corresponds to the Seebeck coefficient according to equation A-1. Because of
its non-linearity, a 2-degree polynomial function is used. This approach of linear
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regression for Seebeck coefficient calculation is similar to the approach of
Tozaki et al. [YAS17].
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Figure 91 Data of the generated thermoelectric voltage at different temperature
differences; x-axis: temperature difference between warm and cold side; y-axis:
measured thermoelectric voltage a) H630LA, b) X5CrNil18-10, c) AW 5083, d) AW-
1050A

Figure 92 shows the calculated Seebeck coefficients of the test materials after
three repetitions. All materials imply a linear temperature-dependent Seebeck
coefficient. Since the curves of three repetitions have low variations, it shows a
high reproducibility. In terms of the value, it can be identified that the low-alloyed
steel sheet H630LA shows the highest Seebeck coefficient with approximately
twice higher than stainless steel X5CrNi18-10 and aluminum alloy AW 5083 at
room temperature (23 °C). The aluminum alloy AW 5083 and the stainless steel
X5CrNi18-10 show a similar Seebeck coefficient, which is similar to the result of
Trober et al. [TRO17a], where the Seebeck coefficient difference between
aluminum alloy and stainless steel is close to zero.
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10 Appendix 2: Mathematical background for WRC
derivation

In this appendix, the procedure for pre-selecting the mathematic models for
WRC estimation based on S-N curves for fatigue life estimation is described in
10.1 and 10.2. The curve fitting for the derivation of wear resistance curve
(WRC) is described in 10.3.

10.1 Models for S-N curve estimation

The concept of fatigue stress of metals was initiated by Wohler and intended for
illustrating the endurance of metals through a series of material tests [WOH71].
The curve which illustrated the stress and its resulting fatigue load cycles is
called “S-N curve” (German: Wohlerlinie). This is an indirect method for the
fatigue strength illustration of materials by means of its life spans. For describing
the fatigue strength under all stress levels, several mathematical models are
derived which allow S-N curve estimation in different applications [BUR18]. For
example, the models of Basquin [BAS10], Weibull [WEI52], Henry [HEN53] and
Stromeyer [STR14] are used to estimate the fatigue strength of single metals,
while some other models, such as the models of Hwang and Han [HWAS86],
Sendeckyi [SEN81] and Poursatip and Beaumont [POUS86], are used to estimate
the fatigue strength of composite materials like glass fiber reinforced materials.

The models for S-N curve estimation are summarized in Table 31. In this paper,
10 models are taken into account.

Table 31 Pre-selected models for S-N Curve estimation

S-N Curve models No. of fitting Material No. of
parameters | parameters | citing

Basquin Omax = a(Np)P 2 - 1963
[BAS10]

Stromeyer Omax = a(Np)P + 04 2 o, 162
[STR14]
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In these models, the parameter o,,,, Stands for the stress amplitude and N¢ the
fatigue load cycles. For the application of the models for a specific material, the

values for model parameters such as a, 3 and y have to be determined through

curve-fitting. Additionally, data for material parameters such as o, and o, are

necessary for some models. The fatigue limit o, is defined as the stress limit,
under which an infinite number of fatigue load cycles can be achieved by the
material [BEE92]. The ultimate tensile strength o, corresponds to the tensile
strength of the material and in definition of the fatigue strength it can be defined
as “the failure of material occurs within one cycle under the ultimate tensile
strength”. In the following section, the procedure for WRC-estimation by

applying the models known from the S-N curve is presented.
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10.2 Pre-selection of the models

Before estimating the WRC by using the models for S-N curves, the similarities
between the WRC and the S-N curve are discussed.

The S-N curve shows the reachable number of load cycles under different stress
amplitudes for a specific material such as isotropic steel or composite material,
while the WRC defines the reachable life span of a tool in a tribological system
under different levels of contact stress. The concept of “stress amplitude” in the
S-N curve models corresponds to the “contact stress” of the WRC. Both
concepts serve as the input of the model. The output parameters of the models
are the life span of the material (S-N curve) and tool before severe wear occurs
(WRC). Because of these similarities, the parameter o, in the S-N curve can
be substituted by the parameter p (contact stress) in WRC and the parameter
Ny (fatigue load cycles) can be replaced by L (sliding length or stroke number).
The substitution of parameters between S-N curve and WRC is illustrated in the
following table:

S-N Curve WRC

Nf:f(o-max) L=f()

The model selection procedure for the WRC estimation consists of two steps.
Firstly, if the models for a S-N curve include parameters, which do not exist or
are difficult to define in the concept of wear resistance analysis, the models are
no longer considered as transferable. For example, the fatigue limit o,,,,, does
not always exist even in fatigue strength analysis [BAT99]. When analyzing wear
resistance, this parameter is also difficult to define, since according to Archard's
wear model, wear always occurs no matter how low the contact stress is
[ARC53]. Therefore, the models in Table 31 with the material parameter o,
are not suitable for wear resistance estimation (eg. The fitting models
“Stromeyer” and “Kohout”) On the other hand, ultimate tensile strength o, does
exist and is definable in wear resistance analysis. o, can be defined as “the
failure occurs after one load cycle” in the field of fatigue life study, while in the
field of wear resistance analysis, it can be defined as “the ultimate contact
stress, under which the severe wear occurs after a very short sliding distance”.
Christiany defines the “very short sliding distance” as 1 m in the strip drawing

161



test [CHR16]. Thus, a material parameter, the “ultimate contact stress p,;” is
derived with the definition “the contact stress, under which the severe wear
occurs over a sliding distance of 1 m”.

In this dissertation, the models for fatigue life estimation with highest citing
frequency in international journals are pre-selected for applicability in the life
span estimation. Four models with the widest spread (determined by the number
of citations in Table 31) are considered in this work: “Basquin”, “Weibull”, “Henry
and Dayton” and “Hwang and Han”. The equations after parameter substitution
and linearization are summarized in Table 32.

Table 32 Selected equations after parameter substitution and linearization for WRC

estimation
S-N curve Original equation Linearized equation
model
Basquin p = a(L)? logp =loga + BloglL
Weibull p = Pur - exp(—a(0gL)?) | og[—log(-L)]
Pur
= loga + f log(log L)
a =
Henry p:Z+’8 pL=a+ (L
and
Dayton
Hwang LP lo b _
_ _Z g(l——)=—loga+pflogl
and Han P =pur(l a) Pur

10.3 Determination of fitting parameters

After the model selection, the fitting parameters a and 3 of the selected models
are determined. Since these parameters are estimated parameters, the fitting

parameters are named as @ and B in this work.

Since the variation of tool life spans at lower load levels is relatively high due to
the complexity of the tribological system [GRO19a], not only the median of life
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span but also its uncertainties are considered through quantile calculation for a
reliable life span estimation in this study.

Compared to the curve fitting method “least square error’, the method
“Maximum likelihood estimation (MLE)” is more suitable for curve fitting in this
research, since the determination of the fitting parameters can be related to the
probability density function (PDF) from a sample set [MYUO3]. By using the
PDF, it is possible to derive curves not only with 50 % confidence (median) but
also with other confidence levels through quantile calculation. Therefore, a set
of curves with different certainties is to be defined. In this section, the
mathematical derivation of curve fitting of median and quantiles are discussed.
It is assumed that the distribution of the life span data for each load level follows
the normal random distribution. For curve fitting with MLE, the equations should
be linearized. The linearized equations are shown in Table 32.

When it comes to estimating the fitting parameters in a linear function (slope
and intercept) using MSE, a linear regression is adopted. In linear regression,
there is a basic hypothesis that the linear function is as follows:

y=4a+bx+e  £eN(0,0%) (A-2)

in which ¢ is the random error, and a4 and b the to be determined fitting
parameters. Taking the Basquin model in Table 32 as an example, the linearized
equation can be written in x = log(L) ;v = log(p) ;3 = log(@); b = log(B). After
the determination of 4 and b, the fitting paramters @ and B can be calculated
accordingly.

This equation is called unary linear regression model:

e=y—4a+bx (A-3)

Supposing the variation of the tool life span follows the normal distribution, the
likelihood function of collected samples (x4, y1), (X3, ¥2), (X, ) for € is:

. 1 1 A ~
Li =TTy = exp |~ 75 (7 — @ — bx)?] (A-4)

For the determination of the maximum value of the likelihood function (equation
A-4), it is to be assumed the equation:

163



- A-5
Q(a.6) = ) (i —a—bx)? o
i=1

being the minimum.

Taking partial derivative of 2 and b of equation (A-5) and solving the equations

20 _ .09

5 =0, = 0, equation A-5 can be obtained:

{ na ‘|: (0 Xi)Bzz’\Zin=1 ¥i (A-6)
(it x)a + (Xiz1 x7)b = XiL x3y;

4 and b can be determined by solving equation (A-6). The result is given by
equation (A-7):

b= n 3L xiyi— (it %) (Tt vi)

nZ{‘=1xi2—(Z{‘=1xi)2 (A-?)
L -

b
a n n
aAa=-)._ s — =) .
n 1-1&1 n 1-1&1

After the determination of 4 and b, the fitting parameters @ and f# can be
calculated according to Table 32.

For quantile estimation, the quantile line can be fitted by adjusting the fitting

~

parameters a into a;, supposing that the distribution obeys the Gauss
distribution. For a q % quantile, the adjusted parameter a, is as following:

aa=a+d'(q)3G (A-8)
The & stands for the standard deviation of the random error ¢ (see equation A-
1).

The calculation of ¢ follows [WEI14]:
Q(3,b) (A-9)

n—2

8% =

Therefore, a; can be calculated by combining the equations (A-8) and (A-9):

~ A-10
n(vi—a—bx) (19
n—2

a=a+cb-1(q>]
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After the determination of a, the fitting parameter for quantile & can also be
determined through transformation according to the equations in Table 32.

The parameter ®1(g) can be obtained from the ,Standard normal table*
according to the targeted confidence grade of the estimation. For example, a 95
% confidence level corresponds to the 5 % quantile of the normal distribution.
This means that 95 % of the obtained life span data is located on the right side
of the estimated curve with a 95 % confidence and the probability of error is 5
%.

165



11 Appendix 3: Methods for wear detection in state

of the art

Table 33 Overview: methods for wear detection in the field of metal forming in

academic journals

Literature | VA | 2D | 3D | Mass | COF | Force AE | Related Process

[SWAB8S] Pin-on-disc

[SCH93] SMF

[SCH93] SMF

[AND9S8] X SMF

[VANO1] X SMF

[ATTOZ] Deep drawing

[SKAO03] X SMF

[FILO4] SMF

[PODO04] General metal
forming

[SHAQ7] General dry
forming

[CHRO8] X SMF

[OLS09] X -:- Deep drawing

[GAA094] X Roll forming

[CORO09] X Pin-on-disc

[FIG11] SMF

[GAL11] - Roll forming

[GRO11] X SMF

[KAR12] X Roll forming
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[HAS12] Pin-on-disc
[HAS14]
[WANL13] SMF
[PUJ13] Pin-on-disc
[GRO13a] SMF
[UBH17] Stamping
[MOG17b] SMF
[MOG17a] SMF
[MOG20] Stamping
[GRO193] SMF
[VET13] General dry
forming
Sum 28 | 8 10
Abbreviations:

VA: Visual assessment;

AE: Acoustic emission

SMF: sheet metal forming

2D: 2-dimensional roughness measurement; 3D: three-
dimensional roughness measurement; Mass: mass measurement; COF: Measurement of
coefficient of friction; Force: Measurement of force (e.g.: Punch force); T: Temperature;
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