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Summary

Sheet metal forming is a widely used forming process. This process is applied to hot sheet material
to improve product properties, like weight and strength. However, hot sheet metal forming also
comes with some disadvantages in the form of wear. Due to the high temperatures during sheet
deformation no lubrication can be applied, which allows for wear to occur more severely. Here,
galling is the wear mechanism of interest, which is a form of adhesive wear. Material transfers
from the sheet to the tool during relative contact displacement, which is called galling. This is a
problem when the material build up on the tool becomes too large that it scratches the product.
The tools have to be cleaned or even replaced, which is disadvantage to the flow and cost of the
production.

A model is implemented to predict galling behavior and critical locations on the tools. This
model is an extension of the existing friction model within the TriboForm software. The galling
model evaluates every contact spot between the tool and sheet (asperity) to check if it is suitable for
galling. Two different galling initiation models for the asperities have been proposed, one based on
the shape of an asperity (wedge formation initiation model - WFI) and one based on the strength of
the asperity with respect to the sheet coating (coating fracture initiation model - CFI). If an asperity
is initiated it will grow during the relative contact during sliding. The asperity growth is based
on the growth model proposed by van der Linde. The initiation and growth of a single asperity
is applied for multiple asperities on a surface. The multi asperity growth is approached with two
different models, one based on the update of the separation height (van der Linde) and one based
on the update of the tool topography. The model which updates the separation height is used in the
visualization and validation. The model which updates the tool topography is used to evaluate the
influence of galling on the coefficient of friction.

This galling model is calibrated using experimental data from hot strip draw tests performed at
Tata Steel. This data is valid for a calibration of adhered volume over temperature. Both the galling
initiation models are calibrated using these experimental values. Results from the model are used
to evaluate the model for CFI and WFI on a few points: 1) the amount of asperities initiated for
galling 2) the relation for adhered volume over temperature, pressure and strain, 3) the interaction
between asperities based on the overlap an asperity has in a multi asperity situation and 4) the
coefficient of friction over sliding length.

Using AutoForm and TriboForm the galling behavior on the tooling for three different part
are visualized: 1) the experimental B-pillar from Tata Steel, 2) the industrial A-pillar from Volvo
Cars and 3) the industrial Side Member from Volvo Cars. The predicted galling depends on the
temperature, pressure and strain of the sheet during deformation and on the relative sliding distance
in contact between the tool and the sheet. The experimental evaluation of the B-pillar is used to
compare radii locations of the same part, where the CFI model shows the most promising results.
The industrial parts from Volvo Cars are used to verify if the model can predict the galling locations
observed on the tooling. The galling locations are accurately found on the industrial production
parts by both models. However, the severity of a predicted galling location should be verified with
further research. The CFI model is more favorable when comparing the two industrial parts.
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NOMENCLATURE v
Nomenclature F, Adhesion force
fe Shear factor
Greek Symbols .
. Fy Total load carried by contact patches
o Fractional real contact area )
. . E, Normal force on the asperity

Ohneso Fraction of area in contact on a meso

level F, Total friction force
Gmicro Fraction of area in contact on a micro Hardness

level h Height of asperity
Ay Adhesion energy k Junction growth factor
Y Surface energy k Shear strength of material
u Friction coefficient k. Wear rate
Ui Friction c.oefﬁcif:nt of a single asperity K, Plane strain fracture toughness
A% Inc.rease '1n f.ract'lonal real contact area 4 Stress intensity factor
() ge'lghtldlstrlbuftlon of 1zontact sur-face 1l Lengths of hexagon based asperity
o, ritical stress for crack propagation o

¢ D propag m Fraction of V., (calibration factor)
T Fail criterion T Bulk t .
T Shear strength (at the crack tip) b Ui femperature
. T, Contact temperature

Tyy, Tx; Tangential stresses
9 Attack angle Ty Flash Temperature
Other Variables T..;  Critical temperature
A, Height increase U Constant raise of non-contacting surface
a Crack length Virans  Transfer volume
a,b  Radius of elliptical asperity Vivear  Wear volume
Ay Hamaker constant wr,wy,wyr Widths of hexagon based asperity
A; Area of a single elliptical asperity base Y Dimensionless geometry parameter
Ay Nominal area of contact Abbreviations
Ay Real area of contact BLS Boundary layer shear strength
B Hardness factor CFI  Coating fracture initiation
c C.onstlanth value based on FEM simula- COF  Coefficient of friction

tion

_( o/h) fitr from left to right
Cs Scaling factor )
o PHS Press Hardening Steel

cgr  Calibration factor PVD  Phvsical denosited
Cscale  Scaling factor for hexagon base v ysical vapour deposite
D Separation between two bodies RMS  Root Mean Square
d Separation SMF  Sheet metal forming
Dy Separation between two bodies at UHSS Ultra high strength steel

atomic scale WFI  Wedge formation initiation



1 Introduction

In this section an introduction to the mechanisms involved with this project will be given followed
by the objective of this research.

1.1 Sheet metal forming

Sheet metal forming (SMF) is a forming process where a blank sheet material is deformed into a
desired form. This is commonly used in the automotive industry, for example in the production
of car door panels. This process is illustrated in figure 1.1, where the sheet is already shown in a
deformed position. The tooling used to deform a blank sheet material are called the punch, the die
and the blank holder, where the die is the stationary part on the bottom side of the sheet, the punch
is the moving part, on the top, that pushes the sheet into its desired form and the blank holder is an
additional part to ensure that the edges of the sheet material are kept in check.

Press
force
Clamp
/_\<:> force
\ ik e
N \ Blank holder

Punch ie
o

Sheet ///’

Figure 1.1: Overview of stamping setup.

This report concerns hot forming. Using elevated temperatures for the sheet material, which
can go up to 750°C and even higher, during forming allows the production of a part with better
material properties (linked to its crystal structure). These material properties arise during the cool-
ing stage (quenching) of hot metal forming. The cooling rate of a steel material causes different
structures (pearlite, bainite, martensite) within the material, which can provide a stronger material
(= 1500MPa). If these same strong material properties are achieved during cold forming, at which
a metal is harder to deform, more force would need to be applied to deform the sheet material. The
production process for cold forming could be insufficient and lead to fracture of the sheet material.
In the figure below an overview of the steps taken in direct hot forming are shown. 1) The blank
material (for example boron steel) is heated to austenitization temperature for 6 minutes in order
to be formed more easily. 2) The blank is transported to the stamping machine, where it will be
formed into the product and cooled while the tooling is closed. The cooling is done by quenching
the product, which results in a strong material structure with strength values at 1500MPa. 3) The
product will be transported again to perform post processing steps, like cutting of excess material.

1.2 Tribology system

During sheet metal forming the contact between the surfaces in contact is important for friction and
wear, the tribology system. In figure 1.3 an overview of the parameters concerning the tribology
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direct hot stamping I
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austenitization forming and cutting
of the blank (T > Ac,) quenching

Figure 1.2: Schematic overview of a direct hot stamping process [1].

system is shown. The surface topography and material parameters influence the contact between
the surfaces. In addition, the surface contact can be improved by adding an extra layer in between
the surfaces, which provide the lubrication properties. Finally, the process conditions that dictate
the forces, the velocity and the temperature of the tooling, but also the initial temperature of the
blank sheet material influence the tribological behavior.

Surface Parameters Lubrication Properties
Roughness workpiece Type of lubrication
Roughness tool Amount of lubrication

Friction & Galling
in SMF

Material Parameters Process Conditions
Elasticity tool Blank holder force
Hardness/hardening Punch velocity

behavior workpiece material Temperature

Figure 1.3: Elements of tribological system.

In the hot forming situation this tribological system excludes the lubrication properties, since
no lubrication can be applied in hot forming processes. In direct hot forming ultra high strength
steel (UHSS) with an aluminum silicon (Al-Si) coating is commonly used. In this report a boron
UHSS (22MnB5) with an Al-Si coating will be used.

1.3 Galling

Galling is a type of adhesive wear, where material of the (relatively soft) sheet surface transfers to
the (relatively hard) tool surface due to the relative motion. The material accumulates at the tool
surface over multiple production cycles and eventually can damage the sheet surface, observed as
scratches. The scratches on the product are unwanted and cause a disturbance in the production
batch, because the tooling needs to cleaned or replaced. The amount of production cycles it takes
for galling to be severe enough and cause these scratches depend on the parameters of the tribology
system and the geometry of the production part. This wear phenomenon typically starts when there
is direct contact between the tool and sheet. For cold forming this indicated that the lubrication
would fail locally [2]. However, for hot forming this problem is more severe and more direct,
because of the elevated temperatures in hot forming situations. At these high temperatures the
system is subjected to extremer conditions and no lubrication can be applied. In figure 1.4 an
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Figure 1.4: Scratches on product wall [3]. Fltr: I product, 5 products, 50 products.

example of the damage due to galling is shown. Also, galling influences the friction behavior,
because the surface parameters of the tooling is changed due to the additional material on the tool
surface.

1.4 Objective

Galling is an unwanted wear mechanism, which damages the sheet material. Therefore, it is desir-
able to predict the location an the severity of galling. The project is in collaboration with TriboForm
Engineering and their software will be used and expanded upon to include a model for galling in hot
forming. This model will then be calibrated using experimental data from Tata Steel. In addition,
the galling model is visualized using software of TriboForm Engineering, which is in develop-
ment and for internal use only, to validate with experiments and industrial production parts. The
objectives of the current research are stated below:

Main objectives:

e Implement a model to predict galling in hot forming.
e Validate the galling behavior with experiments and experience on industrial parts

Sub objectives:

e Develop and evaluate a galling initiation criterion for asperities in contact.
Identify the interaction between asperities within the galling model.
Evaluate the effect of galling on friction behavior.

Calibrate the galling model using experimental data (from Tata Steel).

Visualize galling behavior on (industrial) production parts.



2 Literature review

The focus of this report will be on galling in hot forming, but to get there some other information is
needed to understand the whole process of the model. In this section the background on the contact
levels, friction mechanisms and wear mechanisms will be briefly touched upon. After that the
experimental observations on the topic of friction and galling will be addressed for cold forming
and hot forming. The last part of this section is used for a short introduction on existing models for
galling in hot forming. The approach for galling can be seen in the diagram of figure 2.1.

Input:
ParametersT,P, g, v
Surface properties
Material properties

Contact model

Input: Galling Hexagon based Input:
For Hegr initiation polyhedron Ameso (T Pr &, V)
u(T,P,&,v) model asperity Elliptical paraboleoid asperity

Input:

Aspinit(TJPJ E) Lump growth
model

Galling Output

Figure 2.1: Diagram with the approach to solve galling in hot forming.

2.1 Contact

In general the tool has a hard and smooth surface while the sheet has a soft, rough and fresh
surface. The contact between these two surfaces are divided into three length scales [4, 5]: Macro
level, meso level and micro level. The contact levels are depicted in figure 2.2. Each level has a
different contribution to the metal forming model, which will be elaborated on per level [5].

Macro level

The macro contact is the level of contact that is visible to the eye. On this level the physical
quantities (contact pressure, stresses and strains) of the forming process are determined by ignoring
the surface roughness of the tool and the sheet. So, this level is used to get physical bulk quantities,
which are determined using a penalty method in FEM simulations. These quantities are applied as
an input for the smaller scales [4].
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Figure 2.2: Contact levels [3]. Fltr: macro level, meso level, micro level and single asperity at
micro level.

Meso level

At this level of contact the roughness of the sheet comes into play. This level of contact is mainly
used to get the flattening of the sheet surface. At this point the sheet roughness is observed while
the tool surface is still considered to be smooth, compared to the sheet surface. The smooth and
hard tool flattens the rough peaks of the softer sheet material when contact pressure is applied. The
size of the contact is calculated using energy and volume conservation of the real contact. For this
it is assumed that the tool is rigid and ideally flat and that the sheet material deforms plastically.
Also, the contact pressure (p,) is assumed to be equal to the hardness (H), because ideal plastic
behavior is assumed.

Pa=O0H 2.1

o= j:; = /:(b(z)dz (2.2)

with p, the apparent contact pressure, & the fraction of area in contact, A, the real area of contact,
A, the nominal area of contact, &, the separation of the surfaces and ¢ the height distribution
function of the sheet surface. This flattening due to contact pressure also gives rise to strain of the
bulk material due to the deformation of the surface roughness [4].

Micro level

The micro contact level takes a look at the plateaus formed due to the flattening at the meso level. At
this stage the roughness of the tool can be observed. The peaks (asperities) of the harder tool surface
scratches into the flattened plateaus of the sheet metal when the surfaces are in relative motion. This
level of zoom on the contact between these two surfaces is interesting for galling, because material
from the sheet material plateaus can transfer to the tool peaks under certain conditions. Galling is
a wear mechanism which will be elaborated on later in section 2.4.3. Also, this level of contact
is used to calculate the friction coefficient for certain conditions, which will be shown in section
3.3.3.

2.2 Material

In hot sheet metal forming the workpiece material needs to withstand more extreme conditions.
This limits the number of materials suited for hot sheet metal forming. A commonly used work-
piece material in hot forming is the ultra high boron strength steel (USHH) 22MnB5 with an Al-Si
coating. This material combination will be used in this report and will be explained in more detail
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in this section. Other material for the workpiece or coating is available and these will also be briefly
mentioned here. Next to the workpiece material also a choice in the tool material with a suitable
coating or surface finish needs to be made. In this research it is assumed to be an uncoated tool
steel with a milled finish, but other options will be mentioned.

Substrate

The commonly used 22MnBS5 is used in hot forming because the addition of boron increases the
hardenability [1, 3, 6]. Also, the boron delays the transformation from austenite to ferrite and
pearlite while the transformation to bainite and martensite is not influenced, see figure 2.3. This is
a desirable trait because the martensite and bainite structures provide a harder and stronger material.

Ag; =

Ae'| -
o
=
© Bs ™
.
2 Bainite
5
- Ms _______

Time =»

Figure 2.3: Schematic time-temperature-transformation (TTT) diagram on the influence of boron
in steel [6].

Austenitization with Al-Si coating

In the heating step of the forming process the material and its coating are heated in a furnace
to a temperature higher than the forming temperature and are kept at this higher temperature for
a certain amount of time. This is done to ensure austenitization of the substrate material. This
elevated temperature causes the composition of the coating, in this case Al-Si, to change due to
the interface interaction between the coating and substrate [7, 8, 9, 10, 11]. Depending on the
austenitization temperature, the amount of time in the furnace and the coating thickness, different
layers in the coating (intermetallic phases) and different behavior [12, 11] is identified. Shortening
austenitization time (range of 120s - 600s) leads to an increase in adhesive wear on hot stamping
tool and an increase in COF, which shows for an austenitization temperature of both 880°C and
930°C , where the increase for the COF is less significant [12]. In figure 2.4 the composition and
the cross section of intermetallic layers is shown based on a different heating temperature and on a
different holding time.
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(b) Cross sections using Scanning Electron Microscopy (SEM).

Figure 2.4: Al-Si coating with different heating temperature and holding time. Adapted from [7].

Workpiece Al-Si coating

A coating can be added to the workpiece to influence the metal forming process on friction and
wear behavior. The addition of a coating improves the corrosion resistance of the workpiece. The
high temperatures in the forming process can cause the formation of oxide layers which reduce
friction and can protects the underlying material from wear [13, 14]. Also, generated wear debris
in the forming process can act as an intermediate and reduce friction and wear, because it prevents
interlocking and prevents direct contact between the materials [13, 14].

An Al-Si coating shows a lower friction coefficient than an uncoated sheet material and an Al-Si
coating with graphite shows a lower friction coefficient compared to a sheet with the Al-Si coating
[15]. The improvement in the Al-Si with graphite coating is attributed to the lubricating action of
the added graphite. On the other hand it also has been observed that the uncoated 22MnB5 steel
shows a lower COF compared to the Al-Si coated sheet material [16]. However, the wear behavior
for the uncoated sheet material is more severe than for the Al-Si coated sheet material.

The intermetallic phases that can arise when a Al-Si coating is applied in hot forming condi-
tions, Alj3Fey, AlsFe,, Al,Fe and AlFe, are identified and studied by Windmann et al.[8, 9]. The
AlFe phase has a much lower hardness compared to the other three phases, which possess a similar
hardness. Also, the fracture toughness of the AlFe phase is higher compared to the Alj3Fe4, AlsFe;
and Al,Fe phases. These three phases lead to abrasive wear and adhesive wear on the tool steel sur-
face while the AlFe phase leads to only adhesive wear [9]. In the study by Pelcastre et al. [11] the
Fe, Al;_gSi, Fe, Al Si and FeAl,y/Fe,Als intermetallic phases are identified. Here, the Fe, Aly_gSi
shows severe galling because of its lower hardness compared to the other phases mentioned. This
composition remains in the layer composition for an austenitization temperature of 700°C but com-
pletely dissolves for a longer austenitization time when the austenitization temperature is 900°C .
The Fe, Al Si layer is not present at the surface of the coating layer. The FeAl,/Fe,Als layer shows
mild adhesive wear (galling), because of its hardness and the formed oxide layer. On the other hand
does layer also show abrasive wear on the tools due to its hardness. In this report an austenitization
temperature of 930°C and holding time of 6 minutes is considered, which is in the stable range of
the austenitization time [12] and leaves the AlsFe, and AlFe phases [17, 3].
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Tool finish/coating

The tool surface can be prepared to improve wear behavior during contact by applying a different
finish [1, 18] or by using a coating [16, 19, 20, 15]. Also, research has been done on the use of
different steel grades for the tooling [21, 22].

The roughness and hardness of the tool have been analyzed with respect to wear behavior [18].
The roughness of the tool is controlled by the surface finish: ground, milled or polished. It has been
found that the roughness has a significant influence on galling for low contact pressures, because
more material transfer is possible when the surface has endured less flattening. In this case the
hardness of a material does not show a significant influence. At a higher contact pressure (20MPa)
more flattening of the surface occurs and the roughness of the surface becomes less significant. The
hardness of the tool material provides a reduction in material transfer, but the formation of wear
debris and adhesion is enhanced for higher contact pressures [18].

A coating can be applied to the tool steel to improve wear and friction behavior during contact:
Physical Vapour Deposited (PVD) coating [20, 15, 16, 19] and Plasma nitriding [15, 20]. In litera-
ture different relations have been found concerning the COF and wear behavior for a PVD coating
and plasma nitriding: According to Hardell [15] the coated tool steels show a reduction in wear
compared to untreated tool steel, where plasma nitriding shows a small reduction and the TiAIN
coating a significant reduction. Also, applying either of these coatings results in a lower COF com-
pared to the untreated tool steel. In the paper of Pelcastre [20] the PVD coated tool steel shows
more significant material transfer than uncoated tool steel, while the nitrided tool steel shows a
reduction compared to the uncoated tools steel. The significant wear of the PVD coatings (AICrN
and TiAIN) is attributed to the chemical affinity and similar constituency between the Al-Si coated
boron steel and the coating materials. The reduction of wear in plasma nitrided tool steel is due to
the formation of an oxide layer which reduces the adhesive tendencies of the Al-Si coated sheet.
Also, the effect of the severe wear for PVD caused unstable and high values for the COF. The COF
for the nitrided tool steel provided are more stable, but also show high values for the COF. Then,
according to Mozgovoy [16] the uncoated tool sliding against uncoated boron steel provides the
lowers COF compared to coated tool steel sliding against the uncoated sheet steel (22MnB5) at
high temperature. However, the friction behavior becomes similar for the uncoated and coated tool
steel when the Al-Si coating is applied on the sheet material, indicating that friction behavior is
governed by the Al-Si coating [16, 15]. Applying a PVD coating shows a reduction in the specific
wear rate, although the PVD coated tools containing aluminium have more material build up than
those without aluminium.

The use of different tool steel grades are compared to each other but also to nitrided tool steel
grades. A low temperature (40°C ) the COF is high, but it decreases as the temperature increases,
which is attributed to the formation of oxide layers and intermetallic compounds [22]. The tool
wear increases over temperature, where the nitrided tool steel grades are more favourable compared
to the untreated tool steel grades. The wear of the Al-Si coated sheet material shows less adhesive
wear due to the oxide layers and intermetallic compounds, especially with the nitrided tools [21,
22]. Also, the composition of the tool steel hardly influences the wear when they are all nitrided
[22]. At high temperatures small hard precipitates in the material matrix of untreated tool steel
seem more prone to material transfer and have less abrasive wear compared to large precipitates
[21].

2.3 Friction

In this chapter a closer look will be taken at friction. Friction it is closely related to wear and
is therefore addressed. First, the mechanism of friction and the components that make up the
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coefficient of friction are addressed. As stated in the introduction in figure 1.3 the COF depends on
the tribological system during a forming process, which is elaborated on in section 2.3.2. The final
section will discuss the findings in literature under varying experimental conditions.

2.3.1 Mechanism

Friction is the resistance of two surfaces sliding in relative motion to each other. This resistance
is expressed in the coefficient of friction, which is a property indicating the relation between the
normal force and the friction force. In the relation in equation 2.3 the friction force, also called the
Coulomb friction when it is a constant, can be seen as a threshold for when movement is about to
start. This maximum force is also called traction.

F, = pFy (2.3)

Friction within hot stamping is caused by energy dissipation. The contributing factors to the
friction in this case is the energy needed to overcome the adhesive forces between the workpiece
and tool surface, the ploughing of asperities through the workpiece surface as well as the tool
surface and the flattening of asperities on the workpiece surface [23, 15]. The total coefficient
of friction is mainly caused by the ploughing and adhesion between the interacting surfaces, the
relation is shown in equation 2.4.

Uroral = .uploughing =+ Uadhesion (24)

The ploughing component is caused due to the ploughing action of the harder asperities through
the softer contacting material. The adhesion component depends on the interfacial shear strength
and the hardness of the material, shown below.

Ts

Hadhesion = E 2.5
F
with 1, = ;’Td” (2.6)
r

where 7, is the interfacial shear strength, H the hardness, F,;, the friction force due to adhesion
and A, the real area of contact [15].

2.3.2 Tribological system

The coefficient of friction is a property of the system. In figure 1.3 the material parameters, the
surface properties, the process parameters and the lubrication properties are shown to have an influ-
ence on the friction coefficient. Here, the relation between each of these factors will be elaborated
on further.

The friction is different when using different lubrication conditions, which influences the con-
tact between the two surfaces. The amount of lubrication used in the process is classified in dif-
ferent regions according to the Stribeck curve presented in figure 2.5. The specific film thickness
(A) in this figure is defined as the ratio between the fluid film thickness (k) and the composite Root
Mean Square (RMS) of the surface roughness (S,), which provides three different regions when
combined with the COF [24]. The regions are explained below.

e Boundary lubrication: The amount of lubrication fills the valleys of the surface roughness.
During loading and/or sliding the stresses are fully carried by the surface asperities.
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Figure 2.5: Stribeck curve [25].

e Hydrodynamic lubrication: This lubrication regime overflows the surface with lubricant.
The load is then completely carried by the lubricant.

e Mixed lubrication: A combination of the previous two case is present in this regime. In
the sense that the surface asperities as well as the lubrication both carry a part of the load
applied.

The amount of lubrication used in a forming process does not imply the same region, because
the roughness height in combination with the film thickness dictates which lubrication regime
should be used. The real area of contact, at micro level, is between the asperities of the tool and
the softer flattened asperities (plateaus) of the sheet. When the real contact is bigger the friction
coefficient becomes lower, because the normal force is distributed over a larger area. The normal
force also influences the real area of contact, because a larger normal force will provide more
surface deformation, which creates bigger contact patches (contacting asperities). The deformation
of the surface asperities depends on the material parameters. Therefore, the surface parameters,
lubrication parameters, material parameters and process conditions are important for identifying
the situation of the tribological system as in figure 1.3.

In hot forming the main difference to cold forming is the elevated temperature and, therefore,
the material of the sheet material during forming. This causes the sheet material properties to
change, which influences the interaction between the two surfaces. Also, due to the elevated tem-
peratures it is difficult to apply lubricant, because at this time no lubricant is available which is
stable at the high temperatures used in hot forming. In the TriboForm model concerning friction
the boundary lubrication regime is used.

2.3.3 Process parameters

In literature it is found that the friction coefficient depends on multiple parameters and changes
during the metal forming process. Here, the influence of temperature, pressure and velocity found
in literature are summed up. The effect of the surface coating on the coefficient of friction has
already been treated in the previous section on the material, section 2.2. In figure 2.6 an overview
of the most common influences on the COF is shown with accompanying reasons to the behavior
according to Schwingenschlogl et al. [13]. The relations described for the conditions below are
focused on the UHSS with an Al-Si coating.
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Figure 2.6: Overview of temperature, velocity and pressure effect on the friction coefficient for
22MnB5 with an Al-Si coating. Adapted from [13].

Temperature

In literature it is found that the friction decreases when the workpiece temperature increases [13,
26, 15, 27, 28, 29]. Also, for an increasing tool temperature the friction decreases (75°C - 375°C
)[13], (25°C - 300°C )[29]. An exception for the relation of the workpiece temperature is found
when higher pressures are applied, the decreasing trend of the coefficient of friction is interrupted
for temperatures between 600°C and 700°C at which point the COF slightly increases [13]. The
reason for the decreasing friction can be attributed to multiple things 1) the formation of an oxide
layer on the workpiece surface, which reduces adhesive forces and in turn also the COF [14], 2)
the reduction of shear strength of the coating, which leads to an easier deformation of asperities at
elevated temperatures and therefore a lower COF [7, 27].

In contradiction, it is found that the coefficient of friction increases over temperature and greatly
increases at 600°C [30]. This increase in COF is attributed to the occurrence of severe adhesive
wear. Also, a combination of a decreasing and increasing COF has been observed. In this case
the COF stops its decreasing trend when excessive grooving due to high temperature and high
contact pressure occurs [13]. The trend of an initial decreasing COF and later on increasing COF
for elevated temperatures has also been observed by Venema [3].

Pressure

The influence of pressure on the friction in hot metal forming is more difficult to check, because a
pressure range is more difficult to simulate in an experimental set up. It is found that the coefficient
of friction decreases for increasing pressure 2.5MPa - 7.5MPa [13], 6.5MPa - 15MPa [26], 5SMPa -
25MPa [7], 10MPa - 20MPa [31]. The decrease in COF for high temperatures (500°C - 600°C ) is
explained as a result of the increased flattening of the roughness peaks due to a higher contact pres-
sure [13, 7]. More flattening leads to less mechanical interlocking and therefore a lower friction.
According to Ghiotti et al. [26] the influence of pressure is the least significant when compared to
temperature or velocity.
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Velocity

It is found that for an increasing relative velocity the COF decreases, 10mm/s - 120mm/s [13],
10mm/s - 60mm/s [26], 25mm/s - 75Smm/s [30]. This is reduction in COF is shown for a Al-Si
coated [26, 13] as well as a Zn-base [26] coated workpiece material. The effect is explained by
the temperature rise due to frictional heat [3, 32]. Another explanation is the reduced adhesion,
because for a higher velocity there is less time to create adhesive junctions [13, 31]. Also, no
significant influence on the COF due to sliding velocity has been observed, 1mm/s - 10mm/s [7],
10mm/s - 100mm/s [31]. In the thesis of Mozgovoy [31] the influence of sliding velocity was only
marginal, regardless of the contact pressure, for uncoated boron-steel as well as Al-Si coated boron
steel, which is different from the other observations in literature. This is attributed to differing
contact conditions when comparing the results.

2.4 Wear

Here, wear in hot forming will be discussed. Again, the mechanism will be discussed first. The
wear mechanisms will be stated and the ones of interest will be explained in more detail. Then
the wear modes will be elaborated on, which are also of importance for calculating the friction
later in section 3.3.3. Of the wear mechanisms mentioned before some extra attention will be
given to galling, because it is the goal of this research to predict the galling behavior with a model.
Finally, this chapter will conclude with the finding in literature on wear under varying experimental
conditions.

2.4.1 Mechanism

Wear is the loss of material from a surface due to relative motion with another solid, liquid or
gaseous surface. The loss of material in SMF is experienced as a negative effect on the product,
but also on the tooling. According to the German standard DIN 50320 [33] four wear mechanisms
are classified [34]:

e Tribochemical wear: One or both the surfaces chemically react with components of the
lubricant and/or the environment resulting in material loss.

e Surface fatigue: Due to cyclic stress variations in the contact crack form and start to grow
resulting in material loss. The wear only occurs after a certain amount of time.

e Abrasive wear: The relative harder surface (or hard particles) scratches material from rela-
tive softer surface in relative motion.

e Adhesive wear: Material transfers from one surface to the other surface in contact in relative
motion, because the bond of the material to its own surface is weaker than the bond to the
other surface.

The wear mechanisms observed in the industry (and literature) for hot SMF are adhesive wear
and abrasive wear. These two mechanisms contribute to the galling wear mechanism and are there-
fore elaborated on in more detail.

Abrasive wear

The abrasive wear is divided in two sub-mechanisms: two body abrasive wear, third body abrasive
wear. In the two body abrasive wear the surface of one of the contacting surfaces is relative hard
and relative rough compared to the other surface and causes scratches in this softer surface. Also,
when relative hard particles are embedded in one of the contacting surfaces it can cause scratches
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to the contacting surface. The third body abrasive wear mechanism occurs when hard particles are
trapped between the two surfaces and can freely move around when the surfaces are in relative
motion.

(a) (b) (c)
three body two body two body
abrasive wear; abrasive wear; abrasive wear;

freely moving particles. embedded hard particles.  hard rough surface.

Figure 2.7: Abrasive wear mechanisms [34].

Adhesive wear

For adhesion to occur the interaction or adhesive force between the sheet and the tool needs to
be sufficiently high. Adhesion is the attraction between two different atoms or molecules, where
as cohesion is the attraction between two similar atoms or molecules. Different mechanisms can
cause two materials to stick together:

e Mechanical interlocking: The contacting (rough) surface material hooks into valleys of the
(rough) counter material, which sticks them together.

o Diffusion: Atoms diffuse across the interface of the two contacting surfaces, which cause
particles from one surface to stick to the other like sintering.

e Electrostatic: Conducting material pass electrons at the interface, which creates electrostatic
forces between the materials.

e Chemisorption: Chemical bonds are formed on the interface. These chemical bonds can be
ionic, covalent or hydrogen bonds.

e Physisorption: The attraction between two molecules where each has a slight positive and
negative charge. These are intermolecular forces, which are also known as ‘Van der Waals’
forces.

Here, the focus will be on chemisorption, mainly metallic bonding, and physisorption, which
is the Van der Waals interaction between molecules (or atoms). Of these two adhesion mechanisms
the metallic bonds are dominant when there is a short distance between the molecules (lower than
0.5nm) and the Van de Waals forces are dominating when there is a larger separation. In the
adhesion theory the interaction energy is separated into a geometry dependent contribution and a
material independent contribution. In the case of galling the material aspect of adhesion is more
important, because distance between the particles and the tool approximate the atomic distance
(when wear particle are assumed to be ~ 10nm) [4].

The bond between material in contact is important for material transfer. The physical bond
between material is determined by the interfacial and surface energies. Equation 2.7 shows the
work of adhesion (Ay), which is the work per unit area that needs to be done in order to separate
two surfaces, one of material a and one surface of material b. The surface energies of material
a and b are represented by 7, and 7, respectively and 7, is the interfacial energy between these
two materials. The adhesive force of the interaction between two metals depends on their mutual
solubility. A high mutual solubility between two metals indicates that the adhesion forces (7, and
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%) between the metals is strong. Also, this means that the interfacial energy (7,;) should be small
and the work of adhesion (AY) is high. The compatibility of metal pairs, which are of interest for
the material used in this report, are shown in figure 2.8.

AYab = Ya+ Yo — Yab (2.7
Cr|Fe|Ti|Si|Al|C
clelelolelelo @ Incompatible
AllO|IO(O@|O @ Partially incompatible
5i|Q|@|©|0 @ Partially compatible
II g 8 O ® Compatible
‘e
crlo O Identical

Figure 2.8: Compatibility pairs. Adapted from [35].

It is very difficult to determine the interfacial energy of two dissimilar materials and therefore
the mutual solubility is used to determine the work of adhesion. This changes equation 2.7 to the
relation below:

AYap = (Yo + ) (2.8)

where ¢, is the compatibility parameter, which depends on the solubility category as presented
in figure 2.8. In table 2.1 the values that belong to each solubility category are given. Note that
the values give an indication and that the solubility categories are ranges. The surface energies
are derived from clean metals, which is not valid for material used in forming processes due to
contamination and/or oxide layers. However, the contact will be modelled as contact between two
bare metals due to continuous shear that will take place in the wedge formation regime, which is
linked to the initiation of galling (see section 3.4).

Liquid | Solid (RT) | ¢,
Identical 1.00
Comp. yes >1% 0.50
Part. comp. yes 0.1-1% | 0.32
Part. incomp. | yes <0.1% 0.20
Incomp. no 0.12

Table 2.1: Properties of mutual solubility categories [4, 35].

2.4.2 Wear modes

In literature three wear modes for cold forming have been identified [36, 37]: ploughing, wedging
and cutting. These wear modes are mainly linked to abrasive wear, but also can relate to adhesive
wear. From these wear modes a relation for the coefficient of friction is described, which will be
explained in more detail in section 3.3.3. A single asperity is classified as one of the wear modes
based on its attack angle (6) and shear factor (f¢), see figure 3.7. The shear factor is the ratio
between the shear strength of the boundary layer and the shear strength of the plastic deformed
material (equation 3.6). The visual interpretation of the wear modes can be seen in figure 2.9.
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In the cutting regime material is removed from the softer surface in the form of long ribbon-like
chips or flakes. The wedging wear mode causes material flow in front of the asperity. Also, material
is removed in this case, but the material is smaller and not shaped like chips or flakes. Then,
material of the soft surface is displaced to the sides of the wear track according to the ploughing
regime of the wear modes. In this case no material is removed from the surface. Ploughing also
occurs in the cutting and wedging regime, but in a much smaller capacity [37, 2].

(a) Cutting of unlubricated brass (b) Ploughing and ridge forma- (c) Wedge formation by steel
by steel pin. tion by a steel pin against unlu- pin against unlubricated stain-
bricated brass. less steel.

Figure 2.9: Scanning electron micrographs of wear modes [37].
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Figure 2.10: Schematic representation of galling mechanisms [20].

2.4.3 Galling

The wear mechanism of interest is galling, which is classified as a sub-mechanism of adhesive
wear. The main process of operations of galling is divided into three phases [38, 39]: Initiation,
Lump growth and Scratching. The initiation of galling is controlled by the adhesion of material
from the sheet to the tool at the contacting areas, which is most likely to occur at defects and/or
irregularities at the tool surface [40]. Once material is locally adhered to the tool it is most likely to
accumulate more material in that location in subsequent forming cycles, because the initial adhered



2.4 Wear 16

material has made it a more clear irregularity. This is called lump growth. The locally formed tool
lump grows with every formed product until it reaches a significant size, which causes damage to
the surface of the product. This damage is in the form of scratches in the direction of the relative
motion during forming. Also, the accumulation of material can cause a different cooling rate for
the workpiece, which damages the workpiece as unwanted deformations during cooling.

Two initiation mechanisms for galling have been identified for uncoated tool steel and Al-
Si coated UHSS. Galling on the tool surface occurs by direct adhesion (adhesive galling) and
by accumulation and subsequent compaction of wear debris (compaction galling) [20]. Of these
two galling types the compaction galling has been identified as the main contributed to galling
[18, 20]. A schematic overview of the galling initiation mechanisms is shown in figure 2.10. In
LI and LII the accumulation of wear debris for compaction galling is shown, where LII also shows
adhesive galling when the accumulation of wear debris is not possible anymore. In II.I and II.IT only
adhesive galling is observed, because no suitable sites are available for wear debris to get trapped
and accumulate. The growth of the adhesive galling and compaction galling in these situation can,
on its own, also act as an obstacle and contribute to enhanced galling, which is shown in III and IV.

2.4.4 Process parameters

Also, the effect of wear for hot forming has been studied in literature. Here, the influence of
(high) temperature, pressure and velocity on the wear mechanism are discussed. The material
has been discussed in section 2.2, which includes the influence of the surface treatment of the
workpiece as well as the tool on wear behavior. An overview of the most common influences
on the adhesive wear behavior is shown in figure 2.11 with accompanying reasoning according to
Schwingenschlogl et al. [13]. The relations described for the conditions below are focused on the
UHSS with an Al-Si coating.

Workpiece temperature Tool temperature Relative velocity Pressure
— —_ —_
@© @ @
3] @ @
= \ = \ = 2
Twe Ty VRel p
Increasing wear due to... Decreasing wear due to Decreasing wear due to time Impact on adhesive wear not
... temperature dependent oxidation on tool surface. dependent diffusion of atoms.  measurable.

diffusion rate of atoms.

... reduced shear strength of
Al-Si coating.

... increased contact area due
to flattening.

Figure 2.11: Overview of temperature, velocity and pressure effect on adhesive wear for 22MnB5
with an Al-Si coating. Adapted from [13].!

Temperature

At high temperatures abrasive and adhesive wear are present during relative motion in a forming
process. The effect of temperature observed in experiments, mimicking the conditions of a forming

I'The used pressure range (2.5MPa - 7.5MPa) does not show a clear relation for adhesive wear over pressure [13].
However, the general consensus is that an increase in pressure causes an increase in adhesive wear (galling).
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process, is that the wear increases over temperature. However, the impact of abrasive and adhesive
wear can deviate in the experiments.

It has been found that the adhesive wear increases over temperature and that it is the dominant
wear mechanism at high temperatures; 530°C - 700°C [13, 41], 500°C - 800°C [9], 600°C - 800°C
[42] and 500°C - 700°C [30]. This increase has been attributed to an increased diffusion rate for
high temperatures [41] and to the brittleness and hardness of the coating and its intermetallic-phases
(Al-Si coating), which is more brittle and harder at relative low temperature (500°C ) [9, 30]. Also,
it is noticed that the increase in adhesive wear is less significant from 600°C to 700°C compared
to from 530°C to 600°C [13]. This is presumably caused by the formation of oxide layers, which
prevent direct metal-metal contact and therefore reduce adhesion. Also, the oxide particles are a
form of wear debris, which have an abrasive character [43].

On the other hand it has been found that abrasion is the dominant wear mechanism for the
high temperatures (>600°C ), while the adhesive wear shows more presents at lower temperatures
[3, 27]. According to Medea et al. [27] the transformation from adhesion to abrasion is attributed
to the decrease in hardness of the tool steel, which has a high thermal conductivity in this research,
over temperature. The main cause for the dominant abrasive wear, according to Venema [3], is the
loose debris from the coating and embedded debris in the coating at higher temperatures, because
the coating hardness is lower for high temperatures.

Also, the effect of the tool temperature on wear has been analyzed. Here, the adhesive wear is
reduced when using elevated temperatures (75°C - 375°C ) [13]. This is caused by the formation
of oxide layers, which prevent direct metal-metal contact. However, the effect of abrasive wear due
to increased tool temperatures is not mentioned.

Pressure

An increase in material transfer over pressure has been observed in literature; 10MPa - 20MPa [1,
18, 31]. A possible explanation, by Pelcastre [1], for this behavior is that higher pressure allowed
easier adhesion of the coating and compaction of wear debris onto the tool surface even though
more flattening occurs, which reduces the sites for debris entrapment. Similarly, it is explained by
Mozgovoy [31] that more adhesive junctions are building up for a higher contact pressure, while
the plastic deformation of the material surfaces results in a better adaptation to each other.

Also, no significant impact has been seen in the experiments of Schwingenslogl et al. [13, 41],
which use a pressure range from 2.5MPa to 7.5MPa. At first [41] the opposite relation for adhered
material was concluded, more transfer material at lower pressures, but this conclusion has been
changed to no significant impact over pressure [13].

Velocity

The wear behavior regarding the impact on velocity has been observed in literature. The general
finding states that more adhesive wear is seen for slower relative velocities; 30mm/s - 120mm/s
[41], 10mm/s - 120mm/s [13], 25mm/s - 75mm/s [30] and 10mm/s - 100mm/s [31]. The increased
adhesion for slower velocities is attributed to the longer time in contact. This provides more time
to form adhesive junctions [31] and also provides more time for diffusion of atoms [13, 30].

2.5 Models

The models used for this project will be discussed in the next section, Galling model. Here, find-
ings in literature concerning applied relations in the lump growth model will be elaborated on, to
preserve continuity in the section regarding the lump growth model.
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The growth model is applied to the asperities initiated for galling. This model considers ma-
terial to adhere to the tool asperities, which connects the growth of an asperity to adhesive wear.
The model for asperity growth, as a main reference, is developed by van der Linde [4], which is
developed for cold forming purposes. The volume used for the growth (V;,4,s) of an asperity is a
fraction of amount of material that will is worn of (V,,..,) by an asperity, which is shown in equation
2.9. In this equation the worn volume defined by Archard [44] is used, see equation 2.10. Also,
the transfer volume according to equation 2.9 is not the final amount of volume, because the final
volume depends on the stability of the asperity the material adheres to. This procedure will be
explained in more detail in section 3.5.

Virans = CfrAylslidekan (2.9)
Vivear

= (2.10)
lslidan

Addition information concerns the equations above will be elaborated on. First, the lump
growth model is developed for cold forming and therefore might not hold for hot forming. Now,
this model still will be applied to see how well it performs when used in hot forming conditions.
However, the wear rate k,, and the adhesion energy Ay from the equations above are different over
temperature.
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Figure 2.12: The temperature effect on the surface energy of the (110) and (001) facets of body
centered cubic (bcc) Fe. Adapted from [45].

The wear rate (k,,) used in the thesis of van der Linde [4] is copied in this report, which is
based on the wear modes proposed by Challen and Oxley [36]. In literature different values for
k,, are found. In the study of Lee and Jou [46] on a warm forging process the temperature of the
die varies from 100°C to 400°C and therefore the hardness and wear rate are not constant. Here,
the wear rate is determined as a function of temperature using Archard’s wear theory. Also, Deng
et al. [47, 48] use a temperature dependent wear rate in a modified Archard wear model for their
wear and galling predictions. The Archard equation used in this case, equation 2.11, where g is the
galling growth rate, V the volume gain, F' the normal force and s the sliding distance. Later, Deng
et al. [49] present a model with quantitative galling results dependent on pressure and temperature.
Again, the modified Archard’s wear model is used where the wear rate (or galling growth rate)
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is calibrated on the experiments with varying pressure (SMPa - 15MPa) and varying temperature
(600°C - 800°C).

4
~ Fs

The adhesion energy (Ay) from equation 2.9 in the thesis of van der Linde is assumed to be
a fixed value for a certain material at room temperature, for iron Ay =~ 2.4Jm~2 [50]. The value
used at room temperature is not the same for hot forming temperatures. In fact, the adhesion
energy changes over temperature. Figure 2.12 shows the iron-iron surface energy decrease while
temperature increases for Fe with two different sliding planes [45].

g @.11)

2.6 Limitations

The general outline for the approach has been described above in the models section, but there are
still some limitations present which will be summarized here.

e The models used in this research are based and verified on cold forming, but are applied
for hot forming conditions. Assumptions valid for cold forming do not necessarily have to
be the same for hot forming (for example the COF based on the wear modes from Challen
and Oxley, the use of Archards wear equation and the adhesion energy for metal at elevated
temperature).

e The assumptions made in the equations used in the worn volume and the transfer volume do
not include temperature dependency for the wear rate and the adhesion energy. Temperature
is the main influence, which will be calibrated for in section 5.

e The lump growth model only considers growth of a single asperity, but does not include
interaction between the multiple growing asperities. Examples of the interaction are 1) the
merging of asperities due to material transfer and 2) the direction dependent asperity contact,
which causes less available material for asperities that will come into contact later. In section
6 an investigation on the overlap of galling initiated asperities during growth will be done.

e The lump growth model is based on the addition of material due to adhered material while
compaction galling is also a significant contributing factor to galling. Here, the model will
be calibrated without making a distinction between the way volume is added to the tools.

e A lump does not keep growing infinitely. At a certain point the growing asperity cannot
withstand the forces acting on it anymore and will break of causing wear debris. This debris
interacts with the surfaces and is therefore not included.
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3 Galling model

In this chapter the models connected to galling are described. A schematic overview of the galling
model is already given in figure 3.11. First, the topography of the workpiece material and tool
material are shown to get a feeling of the material dealt with later in the experiments and validation.
Followed by the material model fro hot forming. Then the schematic overview will be followed.
Starting with the contact model already in use in the TriboForm Solver will be addressed. The
contact area, friction and asperity shape from the contact model will be used in the galling models,
which are the galling initiation model and the lump growth model. The galling initiation model
shows the criteria for which an asperity will be a contributing factor to galling. Two different galling
initiation model will be proposed. This is followed by the lump growth model, which shows how
adhered material will be deposited on the galling initiated asperities. In addition, the multi asperity
lump growth shows how the single asperity lump growth is used for an area in contact, which will
be shown for two different cases.

3.1 Topography

The material used in this report is 22MnBS5 with an Al-Si coating for the sheet and a mill finished
tool steel for the tooling. The topography and surface height distribution of these two surfaces are
shown in figure 3.1 and figure 3.2 for the tools and sheet respectively.

Texture direction [7]

(a) Topography. (b) Surface height distribution.

Figure 3.1: Tool surface.

3.2 Material model

In this section the material specific values that are used in the contact and galling model will be
elaborated on. The material model for hot forming will be discussed. Then, the high temperatures
lead to changes in the shear factor, which is of importance in determining the coefficient of friction
in the contact model. The use of the shear factor will be explained in section 3.3.3.
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Texture direction [7]

(a) Topography. (b) Surface height distribution.

Figure 3.2: sheet surface.

Abspoel van Liempt hardening

In TriboForm the material model according to hardening law proposed by Abspoel and van Liempt
[51] for hot forming is used. This model has been tested in the temperature range of 500°C to
900°C and the boundaries for the strain rate are 0.1/s till 10/s. The flow stress (o) is described as a
summation of the athermal limit of the yield stress (0p), a stress due to thermal activated dislocation
glide (0*) and a strain dependant work hardening component (G,).

Of = GO+G*(87T)+GW(8587T) (31)

with £ the strain rate, T the absolute temperature and € the plastic strain.

The contribution of the thermally activated stress component can be isolated by taking a look at
the stress at the moment of yielding. At that point no contribution due to work hardening is present.
Therefore, the yield stress (o,) can be described by a static and a dynamic part.

ky-T =\ 1"
ay:ao+ag;-[1+” ln<£)] 3.2)

AGy  \ &
with oy the dynamic stress at zero thermal activation, k;, the Boltzmann constant, AG( the maxi-
mum activation energy (material specific constant), €y the strain rate for thermal activated move-
ment (material specific constant) and m’ a strain rate exponent.
Then, to describe the work hardening component a physical model using dislocation theory is
used. The flow stress is written as yield stress and a stress component as a function of the shear
modulus (G) and dislocation density (p).

or=0y+a-G-b-\/p (3.3)

with o the Schmidt factor and b the Burgers vector. Utilising the relation between the dislocation
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density and work hardening the equation can be rewritten.

/

U .
oi = 0, + <Q> J1—et@eny] (.4)
with U’ the normalized hardening parameter and Q the parameter describing the annihilation an
remobilization of dislocations. Combining equation 3.2 and 3.4 the flow stress as a function of
temperature, strain rate and strain looks like:

kT e\]" (U
6 =0p+0] [1+ AbGO ‘In (80)} +<Q) : [1—e*<9/2)'8} (3.5)

Here, 0y,0;,€, U’ and Q are unknown parameters, which is determined using strain-stress data
[51, 52]. The values based on Tata Steel material data, which are also used in the TriboForm Solver,
are shown in table 3.1.

Parameter Unit 22MnBS - Tata Steel (Abspoel)

oo [MPa] 44
o} [MPa] 188

& [1/s] 106

ky, [eV/K] 8.617 x107°
AGy [eV] 1.8

U’ [MPa] —10T + 13500
Q [-] —1.73721n(&) + 18

Table 3.1: Fitted parameters of the Abspoel van Liempt hardening model.

Shear factor

The shear factor is used in determining the friction contribution of an asperity as will be seen in
section 3.3.3. The relation for the shear factor is shown in the equation below.

T

fc= p (3.6)

with 7 the shear strength of the interfacial boundary layer and k the bulk shear strength of the
plastically deforming material. The boundary layer shear strength for cold forming is described in

equation 3.7
o C <P) 3.7)
po

with C a constant in [Pa], p the applied contact pressure, pg the reference pressure and n a fitting
parameter. Here, p is equal to the hardness (H) of the softer material, because full plastic defor-
mation is assumed. The shear strength of the workpiece material (k) is derived from the Von Mises
criterion for pure shear and is shown in the equation below.

o H

BV3
with H the hardness of the material and B the hardness factor. This hardness factor for steel mate-
rials in cold forming is experimentally obtained using Brinell hardness tests [53]. The relation for

(3.8)
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the shear strength holds for approximately ideal-plastic behavior, which is present during a Brinell
hardness test. Changes in the stress state, geometry of indenter or bulk strain will change the value
of this hardness factor [24]. The value of the hardness factor for the material, used in this report
(22MnBS5), in hot forming is calibrated, B = 1.25. The hardness factor is obtained via calibrated
using the real area of contact during normal loading only.

The shear factor for hot forming used in the TriboForm Solver in shown in equation 3.9 and
visualized in figure 3.3. This does not use the relation of equation 3.6, because it does not hold for
hot forming situations. Therefore, the shear factor is calibrated using experimental data [32].

0.9
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Figure 3.3: Shear factor for hot stamping as a function of temperature.

for T <550°C fc=0.71
for T >750°C fe=0.80 (3.9)
for 550°C < T <750°C  fe=15.667e ST>—6.917¢ 3T +2.8

3.3 Contact model

A contact model for the boundary lubrication regime is used to get the real contact area on the micro
scale. The real contact area contains the surfaces of each patch of the tool in contact with sheet
after normal loading, bulk deformation and sliding deformation (section 3.3.1). The approach,
applied within the TriboForm Solver, to determine the contact area is adopted from the thesis of
Hol [24] and will only be addressed briefly. These asperity contact patches are used to determine
an elliptical asperity shape, which is more convenient in further calculations (section 3.3.2). This
elliptical asperity is used to calculate the friction coefficient of each single asperity and of the total
amount of asperities of the contact area (section 3.3.3). The determination of friction will be shown,
because the wear mode diagram is used in a galling initiation model, section 3.4 Initiation based
on wedging regime, and because the evolution of friction over sliding length due to galling will be
assessed, section 3.6.2.

3.3.1 Contact area

The deformation of a rough surface due to normal loading, sliding deformation and bulk defor-
mation is used to determine the contact area [24], in figure 3.4 the flattening is visualized. The
roughness of the workpiece is modeled with bars as shown in figure 3.5.
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Figure 3.4: 3D surface texture of the undeformed workpiece (left) and deformed workpiece (right)
[24].
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Figure 3.5: A relative soft surface (workpiece) crushed by a rigid and perfectly flat surface (tool)
[24].

The flattening of the rough surface due to normal loading uses energy conservation and vol-
ume conservation to find the real contact area [24, 54]. The internal energy needs to be equal to
the external energy when energy conservation is applied. Here, the external energy is the energy
required by the tool to crush the contacting bars of the asperities. The internal energy is described
by the energy absorbed by the crushed bars (W, ), the energy needed to lift non-contacting bars
(Wins,i) and the energy to shear bars in relative motion (W, ), see equation 3.10. The volume
conservation requires that the volume of the crushed bars (V) is equal to the volume of the raised
bars (N* and N**, bars coming into contact and bars not coming into contact respectively), see
equation 3.11.

Wer =W,
ext int (3.10)
Wewr = VVint,ab + VVint,ri + VVint,sh
N N** N*
AZA =) AuyAA+ ) AujAA (3.11)

i=1 =1 j=1

with Az the crushing height of the bars and Au the raise of the bars (figure 3.5).

Then, the sliding deformation, which is combined with the normal loading case, is applied
[24, 53]. This includes an increase in area due to the sliding contact between surfaces. The real
fractional contact area (o) needs to grow to satisfy equilibrium when micro level contact is consid-
ered, because the tool is no longer assumed to be perfectly flat at this level. Also, the real contact
area grows due to additional tangential load caused by sliding, called junction growth. Equation
3.12 shows the increase in fractional real contact area (v), which depends on the junction growth
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factor k and the friction coefficient u. The junction growth factor used in this research is k = 135,
which is calibrated to match the shear factor for hot forming in section 3.2.

v=1/1+ku? (3.12)

Finally, the bulk deformation is applied [24, 54], which is also combined with the normal load-
ing case. The bulk deformation includes further plastic deformation of asperities due to stresses,
perpendicular to the normal loading direction, applied by the normal loading. This causes more
flattening of the contacting asperities and, therefore, causes an increase in real contact area (A,).
This is also known as a decrease in the effective hardness (H.¢) due to bulk straining of underlying
material, see equation 3.13.

Hyp = Prom (3.13)
o

3.3.2 Elliptical paraboloid asperities

The contact area used in the previous section is based on elliptical paraboloid asperities. These
asperities are obtained using the following steps. First, the contact area is determined using force
equilibrium. The contact area dictates how much the tool needs to indent the sheet to get the
same contact area. From this, the contact patches can be defined using ’connected components
labelling’. This image processing technique uses a group of pixels that is connected with an edge
or a corner to define a elliptical asperity base, figure 3.6 (left). These pixels (or bars) each have a
certain height and therefore a certain volume, figure 3.6 (middle). The volume is used to determine,
using volume equilibrium, the paraboloid on top of the elliptical base. This provides an elliptical
based paraboloid asperity from which geometrical properties are used in later calculations, figure
3.6 (right) [24].
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Figure 3.6: Schematic overview from contact patch to elliptical paraboloid [24, 55].

The base of the elliptical paraboloid is approximated by an ellipse that has the same normalized
second central moment as the pixel patch identified by the image processing technique. The volume
of the elliptical paraboloid (V,;;) is shown in the equation below:

@ ® wab Tabw A ®
VeH:-/O ﬂa,(Z)b’(Z)dz: A FZdZ: 2 — e;l

with a’(z):a,/% and b'(z)=b ("(;Z (3.15)

where a is the major axis and b is the minor axis of an ellipse, ® is the indented distance into
the softer surface and therefore also the height of the elliptical paraboloid asperity. This height is

(3.14)
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determined by assuming that the contact area and the volume of the elliptical paraboloid is equal
to that of the identified contact patch, conform to the volume equilibrium mentioned before.

_ 2Venn _ 2Vep _ 2pxpy2?:1 ; _ %i o (3.16)
Aen Acp npxpy n;=
with n the number of pixels, p, the pixel size in x-direction, p, the pixel size in y-direction and @
the height of each pixel. Also, the subscript ‘ell’ refers to the elliptical paraboloid and ‘cp’ refers
to the discrete contact patch.
From the definition of the elliptical paraboloid the effective attack angle (O.¢r) between the tool
asperity and the sheet surface can be defined as in the equation below.

2w+/(bcos @)2 + (asin (p)2>

(3.17)

Ot = arctan
ab

where ¢ is the orientation angle between the horizontal axis (sliding direction) and the major axis
(a) of the ellipse.

However, this effective attack angle is based on a 3D plane strain expression, which is not valid
when applied to the 3D nature of the contact patch and consequently the elliptical paraboloid. To
compensate for this transition the shape factor ), introduced by Hokkirigawa and Kato [37], has
been added to modify the effective attack angle as seen in equation 3.18. The shape factor is unique
for every tool-sheet combination and therefore sliding experiments should be performed to get a
more reliable value for the shape factor.

2 )2
0 = arctan <2a)\/(bcos;pc)lb—|— (asin @) ) (3.18)

3.3.3 Friction coefficient

First, a single asperity friction case will be discussed, which is at the micro level of contact. Then,
the single asperity case is applied for each asperity in the multi asperity case. Each of these single
asperities has its own contribution to the total friction of the contact area, where the interaction
between asperities is not accounted for.

Single asperity contact

The contact model of Challen & Oxley [36, 37] is used to get the friction coefficient for a single
asperity. The model is developed on a 2D slip-line field assuming plane strain deformation and ideal
plastic behavior. The model describes three wear modes: cutting, ploughing and wedge formation
(figure 2.9). The active mode for a certain asperity is determined by the wear mode diagram, see
figure 3.7. The mode depends on the attack angle (0) and the shear factor (f,.). The definition of the
attack angle is shown in equation 3.18. The shear factor for hot forming conditions is found using
equation 3.9, where it is a function of temperature. The mathematical approach of determining the
coefficient of friction for cutting, ploughing and wedging can be found in appendix A.1.

Multi asperity contacts

The multi asperity friction model uses all the tool asperities in contact with the softer work piece
material to determine the COF for a surface area [24, 55]. Each identified contact patch needs to go
through the single asperity case described above: identify contact patch, transform contact patch to
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Figure 3.7: Wear mode diagram [17].

elliptical paraboloid and use this shape to determine the individual friction coefficient according to
the wear modes. After that, the friction coefficient of the surface area is obtained by dividing the
total friction force F,, by the total load carried by the contact patches F, which can be seen in the
equation below:

F Z i (6:;)A:H
‘LL = F—W = 7’21 m (319)
N Y AH

with m the number of contact patches, y; the friction coefficient of a single asperity, A; the area
of the elliptical base of the asperity and H the hardness.

3.4 Galling initiation model

Before an asperity grows in size according to the lump growth model (section 3.5) it needs to be
determined if the asperity is initiated for galling, and therefore lump growth. A criterion needs to be
set to check whether the composition of the asperity in combination with the input parameters of the
process is suited to be initiated. First, the galling initiation model developed for cold forming will
be briefly treated. Then, the galling initiation for hot forming situations will be discussed. Here,
two possibilities will be proposed with an initial comparison. From these two initiation models for
hot forming, one will be chosen based on empirical validation, see section 7.

34.1 Cold forming

In cold forming the galling initiation has been described by van der Heide [2, 56]. It is proposed that
galling will be initiated when direct contact between the tool and the workpiece material occurs.
This direct contact is caused by local lack of lubricant, lubricant failure. This is formulated as the
flash temperature initiation model, which is shown in the equation below.

T.=Ty+Tr > Teris (3.20)
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where T. the contact temperature, 7}, the bulk temperature, Ty the flash temperature, which is the
local temperature rise, and T, is the critical temperature of the lubricant at which it will fail. The
local rise in temperature depends on the heat generated by friction and on the thermal conductivity
of the material. It is assumed that material transfer only occurs when an asperity is in the wedge
regime. This is because ploughing does not show material loss and can therefore not accommodate
material transfer. Also, no material transfer can occur in the cutting regime according to its defini-
tion, because the removed material is in the shape of long chips, which are not likely to adhere due
to its size [2].

3.4.2 Hot forming

The cold forming model for galling initiation can not be copied exactly for hot forming, because
the temperature condition, concerning the lubricant, is removed in hot forming. Currently, no
lubrication is available that is stable for these elevated temperatures. As stated before, two models
for the initiation of galling for a single asperity will be proposed. First, an existing approach based
on the fracture of the coating proposed by Nesselaar [17], which has been developed using TriMM
(stand-alone software package used at the University of Twente). This software provided low values
for the shear factor (fc), which prohibited adopting the wedge regime assumption. Therefore, this
model completely deviates from the cold forming model and uses the fracture of the coating as a
mechanical initiation mechanism (Coating fracture initiation - CFI). Second, a proposition based
on the wedge regime of the wear mode diagram is introduced, because the TriboForm Solver does
provide suitable values for the shear factor, which allows for the adoption of the wedge regime
assumption. This model is similar to the cold forming initiation for galling, because it uses the
assumption that only asperities within the wedge regime contribute to galling (Wedge formation
initiation - WFI).

Initiation based on coating fracture

Cracks in the coating is observed using optical microscopy [17, 57]. Such a crack can indicate
the location at which particles start to wear of from the coating. Therefore, fracture toughness
is proposed as a mechanical initiation mechanism for galling in hot forming processes [17]. The
plane strain condition is used because the cracks are relative small compared to the thickness of
the workpiece. From the three modes of crack surface displacement, seen in figure 3.8, only the
first mode is used, which is described by the plane strain fracture toughness (Kj.) in equation 3.21.
Only mode I is used because the stresses are perpendicular to the length and width of the crack
[17]. Note, that this condition only holds for a brittle fracture.

Mode I Mode 11 Mode ITI

& P«

Opening Shearing Tearing
Mode Mode Mode

Figure 3.8: Three different modes of crack loading.
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K. =Yo./ma 3.21)

Where o, the critical stress for crack propagation, Y the dimensionless geometry parameter, which
depends on both crack and specimen sizes and geometries as well as the manner of load application,
and a the crack length [58]. The value for the plane strain fracture toughness for Fe-Al inter-
metallic compound layers has been examined by Kyokuta [10], see table 3.2. The value proposed
by Nesselaar based on the values found by Kyokuta will be adopted in this model, K;c = 0.25
MPa/y/m. A sensitivity study on the fracture toughness will be performed, see section 6.1.3.

Compound layer Kjc [MPa/\/m]
FeAl 1.1
Fe,Als fine grained 0.51
Fe,Als coarse grained 0.26

Table 3.2: Plane strain fracture toughness [10].

To check whether a single asperity is able to initiate lump growth for galling the equation
below is used. The equation states that if the stress intensity factor (K;) of the single asperity
in question exceeds the plane strain fracture toughness of the coating layer that the asperity will
initiate fracture.

K; > K (3.22)
Ki=Y1t\/ma (3.23)
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Figure 3.9: Schematic representation of

a) an interior crack in a plate of infinite ~ Figure 3.10: Schematic diagram showing the variation
width and b) an edge crack in a plate  of the measured stress intensity factor K; as a function
with a semi-infinite width [58]. of specimen thickness B [59].

Where 7 is the shear strength at the crack tip, see equation 3.24, and a the crack length, which
is assumed to be equal to the coating thickness, a = 40um [17]. The dimensionless geometry
parameter (¥) is assumed to be ¥ = 1.12 [17]. This assumption is in line with the general values for
planar specimens with cracks much shorter than the width of a specimen; where a through-thickness
crack is Y = 1.0 and an edge crack is ¥ = 1.1 [58], see figure 3.9 for a schematic representation.

Terack = .uvaspHeff (3.24)
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In figure 3.10 the relation between Kjc and the thickness of the specimen is shown. One of the
assumptions for the described initiation model for hot forming states that the plane strain fracture
toughness condition will be used. A crack, which is assumed the length of the coating thickness is
relative small compared to the strip thickness (1.5mm) and therefore this can be used.

Initiation based on wedging regime

The values for the shear factor are different in TriMM compared to TriboForm, which are fc =
0.17—0.37 and fc =0.71 —0.80 respectively. The higher values of the shear factor make it possible
to adopt the wedge regime assumption from the cold forming model. A single asperity will be
initiated when it is within the wedging regime according to the wear mode diagram [36, 37] shown
in figure 2.9. The wear modes are developed for cold forming and are now assumed for hot forming
conditions. Also, as mentioned before, these modes are develop on a 2D slip-line field assuming
plane strain deformation and ideal plastic behavior. The condition for an asperity to initiate for
galling, based on the wedge regime, is given in equation 3.25.

Ous5p > 0.5arccos fc

(3.25)
0.sp < 0.25(m — arccos fc)

Wedging if {

3.5 Lump growth model

Using the previous described models the lump growth model can be addressed [4]. This model has
been developed for cold forming and will be applied for hot forming. In figure 3.11 an overview of
the steps within lump growth are shown. But first, the elliptical paraboloid asperity is converted into
a hexagon polyhedron. This is an input for the lump growth and can be seen in the diagram of figure
2.1. First, the separation height is needed to know which tool asperities are in contact and what
their penetration is into the softer counter surface. Using the polyhedron geometry, the material
transfer from the sheet to the tool will be determined. This is done in two steps: 1) Determine
transferred volume and 2) Determine deposit layer. Then the stability is evaluated, because the
material that is able to transfer only adheres when the asperity can hold the forces during sliding:
1) Determine stresses within the asperity and 2) evaluate stability cases. Finally, the adhered layer,
according to one of the stability cases in the step before, is included in the new dimensions of the
asperity. This cycle is repeated, which leads to multiple extra layers on the initial asperity, called
growth of the asperity. The next section will discuss the multi asperity growth scenarios.

Lump growth
model

Determine
separation
height

Material Evaluate Geometry
Transfer stability update

Figure 3.11: Diagram breaking down the steps for lump growth.
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3.5.1 Hexagon based polyhedron asperity

The geometry of the asperity needs to be changed from an elliptical paraboloid to a hexagon based
polyhedron [4, 60]. This change is to use a simpler shape for the lump growth and to determine the
mechanical stability of the growing asperity due to the ploughing forces acting on it in an easier
way. Figure 3.12 shows the hexagon base within the elliptical base. The hexagon has the following
properties, 1) BF and CE are equal in length and parallel to each other and also parallel to the
sliding direction (positive x-direction), 2) BC and EF are equal in length and parallel, 3) point
A and D are on the y-extremes and 4) point C and F (or B and E) are on the x-extremes. The
conversion from the elliptical paraboloid asperity to the hexagon based polyhedron can be found in
appendix A.2.

Figure 3.12: Hexagon base within
the elliptic base of the asperity. Figure 3.13: Dimensions of the hexagon base of the lump
[60]. [60]. Dimensions are different from asperity (I, #1).

The hexagon base describe above is smaller than the ellipse it is based on and therefore the
hexagon should be scaled up. This is done by scaling the triangles (ABF and CDE) proportionally
and the parallelogram (BFEC) only in the x-direction, see equation A.11 and equation A.12 for the
scaling factor and the scaled height respectively.

It is possible for the hexagon base to reduce to a quadrilateral base when the minor and major
radius of the ellipse are equal, when the orientation ¢ = 0 or when the orientation ¢ = 0.57. The
hexagon can have multiple different shapes based on the same ellipse due to the orientation, which
is shown in figure 3.14.
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Figure 3.14: An ellipse with a hexagon fit for different orientations (¢) [4].

3.5.2 Determine separation height

The initial separation height, the distance between the tool surface and the mean plane of the rough
workpiece (dy.), is determined in the contact model [24], see figure 3.5 for the visual representation
of the separation height. In the contact model the fractional real contact area () and the separation
height are solved for simultaneously, which makes the fractional real contact area an important
factor in the determination of the separation height. Depending on the normal pressure the shape,
size and amount of asperities can be different, which is schematically shown in figure 3.15. The
separation height needs to be recalculated each time a sliding step occurs, which will be elaborated
on in the next section on multi asperity lump growth (section 3.6).

Nal \/ R=125um R=1030pum R=52.63 um

Figure 3.15: Different asperity definitions with their separation height for different loading cases.
R is the radius for each asperity definition. Adapted from [4].

3.5.3 Material transfer
Determine transferred volume

Using the established hexagon based polyhedron geometry of the asperity, the volume that will
adhere to the tool, transfer volume, can be determined [4]. It is assumed that material transfer only
takes place for asperities within the wedge formation regime according to the wear mode diagram
in figure 3.7, which is valid for cold forming conditions. During a sliding contact material from the
relative softer sheet material will be worn of, but just a part of this worn volume will be transferred
to the relative hard tool asperities. This introduces the factor m as show in the equation below.

Vitans = MViear (3.26)

In which V., is the worn of material and V;,4,s is the part of the worn material that will
actually be transferred tot the tool surface. This worn volume (V,,,,) is calculated using the general
expression of the Archard wear model. The theory of Archard shows that the wear rate (k,,) is
independent of the apparent contact area and that it is directly proportional to the applied load (F},),
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which leads to the following relation [44, 49].

Vwea.r
k, = (3.27)
Y LigeFy

with k,, the wear rate in the wedge regime [36] shown in equation 3.28, /4. the sliding length
and F, the normal force over half the area of the hexagon based asperity.

1 sin?0 + % sin20

k., =
" 2k 14sin(26)

(3.28)

k=0.18H (3.29)

with k the shear strength of the material and 6 the attack angle of the asperity, which can
be calculated by taking the arc-tangent of the asperity length (/) over the asperity height (4) for
the hexagon based polyhedron shape. As stated before not all the volume that will be worn of is
actually transferred to the tool. In the thesis of de Rooij this is expressed [5]:
lj;e — " ’fw 5 As :mzsl,-deF”T]“” (3.30)
Where As is the height increase, A the area of a circle since a spherical asperity is assumed and a
certain fraction m. It is assumed that this fraction is proportional to the adhesion force [5, 61]. This
is done by substituting m - [y;4. in the way indicated by the equation below.

mlgige = my = moFy,

Where m| and my still function as the fraction and F, is the adhesion force. In the thesis of de Rooij
the adhered volume only causes the (spherical) asperity to grow in height, but the distribution
of adhered volume will be described differently, see section 3.5.4. Also, the adhesion force is
calculated using relations for a sphere in contact with a flat plane. That is not valid for this case
(polyhedron) and therefore another relation needs to be found [4]. It is assumed that the contact
between the asperity and the plastic material can be approached as a summation of multiple flat-
on-flat contacts. The van der Waals interaction energy relation (work of adhesion per unit area) of
the flat-on-flat contact is shown in equation 3.31 and the surface energy can be approximated using
equation 3.32 [62].

Ay
12xD?

An
247D}
with Ay the Hamaker constant, D the separation between the two bodies, Dy the separation between
two bodies in contact at the atomic scale and 7y the surface energy. This shows that the surface
energy equals half the energy needed to separate two flat surfaces. Relating this van der Waals
interaction energy to the adhesion force (F,) is done by taking the derivative of W.

Wbodyfbody = (331)

Y= (3.32)

F, dW Ay 2
A dD ~ 6mD3 DW (3.33)

Then relating this equation to the surface energy is done by substituting Ay from equation 3.32
into equation 3.33 which becomes the equation below.

34
A 'D3 639
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From this equation it follows that the adhesion force (F,) is proportional to the surface energy
(7). This relation is based on the Van der Waals interaction whilst, based on the separation, the
metallic bonding will be dominant in the model. In both cases the F, is proportional to ¥y and
decreases very fast as a function of separation. Therefore, it is assumed that the volume of the
deposited material is proportional to the adhesion energy multiplied by the size of the contact area.
This gives the following relation according to van der Linde [4].

Virans = MVyear = CfrA’ylslidekan (3.35)

where cy, is a constant calibration parameter and Ay the adhesion energy. In the thesis of van
der Linde [4] the fixed value for the adhesion energy (Ay ~ 2.4J/ m? for iron [50]) is used in cold
forming conditions. However, as stated before, the value for adhesion energy changes over tem-
perature [45], see figure 2.12. The model in this report will not use Ay directly, but its temperature
dependant behavior will be included by making the calibration factor m a function of temperature,
see section 5.

Determine deposit layer

The transfer volume determined in the step above will be distributed over the frontal part of the
asperity [4]. Here, the sliding length is assumed to be the same over the whole asperity, the attack
angle (0) is assumed to be the same on every y-coordinate within the asperity for a cross-section
parallel to the xz-plane and the contact pressure is assumed to be constant in ideal plastic contact
behavior. Due to these assumptions, the thickness of the transfer layer is considered constant in the
z-direction. However, this causes only growth in height while the edges are neglected. In figure
3.16 the deposit layer is shown in gray and the neglected edges are indicated with the dotted areas.

AZ

—

Figure 3.16: Schematic overview of asperity with deposit layer on the contact face. left cross
section front view, right cross section side view [4].

The material needs to be redistributed to include the edges, where a constant thickness in the
z-direction will be applied. The redistribution of the material is calculated by using the volume
of the frontal part of the asperity and the transfer volume. The transfer volume is the difference
between the initial with the new shape of the frontal part of the asperity, which is shown in the
equation 3.36. The volume of the frontal part of an asperity is calculated using equation 3.37.

AV = View — Voia (336)
hl
V= g (W[ + 3wy + W[[[) (3.37)

The new volume of the frontal part of the asperity uses the same relation shown in equation
3.37, but needs to be scaled to comply to the relation in equation 3.36. Again, the triangles are
scaled proportionally and the parallelogram only in the x-direction, but only for the frontal part of
the asperity.
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3.5.4 Evaluate stability
Determine stresses within asperity

The deposit layer described in the previous section is not the final adhered layer of material, because
it is probably mechanically not a stable situation [4]. The asperity with its transfer layer need to be
checked whether it can sustain the mechanical forces during contact. Only, when this is satisfied
material is able to permanently adhere to the asperity. So first, the forces in x- and y-direction on
the hexagon base are determined based on force equilibrium. Both directions need to be calculated
because the asperity shape does not show symmetry. These forces are used to get the tangential
stresses, which are used as a fail criterion. In this case the fail criterion is the norm of the sum of
the shear stresses. In appendix A.3 the forces in x- and y-direction are derived [4].

Using the forces in x- and y-direction the tangential stresses are determined, see equations 3.38.

F, _F
Txy - Xa sz - A (338)

with | |
A= (l+1p) <2W1+W11+ 2Wm) (3.39)

where A is the area of ABCDEF, according to figure 3.13. However, using the complete base area
of the asperity can lead to an underestimation of the tangential stresses, because the plastic forces
are not supported by the full connection area to the bulk material. Therefore, the value [, in the
asperity geometry will be replaced by the ch for the lump dimensions, where c is a constant value
of 2 based on FEM simulations [4]. Using a hexagon based asperity causes that no symmetry can
be used in the fail criterion. Therefore, the fail criterion will be the norm of the sum of both stress

vectors, see equation 3.40.
r— \/TETT; (3.40)

Evaluate stability cases

An asperity can only grow in size when it is strong enough to withstand the plastic forces acting on
it. The growth of the asperity is also called lump growth. This lump uses the same starting dimen-
sions as the asperity except for the value of I, which will be shortened to ch. Other assumptions
for stable lump growth are:

e The material strength is taken to be equal to the strength of the deposited layer.

o If the stability criteria is not met, because an asperity is too steep, it is still assumed that
the asperity is strong enough, because, in general, the tool material is harder than the sheet
material. This causes unlimited growth of an asperity.

e The dimensions of the asperity (and lump layer) can not be smaller than the dimension before
material deposition.

e The rear side of the deposit layer is not exactly vertical. It crumbles of to a slope equal to
Az/Ax=~0.5.

Using the assumptions mentioned above the amount of material that will actually be deposited
is determined [4]. It is possible that the added layer, new lump dimensions, are not able to withstand
the plastic stresses. Therefore, two extremes are distinguished. The most stable one (Case A) where
h, wy, and wyy; remain equal to their previous value and where only / grows in size and the least
stable one (Case B) where a layer of equal thickness will be put onto the existing lump. In this latter
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case the slope will be equal to the previous iteration. When neither of these two options applies the
new layer will get a slope between these two extreme cases (Case C). The dimensions of each case
is summarised in table A.1 and the next section will provide a visual representation of the lump
growth using the stability cases. The sequence in which the cases are assessed is stated below and
also shown in a flowchart in figure 3.17.

Calculate T with
dimensions case A

Dimension case A

Calculate T with
dimensions case B

Dimension case B

Calculate T with
dimensions case C

Iterations process
maximum h

Calculate T as
function of h

Dimension case C

Decrease h

Figure 3.17: Flowchart to determine dimensions of next deposit layer. Adapted from [39].

e Case A This is the most stable growth situation, cause the asperity only increases in length.
Only the base area of the lump increases and therefore it increases the stresses the asperity
can handle. The asperity grows in length if the stresses at the interface of the lump are above
the strength of the deposit layer.

e Case B This is the least stable growth case. The rear side of the deposit layer crumbles of
causing [, to grow by a small amount and 4, [, w; and wyj; to decrease by a small amount. If
the shear stresses are below the maximum shear stress at the interface, the asperity is capable
of resisting the mechanical forces due to ploughing.

e Case C When the two cases above do not apply, an iterative process based on 4 is used to
determine the final dimensions of the new lump. This is done by assessing the maximum
h and gradually decreasing the height until the shear stresses at the interface are below the
maximum shear stress.

3.5.5 Update geometry

In figure 3.18 the growth of an asperity with two different orientations is shown using the param-
eters from table A.2, taken from [4]. In figure 3.18a the difference between the asperity geometry
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and lump geometry can be clearly seen. The value for [, has been changed, because the stresses
are not supported by the full interfacial area of the asperity. The growth cases explained in the
previous section are visualized. In both sub-figures the first growth layer is according to case A,
which indicates that the interfacial area could not hold the stresses for an asperity when growing
in height. The next growth layer in both asperity orientations is according to case C. The layer
in figure 3.18a looks like case A, but is in fact case C. The growth of the other layers is for both
figures all according to case C. The layers look like stability case B, because the slope seems to
match that of the previous layer. However, a small difference is present, which can not be clearly
seen with the eye.

Lump development Lump development

s Asperity ik Asperity
- = — Lump - = = Lump
0.8} Growth cycles 8h Growth cycles

06+

_ylem]
o

X [um] X [um]

(a) ¢ = 10°. (b) ¢ = 45°.

Figure 3.18: Single asperity lump growth with different orientations using the dimensions of table
A2

3.6 Multi asperity lump growth

In the previous section the growth of a single asperity is treated. Here, the effect of multiple
asperities on a surface area is discussed, because the roughness of the surface causes there to be
multiple asperities in contact. This will be elaborated on for two situations, which serve a different
purpose in analyzing the lump growth. In both these cases there is no interaction between the single
asperities.

The first situation of multi asperity lump growth updates the surface for a new sliding step, by
changing the separation height (d), using force equilibrium [4]. The second situation changes the
tool topography for each sliding step. The tool topography update allows the cycle to recalculate
the COF and, therefore, evaluate the change of COF over sliding length. The first situation, of
these two, will be applied in the TriboForm Analyzer for the verification case later in section 7.
The situation based on updating the tool topography cannot be applied in the TriboForm Analyzer,
because the AutoForm simulation, which serves as input, does not support sliding length over
multiple cycles. The workflow for the validation of galling in the TriboForm Analyzer will be
addressed in section 7.1.

What holds for both approaches is the relation in equation 3.41. This relation accounts for the
fact that a tool asperity is not in contact with the sheet the whole time during sliding, because it
only is in contact with the flattened plateaus. Since the fraction of contact area is described by
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Olneso this value is used to scale the sliding length to an average sliding length for each asperity.

lslide = amesolslide (3~41)

3.6.1 Update based on the separation height

In this multi asperity lump growth model the model will be updated after each sliding step (cycle)
using force equilibrium on micro level. This update cycle is visualized in figure 3.19 with the
dotted arrow and the text # sliding steps. Here, the approach will be explained in more detail. In
section 6 Results the evolution of the amount of asperities over sliding length will be shown to
visualize how the model deals with this multi asperity lump growth approach.

Input:
ParametersT,P, g, v
Surface properties
Material properties

Contact model

Input: Galling Hexagon based Input:
for Hege initiation polyhedron Eyesol TP 8, V)
u(T,P,e,v) model asperity Elliptical paraboloid asperity

# sliding steps

Input: Determine

J‘Atspinit[:TJI": £) separation o= E\ralu_a.te
height Transfer stability

Galling Output

Figure 3.19: Diagram with the approach to galling in hot forming. Featured with lump growth for
multi asperity growth using separation height.

The contact at micro level is between the tool asperities and the sheet plateaus. In order to
calculate the new separation height, the force equilibrium condition needs to be met [4]. This is
done by evaluating the normal pressure, since the hardness and real fractional contact area from
equation 2.2, remain constant for a parameter set. The normal pressure (£;,) over the surface should
be equal to sum om the normal force of the asperities (F;;) in contact, see equation 3.42.

F,=Y Fu (3.42)

The size of the asperities grows during the lump growth, which changes its area compared
to the contact area of the initial separation height. The separation height is the only unknown
and is recalculated using an implicit relation to maintain force equilibrium. The new separation
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height is found when the summation of the contact area of only the frontal part of the asperities
matches the original real contact area. This can cause an asperity to fall out of contact, which
means that the area is carried by less asperities than the step before. This can, eventually, also lead
to one asperity carrying the total contact, because only growth is considered. A diagram with a
schematic overview of this multi asperity situation is given in figure 3.19. This diagram shows a
more extensive representation of the lump growth model compared to figure 3.11. It shows with
the use of a dashed arrow that the lump growth steps, which are also shown in figure 3.11, repeats
after each sliding sliding step until the total number of steps has been reached.

3.6.2 Update based on changing the tool topography

Here, the lump growth for multi asperity situation by changing the tool topography for each sliding
step will be explained. This means that the COF will be updated for each sliding step, while the
previous multi asperity growth only uses the the COF calculated in the contact model before lump
growth takes place. The update cycle is visualized in figure 3.20 with the red dotted arrow and the
text # sliding steps. This section will explain the approach in which the tool topography will be
updated to get an updated COF. In section 6.4 the effect of updating the tool surface with respect
to the coefficient of friction will be shown.

First cycle input:
ParametersT,P, g, v
Surface properties

Material properties
Contact model R e
# sliding steps

Input: Galling Hexagon based Input:
fcr Hegr initiation polyhedron Amesa(T P&, v)
u(T,P,5v) model asperity Elliptical paraboloid asperity

Input:
Asl}:- (TP, ) Material Evaluate Update tool
ettt Transfer stability surface height

Galling Qutput

Figure 3.20: Diagram with the approach to galling in hot forming. Featured with lump growth for
multi asperity growth using the updated tool surface height.

Each sliding step will go through the contact model and the lump growth model, but in this
case the tool will be updated by applying the adhered volume over the asperity pixels. The second
sliding step starts with sending the updated tool topography through the contact model, which
recalculates the contact patches and the COF. Then the updated values are used to determine the
adhered volume of the second sliding step, which will be applied to the tool topography again.
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This process is schematically shown in figure 3.20, where the changes relative to the previous multi
asperity approach are colored red. Due to the inclusion of the contact model, which recalculates
the contact and the friction, in the evaluation of the sliding steps the process time is increased.
The box with ‘Update tool surface height’ has been added, because an extra step is introduced
after the geometry update. The new asperity dimensions are used to update the matrix for the
tool topography, which serves as the new input for the tool topography in the contact model. The
red dashed arrow indicates the next sliding step, which goes from the lump growth to the contact
model after each sliding step. Therefore, the contact area, elliptical paraboloid asperities and COF
are recalculated, which also means that the galling initiation model determines a new set of galling
initiated asperities. Also, note that the box ‘Determine separation height’ is omitted, because the
separation height will be calculated along with the contact area for each sliding step.

The tool topography is updated by evenly distributing the adhered volume of an asperity over
the pixels of the front part of the asperity. This will be explained by using a single asperity as an
example. In figure 3.21a the pixels that make up an asperity are marked grey. Only half of the
pixels, which make up the front of an asperity, are used when material is added to the tool surface,
see figure 3.21b. The front part of the asperity is used because that is in line with the way volume
is deposited in the lump growth model (section 3.5.3). In the situation presented in figure 3.21b
the asperity will only grow in height, but an asperity also grows in length. The growth in length
is included by shifting the volume deposit on the pixels with the rounded amount of pixel-length
(Pyhife) that fits in the new calculated length of the asperity, see equation 3.43. A visual example
with a pixel-shift of one is given in figure 3.21c.

l
Ppife = round ( = ) (3.43)
lpixel

I:lPixel of asperity I:lDeposited on I:lDepositecl in front

pixel of asp. pixel of asp.
(a) Pixels of asperity. (b) Volume deposited on asper- (c) Volume deposited on asper-
ity growing in height. ity growing in height and length.

Figure 3.21: Topography update for a single asperity.
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4 Hot strip draw experiments

4.1 Experimental setup

A hot strip draw test is performed at Tata Steel [3] to simulate the conditions of a hot stamping
process [17, 3]. The experiment is used to gather information on the adhered material from the
workpiece (substrate) to the tool. The furnace used at Tata Steel can be seen in figure 4.1 and an
overview of the strip draw test is given in figure 4.2. In a strip draw test the sheet (test material) is
drawn between two tools while applying a defined normal load on the tools.

Figure 4.2: Schematic overview strip
Figure 4.1: Experimental setup. draw test.

The workpiece material, or in this case the strip, will be an Al-Si coated Press Hardening Steel
(PHS). Further information on the strip is given in table 4.1. The tools are rectangular and are
given a milled finish. The drawing direction will be perpendicular to the milling direction on the
tool surface. Other properties of the tools can be found in table 4.1.

The strip will be heated to 930°C and stay there for 6 minutes to ensure full austenization of
the material, the austenization temperature is at 850°C . Keeping the strip at elevated temperatures
changes the morphology and topology of the coating due to diffusion. After the preparation of the
material it is transferred to the strip draw setup. The strip will cool to the desired test temperature,
which is monitored by a pyrometer. When the desired temperature is reached the strip will be
clamped in position and the strip draw will start. Multiple draws on the same part are performed
with an interval of 8 minutes between the experiments. Details on the test conditions are found in
table 4.2.

Furnace Strip Tool

Furnace Roller hearth Substrate PHS Material DIN 1.2344

Temp 930°C Coating Al-Si (7-11% Si)  Finish Milled

Time 6 min Ry 0.15 um Hardness 48 +2 HRC
Ra1 0.04 um W 0.20 £0.05 um
Dimensions 800 x 50 x 1.5 mm Dimensions 90x 11 mm
S.* 1.9 um

Table 4.1: Test parameters friction draw test. *after heat treatment.

The topography of the strip draw tests have been measured using two different techniques. A
line profile roughness measurement and a 3D optical confocal measurement using a Mahr PKG120
(cut-off 0.8mm), and the nanofocus psurf mobile respectively.
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Test conditions

Contact Area 50mm (strip) x 11mm (tool)
Interval between exp. 8 minutes

Nominal pressure 2.5 and 5.0 MPa

Nr of draws 10 (1-5-10)

Sliding length 200 mm

Sliding velocity 100 mm/s
Temperature 450°C - 750°C (intervals of 50°C)

Table 4.2: Test conditions friction draw test.

A schematic overview of the measurement techniques with respect to the tool surface is given in
figure 4.3. The 2D line measurement is performed on the upper tool at two lines. The two different
lines are denoted with ‘a’ and ‘b’. These line measurements contain worn as well as unworn parts
of the tool surface. The confocal images provide a 3D height distribution of the tool surface. The
images are limited to a small area (6 x 3.5mm). The confocal images are taken of the spots on the
surface which show the greatest amount of wear and therefore the exact location can vary.

2D line measurement 3D Confocal measurement
A T A

Contact with strip Draw direction

Figure 4.3: Schematic overview of both measurement techniques and its intersection.

4.2 Data processing

The goal of these experiments is to acquire information on the adhered area and volume of the line
measurement and confocal measurement respectively. The 2D and 3D measurements are both on
the upper tool and have an overlap at a certain point, see figure 4.3 for a schematic overview. Note,
the pressure during experiments on line b was greater than on /ine a due to an alignment error [17].

The two measurement types are used in combination to get an adhered volume. The line mea-
surements are used to find a reference height, because these measurements contain the worn and
unworn part of a tool, figure 4.4a. Above the reference is the adhered area and below the reference
is the abraded area. The confocal measurements are confined to a small area on the tool, figure
4.4b, which is not able to get such a reference on its own. The confocal image is shown in figure
4.5 with the matched line measurements. The height profile of the confocal image is matched to
the line measurements, figure 4.4c, to use the 2D reference on the 3D surface to get an adhered
volume per area.

First, the 2D line profiles are processed. A moving average filter with a window size of 20
is applied to reduce the noise in the measurement. The line measurement shows a worn and an
unworn part. In figure 4.4 the line measurement is given of the situation that will serve as an
example for the process (750°C , SMPa and 10 draws). Using the unworn part a reference for the
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(a) Line measurement showing the assumed worn and unworn part of a measurement.
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(b) Normalized line measurement with matching confocal measurement for x and y.
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(c) Line measurement with matching confocal measurement for x,y and z.

Figure 4.4: Experiment at 750°C with 5MPa and 10 draws. Position: y,, = 2.0922mm, 7y, =
-4.5um.

whole line measurement is set. The reference is calculated by taking the average of the last 30% of
the line measurement. For convenience the line measurement and reference are normalized. Now,
all the area above the reference is taken as adhered material and the area below the reference as
abraded material.

Then, the confocal images are processed. Again, a moving average filter with a window size of
20 has been applied to reduce the noise in the measurement. The reference from the 2D measure-
ment will be used as a reference for the 3D images. This is done by finding the highest correlation
between the two measurements using the xcorr function of MATLAB. This provides a location for
the intersection of the measurements, with y-coordinate (y,,,,) the row at which the line measure-
ment crosses the confocal image and the x-coordinate the location of the confocal measurement on
the line measurement. A correlation plot, shown in figure 4.6, is used to visualize the best match
and check if it is a clear match. Also, the correlation plot is used to check if another x-position
might compete for the best match. These checks will be supported by a visual inspection for each
measurement and can lead to excluding data for further analyses, which will be discussed later
in the results section. The z-coordinate (zy;r,) of the confocal measurement will be adjusted by
hand to fit the 2D line measurement. The reference of the line measurement can now also be used
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as a reference for the confocal images to get the adhered and abraded volume. All the matched
measurements can be found in appendix B.2.
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Figure 4.5: Confocal image with matched line Figure 4.6: Correlation for x-position
measurements (750°C , SMPa and 10 draws). (750°C , SMPa and 10 draws).

4.3 Results

The results for different pressures, temperatures and sliding lengths will be discussed and com-
pared. In the appendix the area from the line measurement will be compared to the volume of the
confocal measurement to see whether a trend can be established (section B.1). Again, note that the
pressure on line b was greater than on line a due to an alignment error [17]. This leaves room to
question the reliability of the results, but this is the available data at this point in time.

Pressure

The provided data has measurements on 2.5MPa and SMPa to compare results based on pressure.
However, the confocal image does not have a clear correlation with the line measurement for the
2.5MPa pressure situations, see appendix section B.2.1 for the corresponding figures. The 2.5MPa
measurements are omitted from further use.

Temperature

Here only the SMPa measurements, which are performed at 450°C , 500°C , 600°C , 700°C and
750°C after 10 draws of 200 mm, are analyzed. In this test series the measurements for 450°C are
completely omitted, because no clear correlation is found for line a or line b (figure B.5). Only both
line measurements at 750°C (figure B.9) provide a good correlation and for the other temperatures
either line a or line b is sufficient. At 700°C an extra data point is available from the sliding length
series (figure B.8 and B.12). The figures corresponding to the temperature series can be found in
appendix section B.2.2.

The measurements which provide a good correlation are shown in figure 4.7, which shows the
adhered volume per unit area. Also, for completeness a figure concerning abraded volume per unit
area is shown in figure 4.8. In both these figures bars have been added, indicating the sensitivity of
the shift in z-direction. The sensitivity is shown by checking the volume for the situation that the
Zshifr Might be £0.5 pwm.
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It can be confidently stated that the Adhered volume increases over temperature until 600°C
. At 700°C the adhered volume starts at its dip and at 750°C the adhered volume is likely to be
less than that at 500°C . This is explained by including the information on the abraded volume
of the tool, because the abraded volume increases over temperature. It should be noted that the
figure on the abraded volume of these measurements shows a different order on its vertical axis.
The abraded volume is significantly more compared to the adhered volume at higher temperatures.
Therefore, the data on adhered volume is influenced by the abraded volume and shows itself as the
dip in adhered volume at higher temperatures. The excessive abrasion could be attributed to the
alignment error mentioned before.
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Sliding Length

The sliding length series has been performed at 700°C for 1, 5 and 10 draws, with each draw
having a sliding length of 200mm. Only the line b measurements of each draw situation provide a
useful correlation, see figures in appendix section B.2.3. The adhered volume and abraded volume
over sliding length is shown in figure 4.9 and figure 4.10 respectively. Again, the bars show the
sensitivity of the z-position by checking the volume 0.5 pm its chosen z-position.

When a longer sliding length (more draws) is applied more adhered volume can be observed.
Again, an order difference between the adhered volume and abraded volume is present. The
abraded volume does not seem to influence the adhered volume in the same way as for the temper-
ature series, because the increase of adhered volume over sliding length is expected. The abraded
volume seems to be constant over the number of draws, while an increase might be expected. This
could indicate that the adhered/compacted volume compensated the abraded volume to get this
constant relation over sliding length. However, the exact impact of the abraded volume and the
adhered volume on each other is not known. Also, the sensitivity to the z-position become larger
for more draws. This indicates that the match procedure becomes more sensitive and that a larger
sliding length is accompanied with more uncertainties.
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5 Calibration

The experimental data from the previous section is used for calibration of the lump growth model.
The model will be calibrated using the relation between worn volume and transferred volume,
which is described in equation 3.35 (section 3.5.3). In this previous section, it is shown that the
adhesion force is proportional to the surface energy Yy, which leads to the assumption that the
transfer volume is proportional to the adhesion energy and contact area. However, a calibration
value is still needed to result in the correct transfer volume [4].

Here, the calibration for the volume relation will be done using m instead of cg using a tool
roughness of Sa = 0.6um. This change is applied, because a constant calibration factor (cg) mul-
tiplied by a fixed adhesion energy (Ay) is not valid in hot forming. The surface energy is shown
to be temperature dependent, figure 2.12, and this effect is included by calibrating m as a function
of temperature, see equation 5.1. The experiment in the previous section also varies over pressure
and sliding length, which will not be included. Both these parameters are part of the relation to
determine the worn volume, see equation 3.27, which is not verified in the experiments. The exper-
iments with a pressure of 2.5MPa do not provide clear results, which leaves the experiments using
SMPa.

Virans = m<T)Vwear 5.1

5.1 Approach

The calibration is done in the following steps. 1a) The worn volume (Viear) at SMPa for O strain
is taken from the current lump growth model following the general expression of the Archard wear
model, see equation 3.27. 1b) The worn volume needs to be fitted to provide a relation for Viyeqy
over the temperature range that matches the range of the calibrated m. 2a) Using the worn volume
from the model and the adhered volume from experiments, the value for m can be calculated for
the different temperatures using the relation in equation 5.1. 2b) As stated before the value of m
will be fitted as a function of temperature. 3) Applying both fitted parameters the relation for Vi
is calculated, which is used as a visual check.

1) Worn volume

The worn volume at SMPa for O strain is taken from the lump growth model following equation
3.27. The values from the solver are indicated with the blue circles in figure 5.1a and figure 5.1b
for CFI and WFI respectively. The Vi, of these two galling initiation models shows a different
trend and are therefore fitted differently. The V), of the CFI is approximated using a second order
exponential fit as stated in equation 5.2 and that of the WFI with a second order polynomial fit as in
equation 5.3. The fit for CFI and WFI is different because the fit values are purely used to visualize
the relation transfer volume over temperature in step 3). Note, the worn volume is not verified with
experimental data.

The worn volume for both initiation models shows a different relation, which is due to their
initiation criterion. The CFI model shows more worn volume than the WFI model over the temper-
ature range except at 750°C (SMPa and O strain). This relation is similar to the amount of initiated
asperities from both models at this parameters set, see figure 6.2b and figure 6.2c for CFI and WFI
respectively. The CFI model shows more galling initiated asperities for lower temperatures, which
leads to more worn volume at the lower temperatures, see figure 6.2b. Also, a larger difference
in amount of asperities from 450°C to 550°C can be observed compared to from 650°C to 750°C
, which explains that the worn volume shows a smaller slope for the higher temperatures. The
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(a) Coating fracture initiation model. (b) Wedge formation initiation model.

Figure 5.1: Worn volume (Vy.a) fit with data points from the solver.

worn volume using WFI from 500°C to 700°C show a similar worn volume as does the amount
of initiated asperities for galling show a similar amount for these temperatures and 0 strain, see
figure 6.2c. Also, compared to the data at from 500°C to 700°C , the Vy,ear at 450°C shows a slight
increase and the Viear at 750°C shows a bigger increase (at O strain), which is similar to the amount
of initiated asperities using WFI for O strain in figure 6.2c. Therefore, the relation shown in 5.1b is
caused by a combination of the shear factor (f¢) and the definition of the attack angle in the contact
model.

Vwear,CF = anp(bT) + cexp(dT)

a=5239-10"
b=-2326-10"2 (5.2)
c=1.852-10°
d=-3.578-10"*
Vwear,WF =P1 T2 + pZT +p3
=2.951-10"
P (5.3)

pr = —3.425-107
p3 = 1.069-10"

2) Calibration factor

Then, the value for m can be calculated using Vyear from the current lump growth model and using
Virans from the experimental data. The calculated values are shown as blue circles in figure 5.2a and
figure 5.2b for CFI and WFI respectively. In this figure bars are included which represent sensitivity
of the +0.5um z-shift from the confocal experiments translated to m. Through these data points a
relation has been fitted, which is a second order polynomial for both initiation cases, see equation
5.4 and 5.5 for CFI and WFI respectively. A second order polynomial has been chosen, because the
visual check for a first order polynomial does not agree with the relation expected from literature.
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The adhered volume should increase over temperature, but applying a first order fit creates a higher
value for adhered volume at the lower temperatures, which contradicts findings in literature.
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(a) Coating fracture initiation model. (b) Wedge formation initiation model.

Figure 5.2: Factor m fit with data points, calculated using the worn volume from the solver and
adhered volume from experiments.

The experimental data points, used for the fit of the calibration factor m, have been assigned
different weights, which are shown in table 5.1. This weights have been applied, because of ex-
pected relations from literature and the reliability of the results. First, the measurements at 750°C
have been excluded, because they show a contradiction to the expectations of literature, which state
an increase of adhered material over temperature. Then, the data points at 700°C are from two dif-
ferent surface measurements, that provide a similar result with a similar sensitivity to the z-shift.
This makes the points at 700°C more reliable compared to the measurements at 500°C and 600°C
. Also, the measurements at these lower temperatures show a larger sensitivity to the £0.5um z-
shift. This results in the assigned weight shown in table 5.1. The galling model will be valid from
500°C to 700°C since the experimental data at 450°C and 750°C have been excluded.

Weight = 1 1 2 2 0 0 ]
Temperature = [500 600 700 700 750 750 ]

Table 5.1: Weights for the m fit corresponding to the temperatures.

mcr(T) = p1T* + paT + p3
p1=-3.979-107°

(5.4)
pr=528-10"°
p3=—1.468-1073
myr(T) = P1T2 + p2T + p3
=-9.986-10"°

b1 (5.5)

pr=1.188-107°
p3=—3.029-1073
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3) Transfer volume

Finally, the fit for the worn volume and the fit factor are combined to visualize the transfer vol-
ume. The relation for Vi;.,s over temperature for SMPa and O strain can be seen in figure 5.3a
and figure 5.3b for CFI and WFI respectively. The CFI shows an increase of adhered volume over
temperature till approximately 625°C after which a decrease starts. This decrease in the relation
for adhered volume is translated from the fitted calibration factor m, which shows a slight decrease
from approximately 650°C . The relation for adhered volume using WFI shows an increase from
600°C to 700°C . However, from 500°C to 600°C the adhered volume shows a slight decrease,
which is attributed to the decreasing trend till approximately 600°C in the worn volume when WFI
is applied.
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(a) Coating fracture initiation model. (b) Wedge formation initiation model.

Figure 5.3: Relation for transfer volume Vi;,ys using the fitted Vyyeqr and m. The data points are from
the experiments in section 4.

5.2 Discussion

The calibrated model presented in this chapter is valid for 500°C till 700°C , because not every
measurement could be included. This leaves a limited set of data points for which the model is
calibrated. The experimental data used suffers from an alignment error of which the impact is not
known and therefore the reliability of the data is questionable.

The lump growth model uses worn volume and transferred volume of which only experimental
data for verification is present for the latter. The worn volume in this case is highly dependent
on the galling initiation model, which raises questions concerning its reliability. In literature the
wear rate in the Archard wear model, used to calculate the worn volume, has been adapted to be a
function of temperature (section 2.5 Growth model).

A linear fit for the calibration factor m would have been more logical, because it has been
made a function of temperature based on the relation of the surface energy (adhesion energy) over
temperature. However, the fit of m also needed to compensate for the relation of worn volume,
which is not verified. A second order polynomial has been applied to provide a better fitted result
based on visual conformation for the experimental transfer volume data.
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During sliding contact adhesive and abrasive wear are present. Therefore, the experimental
data for the transfer volume shows adhered volume affected by abraded volume to an unknown
extend. Third body particles or hard embedded particles can affect the tool surface in the form of
abrasion. Also, an asperity does not grow infinitely, which is assumed in the lump growth model,
but fractures when stresses become too high. These effects are not directly included in the model,
but are present during the experiments and only in that way included in the model.

The growth model is based on the adhesive galling, while compaction galling is also a signif-
icant influence. The adhered volume from the experiments cannot distinguish between these two
ways of material addition. Therefore, the calibration includes both ways of material addition to the
tool.
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6 Results

In this chapter results from the calibrated model are shown using the parameters from table 6.1.
Note that, the input parameters show a wider range for pressure and strain than the values used
in the calibration (SMPa and O strain). The calibrated relation has been applied for these other
pressures and strains as well, to see how well the relation holds up outside its calibrated parameter-
set.

First, some model results before the calibration is included will be discussed. This contains the
total amount of identified asperities, the amount of asperities initiated for each galling initiation
model and the sensitivity of the fracture toughness for the coating fracture initiation (CFI) model.
Then the adhered volume calculated by the model, using the calibration factor, for both galling
initiation models will be addressed. The adhered volume in this section is calculated using the
multi asperity growth where the separation height is updated over sliding steps. More results using
the separation height are discussed in the next section. Here, the growth will be visualized to get an
idea of how the model deals with multiple growing asperities. In addition to that an investigation
is done to see how much overlap between the growing asperities will occur. Finally, the results
concerning the multi asperity growth using the update of the tool topography. This is not suitable
for the visualization workflow, but can be used to investigate the effect of galling on the coefficient
of friction.

Parameter Value
Input parameters Pressure 1 MPa - 30 MPa
Strain 0.0-0.2
Temperature 450°C - 750°C
Velocity [-]
Tool roughness | 0.6 um
Material parameters B 1.25
T 0.4619
Galling initiation parameters | a 40 um
Coating fracture Kic 0.25 MPa/\/m
Y 1.12
Lump growth parameters Cs 2
lslide 0.2m
Wimax 0.4619

Table 6.1: Parameters for galling model.

6.1 Amount of asperities

Both galling initiation models are applied within the TriboForm Solver and are compared based
on the amount initiated asperities for galling. Here, a visual representation of the asperity patches
will be shown in figure 6.1. The total amount of asperities of the tool in contact with the sheet can
be seen in figure 6.2a will be discussed. The next section will compare the amount of asperities
initiated for CFI and WFI, shown in figure 6.2b and figure 6.2c respectively. Finally, the sensitivity
of the fracture toughness used in the CFI model will be discussed.

In figure 6.1 the total amount of asperities in contact, with the amount of asperities initiated
for galling based on both the galling initiation models, are shown. In addition, the figure provides
insight into the size of the initiated asperities, where mostly the large asperities will not be initiated
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in either one of the galling initiation models. In both cases this is due to the large attack angle of
these asperities, which causes an asperity to be outside of the wedge formation range for WFI and
which causes the stress intensity factor for CFI to be insufficient to break the coating due to the
lower coefficient of friction for a single asperity. More asperities according to the CFI model can
be observed, indicating that more asperities are initiated using the CFI model for these conditions.
The asperities initiated based on WFI are mostly also initiated based on the CFI model. In appendix
C.1 more similar figures can be found. These figures are used to visually support the reasoning for
the amount of contact patches.

1 A TN .
°‘ N ’ﬁ - Tt e < 3 Non init. asp.
R & . e os = Ty
R S MRS R TP [ cFlasp.
0.8 [ 3oty o 07T, [ Jwriasp.
g Y Both asp.
068 o9 — v
— s -2 [} ¢
E > AL « 2 ¥
£ PR Nt i Y
it ., e 0 ? ® [
04§y 0 e R0
Vit SR A e el
[ 2 .-_' S
02t o MAY o X
e P SeS A R 3
. () R
S L L O Ny
0 | L ! ‘
0 0.2 04 0.6 0.8 1
[mm]

Figure 6.1: Top view of all the identified asperity patches at 650°C , SMPa and 0.0 strain.

6.1.1 Identified amount of asperities

The first difference that can be observed is in the total amount of asperities in contact per surface
area, figure 6.2a. A decrease of asperities in contact over strain is observed which is due to the
merging of stretched asperities. This effect is most extreme for a temperature of 450°C where the
amount of small asperities are merged more easily (figure C.3a versus figure C.4a). The relation
for the amount of asperities in contact over pressure increases at first, which is due to the increase
in contacting spikes of the sheet surface (figure 3.2a). This increase in amount stabilizes and then
starts a decrease in amount, which is due to the merging of flattened asperities (figure 6.1 versus
figure C.2). The decrease over temperature has to do with the ease of flattening, and therefore
merging, of the contacting asperities, which is easier at higher temperature (figure 6.1 versus figure
C.3). However, an exception can be seen for 750°C at low pressures. This behavior is due to the
ease of flattening at high temperature, which causes more (very) small asperities to be identified in
the contact model. The merging of asperities at higher pressures is still valid, but the identification
of small asperities is more dominant (figure C.5). Also, the amount at 750°C for SMPa is higher
than at 750°C for 1MPa, which is due to the identification of more (very) small asperities (figure
C.6). This relation at low pressure for 750°C stands out in the figures showing the amount of
asperities initiated for galling.
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Figure 6.2: Amount of asperities.

6.1.2 Galling initiated asperities

The WFI model does not show a big variation in the amount of asperities initiated over pressure,
while the CFI model shows an increase in the amount over pressure. The initiation according
to the WFI model uses the attack angle of an asperity and the shear factor (f¢), which is only a
function of temperature, to determine whether an asperity is initiated for galling. The relation for
WFI is therefore not directly linked to pressure, while the CFI model uses the nominal pressure
to calculate the stress intensity factor (Kj) for its fracture criterion, see equation 3.22. The effect
of strain on the amount of initiated asperities can be clearly seen in the CFI model, this time as
a decrease of initiated asperities, while the amount for WFI model remains similar. The WFI
model relies on the shape of the asperity, which is not directly affected by the strain. However,
the initiation for CFI is affected, because the real fractional contact area () increases for a higher
strain. This causes a decrease in the effective hardness and, therefore, a decrease in stress intensity
factor. The CFI model shows a decrease of initiated asperities when temperature increases. This
decrease in initiated asperities over temperature is related to the amount of asperities in contact
over temperature, since the criterion for CFI does not include temperature directly. However, the
WFI model shows similar results over temperatures except for 450°C at O strain, 750°C at O strain
and 750°C at 0.2 strain, which show an increase in the amount of asperities. This is attributed the
shear factor (f¢), because a higher shear factor, see figure 2.9, allows for a wider range in attack
angle to be initiated using WFI. The shear factor at 750°C is the highest and provides more initiated
asperities. The higher shear factor at 450°C compared to that of 550°C and 650°C , see figure 3.3,
is only apparent in the O strain situation. Therefore, the difference in initiated asperities at different
temperatures is also attributed to the definition of attack angle, from patch to elliptical paraboloid,
in the contact model.
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6.1.3 Sensitivity fracture toughness

In the CFI model the fracture toughness (Kjc) of the coating dictates when an asperity will be
initiated. An estimated value, based on data from literature, is used for this and therefore could
very well vary. The impact of a slight variation in fracture toughness will therefore be addressed
as a sensitivity check. The slight variation for the used fracture toughness of 0.25 MPa,/m will be
+0.05 MPay/m. In addition to that the fracture toughness will also be checked for 0.50 MPa,/m,
which is based on the fracture toughness for fine grained Fe,Als in table 3.2.
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Figure 6.3: Amount of asperities initiated using CFI with a varying fracture toughness. Grey dashed
lines show results using Kjc = 0.25 MPa\/m.

The amount of asperities initiated due to the three different fracture toughness can be seen in
figure 6.3. It is observed that more asperities will be initiated for a lower fracture toughness and vice
versa, which is as expected. The difference between the original fracture toughness (0.25MPa./m)
and the variations is expressed in a deviation percentage with the total amount of asperities (figure
6.2a) as the reference amount. This provides an average deviation over the pressure range of ap-
proximately 10% higher, 9.5% lower and 34.5% lower for a fracture toughness of 0.20 MPa/m,
0.30 MPay/m and 0.50 MPa,/m respectively. A small change in the fracture toughness already
leads to a small difference in the initiated amount of asperities. However, when the fracture tough-
ness is significantly higher, which can be caused by a finer grained layer, the amount of initiated
asperities for galling change more drastically. The temperature of the austenitization process be-
fore forming dictates which intermetallic phases are present during the deformation. This should
be verified for the conditions in hot forming.

It should be noted that the fracture toughness criterion is valid for brittle fractures. The material
becomes more ductile for the higher temperatures, which makes the application of the fracture
toughness more questionable for the higher temperatures.

6.2 Adhered volume

In this section the effect of the calibration on the adhered volume is shown for both galling initi-
ation models. The figures 6.4 and 6.5 show the adhered volume over sliding length for different
temperatures and pressures. As stated before, the galling model is valid for 500°C - 700°C . First,
when comparing the adhered volume after 2m for SMPa from the result figures here to the adhered
volume used in the calibration a difference can be seen. The volume shown in the result figures is
bigger compared to the calibration figures. This is due to the use of the calibration factor m. In the
calibration section, the fraction (m) is calibrated for the total volume after 2 meters of sliding for
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different temperatures, while this fraction is applied to each individual asperity for every sliding
step. This has resulted in an overestimation of adhered volume compared to the experimentally
determined adhered volume.

Using the CFI model to initiate asperities for galling an increase of adhered volume is observed
over pressure. This increase is linked to the increasing amount of asperities over pressure (figure
6.2b) since the calibrated factor m is applied for every single galling initiated asperity. An increase
in adhered volume from 500°C to 600°C is shown. However, for the higher pressures (17MPa -
25MPa) a decrease in volume is observed. This decrease is attributed to the calibration for CFI,
which shows a slight dip from about 650°C to 700°C (figure 5.3a). The WFI model shows a
different relation over pressure compared to the CFI model. An increase over pressure is observed
from 1MPa to 10MPa and a more or less constant relation is observed for the higher pressures.
Again, the relation for adhered volume is linked to the amount of initiated asperities (figure 6.2c),
where the amount of asperities using WFI is not influenced by pressure. The relation of adhered
volume over temperature when WFI is applied, shows an increase in the valid range for the galling
model (500°C - 700°C ). The increase over this temperature range is also observed in figure on the
transfer volume in the calibration section (figure 5.3b).
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Figure 6.4: Adhered volume using CFI for O strain with the calibrated value for m.
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Figure 6.5: Adhered volume using WFI for O strain with the calibrated value for m.

The adhered volume for both models at SMPa are very similar which is as expected, because
the model has been calibrated at SMPa. However for the higher pressures a difference between CFI
and WFI is observed, which is attributed to the amount of asperities initiated for galling. Another
difference can be seen in the adhered volume at IMPa. Both models show a decrease in adhered
volume, but the value for the WFI model is higher compared to the CFI model. This again is
attributed to the amount of initiated asperities, because WFI has more initiated asperities at 1MPa

compared to CFIL.
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6.3 Multi asperity growth - update separation height

In section 3.5 the growth of a single asperity has been described. Here, the interaction of multiple
asperities growing according to the ‘update separation height’ multi asperity growth situation will
be visualized. Also, the interaction of the asperities will be evaluated based on the overlap between
asperities. Finally, the amount asperities initiated for galling over sliding length are evaluated.

6.3.1 Visualize growth layers

The multiple asperity growth is shown in figure 6.6 for a zoomed top view of the surface, since the
complete surface would make the figures unclear. The figure uses 600°C , 5SMPa and O strain and
shows at most 5 layers indicating a sliding length of 1 meter. The figures only show the initiated
asperities according to their own criteria, where CFI shows more initiated asperities compared to
WFEFI. The growth is shown for a pressure of SMPa and O strain, which is also used in the experimen-
tal strip draw tests for the calibration. Therefore, at this condition set the adhered volume is very
similar between the CFI and WFI model. This translates to the growth in the fact that the adhered
layers are bigger for WFI compared to CFI, because the added volume should be divided over less
asperities when WFI is applied. Some of the asperities show fewer growth layers. This is due to the
tool asperity not being in contact with the sheet plateau anymore for the updated separation height.
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Figure 6.6: Zoomed top view of the growth of asperities for 5 steps (1m) for 600°C , 5SMPa and 0
strain.

6.3.2 Evaluate asperity overlap

The overlap between asperities will be evaluated, because in reality the merging of asperities over
sliding due to galling is observed [3]. Therefore, it is investigated if and how much the model
shows potential merging of asperities, because the model does not account for asperity interaction
at this point. The interaction between growing asperities is looked into based on the percentage
of initiated asperities which have at least one overlap with another asperity. The percentage of
overlapping asperities over sliding length can be seen in figure 6.7 for one parameter set (600°C ,
5MPa and O strain). A similar figure for 500°C and 700°C can be found in appendix C.2. Note that
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Figure 6.7: The percentage of asperities which have at least one overlap with another asperity at
600°C and O strain for different pressures with the calibrated value for m.

only the overlap has been checked for the original asperity shapes, the shape after 5 (1m) adhered
layers and the shape after 10 adhered layers (2m) due to the long run time when the overlap check
was included.

From the percentage figure it can be seen that the overlap is less for lower pressures. For the
CFI model this is observed for 1MPa and 5SMPa, while only 1MPa shows a significant difference
compared to the other pressures for the WFI model. On the other hand the overlap percentage
for >5MPa for the WFI model is lower compared to the CFI model. This is explained by the
different amount of initiated asperities. The CFI model has a higher overlap percentage because
more asperities are initiated and therefore the asperities are in general closer to each other. This
can also be seen in the slope from the initial asperity to the shape after 5 additional layers. Since
the asperities are closer to each other it is also more easy to overlap for a lower sliding length.

08

0.6
13
E
0.4
0.2
- 0
0 02 04 06 08 1
[mm]
(a) CFL (b) WFL

Figure 6.8: Top view of the growth of asperities after 2m (10 steps) for 600°C , SMPa and O strain.

The reasoning for the difference in overlap percentage is supported with a top view of the tool
asperities for 600°C, O strain with SMPa (figure 6.8 and 25MPa (figure 6.9). The initiated asperities
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Figure 6.9: Top view of the growth of asperities after 2m (10 steps) for 600°C , 25MPa and O strain.

with respect to all asperities in contact is added in the appendix in figure C.7. In the figures for
5MPa and 25MPa with 600°C and O strain the shape of the initiated asperity (colored part) is shown
and the growth after 10 growth steps. The overlap for the initiated asperities (colored parts) with
SMPa is low. After the 10 adhered layers the overlap does not seem extreme even though the
overlap percentage is ~ 50% and ~ 40% for CFI and WFI respectively. When taking a look at the
situation with 25MPa the CFI model shows a very full and chaotic top view (figure 6.9a) and the
WFI model (figure 6.9b) is more similar to the growth situation at SMPa (figure 6.8b). This is also
represented by the overlap percentage, where the CFI model has an overlap of ~ 80% and the WFI
model an overlap of ~ 40%.

The overlap percentage and the supporting figures for both galling initiation models indicate
that the asperity interaction based on asperities merging is quite significant. This interaction should
be included to approach reality more closely. This asperity merge then would impact the adhered
volume for the next growth layer, since the calibration factor (m) is applied for each individual
asperity. Therefore, the next growth layer would have less adhered material.

6.3.3 Asperities over sliding length

The evolution of the amount of asperities, using the growth case based on the separation height,
in contact over sliding length is visualized in figure 6.10 for different pressures, temperatures and
both galling initiation models. Note, the model can only show the growth of an asperity and does
not include a break-off criterion for the lump. Therefore, the amount of asperities can only decrease
over sliding length. Also, the amount of asperities for the CFI model start higher than shown in the
figure to show the lower amount of asperities more clearly.

In general the relation of CFI and WFI over sliding length is attributed to the amount of asperi-
ties initiated for the models, see figure 6.2. 1) At IMPa the amount of asperities over sliding length
is similar for both galling initiation models. 2) At the higher pressures the CFI model shows more
remaining asperities compared to WFL. 3) A higher temperature for CFI provides less remaining
asperities after the presented sliding length (13MPa and 25MPa). 4) The WFI model does not show
a large difference between the temperatures for a given pressure, while the CFI model does show a
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Figure 6.10: Amount of asperities in contact over sliding with a step size of 200mm using the
calibrated value of m. Solid line: CFl, Dashed line: WFI.

difference (except at 1IMPa).

A low pressure for the models shows a more steady decrease in the amount of asperities in
contact compared to a higher pressure. At the high pressures (13MPa and 25MPa) for both models
it can be seen that the first steps show a larger decrease after which a (more) steady decrease fol-
lows. This is attributed to the elimination of the (very) small asperities, which are barely in contact.
This decrease in the first steps is more severe for 25MPa compared to 13MPa and especially com-
pared to 1MPa. In addition, the decrease in these first steps (at 13MPa and 25MPa) is more severe
for a higher temperature. These differences in the decreasing slopes is related to the (very) small
asperities identified by the contact model and the adhered volume at high pressure and tempera-
ture. At higher temperature the contact model identifies more small asperities, which will fall out
of contact more quickly. Also, the adhered volume at higher temperature and pressure is higher.
Therefore, the separation height decreases faster compared to a lower temperature and/or pressure,
which makes it easier for the small asperities to fall out of contact. Another observation is that
a lower temperature (for 13MPa and 25MPa) reaches the steady decrease later compared to high
temperature, which is especially clear for the CFI model. This is attributed to the small asperities,
which will fall out of contact during these first steps. This takes longer for a lower temperature. The
amount of asperities remaining after the presented sliding length for the same temperature decrease
over pressure. This is not valid for the CFI model with 1MPa, because significantly less asperities
are initiated compared to the asperity development at 13MPa and 25MPa. The fewer remaining
asperities for the models is caused by the more adhered volume due to the higher pressure, which
results in larger steps in the separation height.

6.4 Multi asperity growth - update tool topography
6.4.1 Friction over sliding length

To evaluate friction over sliding length the multi asperity case which updates the tool topography is
used. Updating the tool topography allows for the inclusion of the contact model, which calculates
the friction, for every sliding step, see figure 3.20 for an overview. Therefore, the effect of adhered
material on the surface is evaluated, which will be done by evaluating the COF over sliding length.
In addition, the fractional real area of contact (figure 6.12) at the start of each sliding step will be
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visualized to better understand the relation of COF of the surface over sliding length.

Here, smaller steps are used compared to the /yig. from table 6.1. This has also resulted in a
smaller sliding distance compared to the previous results. The sliding step size has been reduced,
because the reevaluation over the contact model is sensitive to large steps. A large step can cause
the initiated amount of asperities to go down more quickly and even reach zero initiated asperities,

which causes problems in the model. The total sliding length has also been reduced, to keep the
run time to a manageable size.
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Figure 6.11: Development of coefficient of friction over sliding length for O strain with the cali-
brated value for m.
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Figure 6.12: Fractional real area of contact over sliding length using the multi asperity topography
update for O strain with the calibrated value for m.

In general, the CFI model shows an increase of COF over sliding length when the fractional real
area of contact increases over sliding length. This is attributed to a transition to another wear mode
of the asperities, which causes a larger contribution to the COF. A few exceptions on the general
relation of CFI over sliding length can be seen at low pressures (1MPa). At 500°C the complete
trend over sliding length shows a decrease of COF over sliding length and for 600°C and 700°C
only the first few sliding steps show a decrease after which a stable increase in COF is observed.
The COF shows an increase in COF from 600°C to 700°C for the lower pressures (<10MPa). This
increase is not observed from 500°C to 600°C because the initial decrease over sliding length is less
severe for 500°C compared to the higher temperatures. At 600°C for higher pressures (>15MPa)
the increase of COF is higher compared to 700°C . This is caused by the calibration for CFI, which
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shows a slight dip in adhered volume from about 650°C to 700°C .

The WFI model shows a decrease in COF over sliding length for every situation. Also, the
fractional real area of contact using the WFI model shows an increase over sliding length. Less
asperities are changing during lump growth when the WFI model is applied, which provides less
asperities to transition to another wear mode compared to the CFI model. The decrease at low
pressure for the first sliding steps is more severe compared to the higher pressures. Also, the WFI
model shows a decrease in COF after the total sliding length over temperature.

The CFI model has a higher COF over sliding length compared to the WFI model. This dif-
ference is caused by the amount of asperities initiated for each model, because the fractional real
contact area for both cases shows an increase over sliding length. The increase of fractional real
contact area for CFI is higher compared to WFIL. However, the relation for the coefficient of friction
for CFl is increasing, while the relation of WFI is decreasing. Therefore, the difference is attributed
to the amount of contributing asperities, which is the other parameter influencing the COF (equa-
tion 2.4). The correct relation regarding COF over sliding length is not investigated in this research.
A literature review and additional research over sliding length should be done to verify the correct
relation.

6.5 Summary

e The CFI model has more galling initiated asperities compared to the WFI model. The CFI
model shows an increase in amount over pressure, a decrease in amount over temperature and
a decrease in amount over strain. The WFI model is barely affected by a change in pressure,
temperature or strain. This is attributed to the proposed criterion for each model.

e The sensitivity of the fracture toughness applied in the CFI model has been looked into.
A change from 0.25 MPa/m to 0.50 MPa,/m causes an average deviation of 34.5% of
initiated asperities over pressure. The percentage is the difference between the changed
fracture toughness and the original fracture toughness with respect to the total amount of
asperities in contact. This difference is quite significant. Therefore, the fracture toughness
should be verified for the conditions in hot forming.

e The CFI model shows more adhered volume for higher pressures (>10MPa) compared to
the WFI model. Also, the CFI model shows an increase in adhered volume over pressure,
while the WFI model only shows an increase from 1MPa to 15MPa and shows a more or less
constant relation from 15MPa to 30MPa. This is mainly related to the initiated amount of
asperities for each model.

e The growth of multiple asperities using the separation height multi asperity growth model is
visualized using a top view. In addition, the overlap between asperities is investigated. The
asperity growth for 600°C and SMPa after 2m (and also after 1m meter) provides an overlap
percentage of ~ 50% and ~ 40% for CFI and WFI respectively. This percentage indicates
the amount of asperities that at least have one overlap with another asperity. This percentage
becomes even higher for higher pressures. Therefore, the model should include the merging
of asperities when overlap is registered.

e The amount of initiated asperities over sliding length using the separation height multi asper-
ity growth model is evaluated. From this it can be concluded that the (very) small initiated
asperities only contribute briefly to the total adhered volume.

e The tool topography multi asperity growth model is used to evaluate friction over sliding
length. In general, the relation for COF increases over sliding length for CFI and decreases
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over sliding length for WFI, which is attributed to the amount of asperities involved with
lump growth. The tool topography multi asperity model is not applied in the validation
section.
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7 Validation

In this chapter the galling model will be applied to predict galling amount on a production part.
First, the workflow and assumptions in the galling projection onto the tooling of a production part
will be discussed. This galling projection will then be applied on multiple cases. Experiments are
performed at Tata Steel on a B-pillar for a qualitative comparison of the galling prediction. Then
two different industrial parts from Volvo Cars (the A-pillar and the Side Member) are analyzed to
verify if the correct locations can be identified with the galling model. The two proposed galling
initiation models (coating fracture initiation and wedge formation initiation) will be compared for
these three validation cases to check which initiation model is more favorable.

7.1 Workflow visualization galling

The workflow to get the visualization of galling on a part uses the steps shown in figure 7.1. The
TriboForm Software is used to create a TriboForm library, which also contains the galling output
information. The friction library created in this step will be applied in the AutoForm simulation of
the production part of interest. A TriboForm plug-in is used to extract the nodal sheet parameters
(pressure, strain, temperature, velocity and relative displacement) per time step needed into a spe-
cial output file to visualize the galling in the TriboForm Analyzer (internal development version).
The galling will be projected onto the tooling and therefore the meshes of the tooling are needed.
Also, the displacement profile of the tooling is exported to be able to connect the sheet nodes to the
correct location of the tooling.

TriboForm Solver AutoForm TriboForm Analyzer
(internal development)

Create TF library *  Run AF simulation *  Visualize galling (R T, €)
Use custom friction file *  Use AF output file

Output file: Use AF mesh files tools

Nodal sheet
information

TF — TF

Figure 7.1: Workflow for the visualization of galling on a production part.

Use AF disp. profile tools

Additional information on how the galling output, which is included into the TriboForm library,
is applied in the TriboForm Analyzer (internal development version) will be stated below:

e The projected galling output is galling amount ([g/mm?]). The severity for galling amount is
not known, which makes the value of galling amount useful for a comparison.

e The galling projection is a post processing step based on the temperature, pressure and strain
of the sheet and based on the sliding length, which is the relative contact of the tool with the
sheet.

The galling amount output from the TriboForm Solver is fitted with a radial basis function.
The galling projection on the tooling will be that after one forming process.
The input for temperature is the sheet temperature.

When the temperature is outside of the valid temperature range (500°C - 700°C ) for the
galling projection, the closest temperature output value is used.
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e When the pressure is above of the pressure range (1MPa - 30MPa) for the galling projection,
the closest pressure value is used.

e When the pressure is below of the pressure range (1MPa - 30MPa) for the galling projection,
a linear relation from OMPa (no galling) to 1MPa is used.

e The strain range of 0 - 0.2 is applied as a range of 0 - 0.4 in the galling projection. This
assumption is used for the friction model, because in experience the strain relation is overes-
timated. Therefore, the extended range will also be applied within the galling model.

o In the galling amount prediction only one roughness can be applied over the whole surface
of the tooling. If different roughnesses are expected for the tooling the workflow should be
repeated for this roughness.

e The relation for galling over sliding length is taken linearly between the first and last sliding
step during the library creation (I = 0.2m, I = 2m).

o The relative displacement (sliding length) is calculated using the nodal velocity of the sheet
and the time between the iterations.

7.2 B-pillar Tata Steel

7.2.1 Experimental setup

The experiments are concerned with only the T-part of the B-pillar performed at Tata Steel [63].
In figure 7.2 the setup for the experimental B-pillar forming process is depicted. In this setup the
punch is made up out of two separate parts.

Figure 7.2: Experimental setup for the B-pillar forming process.

A surface measurement of the sheet and the tool has been done to verify the applicability of the
calibrated model. When comparing the topography of the B-pillar tooling and B-pillar sheet to the
ones used in the model similarities are spotted. The topography of the sheet looks very similar with
a small difference in roughness, with 1.92um of the model versus 2.18 um of the new measurement.
The topography of the model will be used in the B-pillar validation, because the topography looks
very similar and because in that way the results from the previous section can be used to support
the predicted galling amount. A measurement on the punch radius and of the die radius have been
provided. The roughness of the punch radius is close to the roughness of the tooling used in the
model (Sa = 0.62um and Sa = 0.60um respectively). However, the roughness of the die radius is
smoother compared to the applied tool topography (Sa = 0.13pm and Sa = 0.60um respectively),
which is quite different. Therefore, the model with the calibrated tool roughness (Sa = 0.6um)
as well as the model with a more matched tool roughness (Sa = 0.2um) will be used for the die
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T -':’:'ii,' ;A
(a) Die. (b) Punch (1B, 3B, 5B and 7B).

Figure 7.3: Measurement location on the B-pillar tooling.

of the B-pillar. The tool roughness for both cases will be used in the visualization to show the
difference in galling amount when a different roughness is applied. The topography and surface
height distribution for the applied tool and sheet material are found in appendix D.1. Confocal
measurements have been performed on the tool radius after 5, 15, 24, 50 draws and before the first
draw. These tool measurement have been made at the locations on the tooling as indicated in figure
7.3.

7.2.2 Confocal measurements

The confocal images for location 1, 2 and 5 on the die will be shown in figure 7.4. The topography
evolution of the other locations on the can be found in appendix D.2, because the evolution of
location 3 and 4 is similar to location 1 and location 6 and 7 do not show galling behavior. The
measured topography of the punch does not show galling behavior and is therefore only shown in
the appendix in figure D.4. No confocal measurements have been performed on the blank holder.
The presented confocal images are the only information since the raw data is not available. In
addition, the sliding direction per confocal image is not known. The measured location on the
radius is not verified, which can lead to differences in the local confocal measurement. The die
radius at location 5 shows more galling over 50 draws compared to location 1 (and location 3 and
4, see figure D.5). This difference is not quantified like the volumes in section 4, because there are
no roughness line measurements over the radius, which serves as a reference to calculate an adhered
volume. The difference in location 1 and 5 seems to be a difference in galling mechanism, where
location 1 shows more adhered galling and location 5 shows a compaction galling front. Here,
location 2 is also shown, because it shows less spots with adhesive galling compared to location 1.

7.2.3 Results projection galling
Introduction to the forming setup

The B-pillar tools, as they are used in the AutoForm simulation, are shown in figure 7.5. The blank
is added to this figure to show where contact between the sheet and tool can be expected. The final
product shape with this tooling is shown in figure 7.6.

The parameters applied for the galling projection onto the B-pillar are shown in table 7.1.
The AutoForm simulation and galling prediction uses the material topographies applied in the
calibration, which are similar to that of the B-pillar experiments. This is an initial galling projection
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(c) location 5.

Figure 7.4: Topography evolution of the die radius [63]. Fitr: Reference, after 24 draws and after
50 draws.

to see how well the galling model performs when it is applied on a real product. Note, that the
roughness for the die will be overestimated with the current model. The Tempy,,+ for the sheet and
the tool are the temperature at which the forming process is initiated. The temperature of the sheet
surfaces will change due to the contact during forming, while the tool temperature will remain
constant during the AutoForm simulation. In reality, the tool temperature will change during a
forming process and also over multiple forming processes.

The cumulative sliding length is the relative displacement between the tool and the sheet in
contact after one draw. This is shown in figure 7.7 for the die, the punch and the blank holder.



7.2 B-pillar Tata Steel 68

Blank holder

Figure 7.5: B-pillar overview of the tooling and sheet. Figure 7.6: B-pillar final product shape.

Furnace Sheet Tool

Temp 930°C  Substrate 22MnBS5 Material Tool steel

Time 330sec. Coating Al-Si  Finish Polished
Sa 1.92 um S, 0.60 um
Tempstart 750°C  Tempstart 70°C

Table 7.1: Parameters for the B-pillar forming process used in the galling prediction.

(a) Die. (b) Blank holder.

(c) Punch. All

Figure 7.7: Cumulative sliding distance after one draw [mm)].
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Galling is expected in these locations on the tooling, because material transfers when two surfaces
are in relative motion to each other. The galling amount projected on the tool depends on the
temperature, pressure and strain of the sheet during forming and on the relative sliding length
between the sheet and the tool. The projection of galling amount is shown in figure 7.8 for the
die, in figure 7.10 for the blank holder and the punch. Below, the difference between the galling
initiation models will be discussed first and then a comparison will be made to the experiments.

Results galling amount projection

The galling is mostly predicted on the radius of the die, which is in agreement with the visual
inspection of the tooling [63]. It should be noted that the scale of CFI and WFI in the projection of
galling amount on the die are different (figure 7.8 and figure 7.9 for Sa = 0.6pm and Sa = 0.2um
respectively). The scale is not matched, because details on the galling projection for WFI would
have disappeared. This difference in range is attributed to the different relation of adhered volume
over pressure. When the higher tool roughness is applied the CFI model increases over pressure,
while the WFI model is more or less constant from 15MPa to 30MPa (figure 6.4 and figure 6.5
for CFI and WFI respectively). The relation between CFI and WFI for the lower tool roughness
is different. Both show an increase over pressure, but the increase for WFI is significantly lower
(figure D.6 and figure D.7 for CFI and WFI respectively). Also, the difference between the scale
of the galling initiation models is larger for a lower tool roughness.

(a) Die CFL CFI (b) Die WFL WEI

Figure 7.8: Galling Amount ([g/mm?]) after one draw (Sa = 0.6m).

The highest galling amount on the die, when a tool roughness of 0.6um is applied, is for both
initiation models on the same straight edge on the long T-part, but in a slightly different location.
This is traced back to the pressure and strain difference along this edge. The pressure over this
straight edge shows pressures from at least 15MPa, where the edge of the product shows the highest
pressure during forming. Since the pressures are 15MPa or higher the CFI model will show more
adhered volume compared to the WFI model, which causes the highest galling amount locations
to be slightly different. Also, the relation for adhered volume over strain enhances the observed
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(a) Die CFL CFI (b) Die WFL WEFI

Figure 7.9: Galling Amount ([g/mmz]) after one draw (Sa = 0.2um).

difference. The further away from the T-radius the lower the strain during deformation, where
the relation for adhered volume over strain causes a decrease in volume for in increase in strain
(for >5MPa). This relation is more severe for the CFI model compared to the WFI model. The
highest predicted galling location for CFI is similar for both the tool roughnesses, but the highest
predicted galling amount for WFI for using Sa = 0.2um is different compared to the higher tool
roughness. The CFI prediction is similar because the relation over pressure, temperature and strain
is similar but less in amount. The adhered volume for WFI on the other hand does not scale down
in the same manner, but scales down more compared to the CFI model. Also, the WFI model for a
higher strain shows a decrease in adhered volume over pressure from 10MPa to 25MPa, where the
value for adhered volume of 25MPa goes towards that of 1MPa. This combination for WFI with
the lower tool roughness causes less galling amount on the T-radius compared to the straight T-top
edge. The difference in predicted galling amount between the high and low roughness is attributed
to the greater scale difference, which causes a smaller slope for adhered volume over pressure, and
the different relation over pressure for the lower tool roughness.

According to the galling projection using WFI with Sa = 0.6um a second highest location
is observed in the T-radius (orange). The values projected by WFI (=~ 0.07 g/mm?) are actually
smaller than the value of CFI (= 0.10 g/mm?) for Sa = 0.6um at this position. The scale between
the two models is different, which causes the orange area for the WFI model to be green for the
CFI model. The galling amount in this location can be explained by the pressure range (SMPa -
15MPa) and the increasing strain, which goes up to 0.3 during deformation. At the pressure range
from 1MPa to 10MPa both the CFI and WFI model are similar for the adhered volume. However,
at 15MPa the CFI model will predict more galling. The difference has been minimized by the
increasing strain, because the adhered volume decreases more for CFI compared to WFI when the
strain increases.

The straight T-top edge on the B-pillar die show a similar amount of galling for both galling
initiation models (for both roughnesses). The galling behavior is similar, because the pressure is
below 10MPa during the forming process. The relation for adhered volume over pressure with a



7.2 B-pillar Tata Steel 71

tool roughness of 0.6um is similar for both the galling initiation models in this range. However,
the relation for adhered volume with the tool roughness of Sa = 0.2um is only similar for <5SMPa.
Still, the value is similar between the two model, because the pressure values are mostly below
SMPa.

(a) Blank holder CFI. (b) Blank holder WFI.
(c) Punch CFI. (d) Punch WFIL. All

Figure 7.10: Galling Amount ([g/mm2]) after one draw (Sa = 0.6um).

In figure 7.10 the projected galling amount for the blank holder and the punch can be seen. The
scale for the galling amount has been adjusted, since less galling amount is projected on these parts
compared to the die (figure 7.8). This is in agreement with the observations during the experiments
[63]. On the punch galling amount has been projected on the product edges in the radius. This
projection is caused by the pressure over the observed sliding length (figure 7.7c). The pressure
increases during the forming process up to 35MPa. Also, the difference between CFI and WFI
is attributed to the increased pressure during forming, because the adhered volume over pressure
for CFI increases while the adhered volume over pressure for CFI is constant between 15MPa
to 30MPa. The blank holder shows barely any galling amount, which is in line with the visual
inspection [63]. On the other hand, the cumulative sliding length is very high (figure 7.7b. The
predicted galling amount is low, because the pressures during deformation are very low (<1MPa).
The galling amount for WFI is slightly higher because the value for adhered volume at 1MPa is
higher compared to CFI (figure 6.4 and figure 6.5 for CFI and WFI respectively) and therefore the
linear relation from OMPa to 1MPa provides a higher value for the same applied pressure.
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7.2.4 Comparison prediction to measurements

Comparing the predicted galling amount to the experimental confocal measurements provides some
differences. According to the measurements the most severe galling location should be observed
on the straight T-top edge of the B-pillar, which shows the lowest galling amount compared to
the other edges on the die for CFI and WFI with Sa = 0.6um and CFI with Sa = 0.2um. In the
galling projection the lower predicted galling amount is due to the low pressures (<10MPa) during
formation. The exact cause for the difference between the experiment and prediction is not known.
This could indicate 1) that the geometry is different in reality compared to the simulation, 2) that
the measurement location on the radius is different compared to the other measurement locations
or that 3) the location is an outlier, since only one location on the straight T-top edge has been
included in the measurements. The situation for WFI with Sa = 0.2um does predict more galling
amount on the straight T-top edge, which is in line with the experimental confocal measurements.
This is not a distinct difference, because the scale is reduced to show the details. Still, a single
location at the straight T-top radius has been used for the experimental confocal measurements,
which could be a different location on the radius or an outlier.

(a) Die CFL CFI (b) Die WFL WEI

Figure 7.11: Galling Amount ([g/mm?]) after one draw zoomed in on the T-radius of the die (Sa =
0.6um).

Multiple confocal measurements have been performed on the T-radius, where location 1 and
3 have a similar build up over 50 draws and location 2 shows less galling build up compared to
location 1 and 3. Looking at the galling amount projection using CFI, the location 1 and 3 show a
similar prediction, while location 2 has a little bit less galling amount compared to location 1 and
3 on the die (figure 7.11a and figure 7.12 for Sa = 0.6um and Sa = 0.2um respectively). Since,
the projected galling amount is after one draw the difference over 50 draws would increase, which
makes that the galling projection using CFI is in agreement with experimental observations based
on these three points. However, the measurement on location 4 should have the same amount of
galling to location 1 and 3 according to the experimental confocal measurement, which is not the
case. The CFI model predicts more galling amount for a location further away from the T-radius.
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(a) Die CFL CFI (b) Die WFL WEFI

Figure 7.12: Galling Amount ( [g/mmz]) after one draw zoomed in on the T-radius of the die (Sa =
0.2um).

The WFI model (both roughnesses) does show similar results as the (barely) yellow areas on the
die radius, which could indicate location 1, 3 and 4. The location for the confocal measurements
could have skipped over the more severe area according to the WFI model and cause similar results
for the confocal images, since a confocal image is a very local measurement. However, the exact
location is not known. The WFI model does show more galling amount on location 2 compared
to location 1 and 3 (figure 7.11b and figure 7.12b for Sa = 0.6 um and Sa = 0.2 um respectively),
which contradicts the experimental observation.

According to the confocal measurements of the punch no galling is observed. Also, on these
location on the punch no galling is predicted. However, some galling amount is projected on the
punch at the edges of the product. This location was not included in the experimental measurement
and can therefore not be verified. Still, the predicted values for galling amount are significantly
smaller compared to the die and therefore might not stand out as galling build up in a measurement.

7.3 Industrial parts Volvo Cars
7.3.1 A-pillar
Introduction to the forming setup

This validation case does not include experiments, but relies on the feedback concerning the lo-
cation of galling based on expertise and experience at Volvo Cars [64]. The A-pillar is a more
complex part than the B-pillar in the previous section. The final product shape is shown in figure
7.14 and the tooling for the A-pillar, as it will be applied in the AutoForm simulation, is shown in
figure 7.13.

The tribological system from the calibration will be used to project galling onto the A-pillar
part. This is an initial galling projection to see how well the galling model performs when it
is applied to an industrial part. For future reference, the system should be improved with the
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Figure 7.13: A-pillar overview of the tooling. Figure 7.14: A-pillar final product shape.

use of the real 3D surface measurements of the tool to get a more accurate approximation. The
parameters applied for the galling projection onto the A-pillar are shown in table 7.2. Here, the
transport time from heating to the start of forming is indicated instead of the starting temperature,
because this is in line with the flow of the industrial production part. The Tempgr for the tooling is
the tool temperature at the start of the production batch and will remain constant in the AutoForm
simulation. In reality, the temperature of the tooling changes over multiple forming processes.

Furnace Sheet Tool

Temp 930°C Substrate 22MnB5 Material  Tool steel
Coating Al-Si Finish Polished
Sa 1.92 um S, 0.60 um
Timegansport 8 sec Tempsart 80°C

Table 7.2: Parameters for the A-pillar forming process used in the galling prediction.

The cumulative sliding length is the relative displacement between the tool and the sheet after
one draw while in contact. This sliding length is projected on the tools in figure 7.15 for the punch
steel (two views), the die and the punch pad. Galling can be expected in these contact locations on
the tooling. The sliding length on the light blue part of the die (figure 7.13) is not correct, because
a gap controlled binder is applied (not shown). This part moves during the forming process and
cannot be simulated correctly at this point. The contact of the tooling with the sheet is mainly on
the radii, which is especially clear for the punch. The prediction of galling amount projected on the
tool depends on the temperature, pressure and strain of the sheet during forming and on the relative
sliding distance in contact between the tool and the sheet. The projection of galling amount on the
A-pillar tooling is shown in figure 7.16 for two views of the punch steel and figure 7.17 for the die
and the punch pad.

Results galling amount projection

The locations in reality where galling is observed, are the outer radii on punch steel of the A-pillar
tooling, which are correctly predicted with the galling model. The galling amount projection can
be seen in figure 7.16, where the galling location is indicated with a white box. In the projection of
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(a) Punch steel view 1. (b) Punch steel view 2.

(c) Die. (d) Punch pad. All

Figure 7.15: Cumulative sliding distance for one draw [mm)].

galling amount on the punch steel there is a difference in the scale for galling amount. The range in
the scale has not been matched, because the details on the A-pillar using the WFI model would have
disappeared. The range difference is due to the difference in adhered volume over pressure, figure
6.4 and figure 6.5 for CFI and WFI respectively. The highest predicted value for galling amount
after one production cycle (the red spots) for both galling initiation models is seen on the punch
steel at the edge of the part on the inner radius, see figure 7.16a and figure 7.16¢ for CFI and WFI
respectively. On these locations no significant difference in sliding length can be seen compared to
the neighboring edges. Also, no differences with the neighboring edges based on pressure, strain
and temperature are observed. Therefore, these locations are attributed to a numerical error during
the projection on the tooling. In the case of the CFI model another red spot can be seen on the outer
radius of the punch steel, figure 7.16b. This outer radius is the correct location regarding galling,
but in the engineers at Volvo Cars no specific spot on the outer radius has been observed to exhibit
more galling. This red spot on the outer radius is therefore also attributed to a numerical error
during the projection on the tooling, which is most likely to do with the pressure. Since the galling
behavior shows more build up on the outer radius of the A-pillar a difference with the inner radius
should be expected. For the A-pillar projection using CFI this difference is more clear compared to
the use of the WFI model. This difference is due to the difference in predicted galling amount for
higher pressures (15-30MPa). In the WFI model the pressure barely influences the galling amount
whereas the CFI shows an increase of galling amount for higher pressures. When comparing the
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(c) Punch steel view 1 WFIL.

(b) Punch steel view 2 CFIL. CFI (d) Punch steel view 2 WFI. WFI

Figure 7.16: Galling Amount ([g/mm?]) after one draw.

predicted galling amount to the figure showing the cumulative relative sliding distance it is noted
that the highest sliding length value barely shows any galling amount. This is due to the low
pressures (<5MPa) during the forming process.

It can be seen that on the punch pad and on the die the galling amount, figure 7.17, is less
compared to the punch steel, figure 7.16. This is in accordance with the information from the engi-
neers at Volvo Cars [64]. The difference between these tooling parts it attributed to the difference
in cumulative sliding distance, because the sliding length for the die and the punch pad is signifi-
cantly less than the sliding length of the punch steel. The projection on the light blue part of the
die (figure 7.13) is not correct, because a gap controlled binder is used, of which the movement
during forming cannot be correctly simulated at this point. The CFI model shows more galling on
the punch pad compared to the WFI model. Again, this is due to the difference in galling amount
over pressure. The CFI model provides more adhered volume when a higher pressure is applied,
while the WFI model shows similar galling amounts compared to the lower pressures (figure 6.4
and figure 6.5 for CFI and WFI respectively). On the die the predicted galling amount is more
similar, because the pressure ranges from OMPa to 10MPa which shows a comparable relation of
galling amount for pressure over temperature.
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(a) Die CFI. (b) Die WFIL.
(c) Punch pad CFIL. (d) Punch pad WFI. All

Figure 7.17: Galling Amount ([g/rnmz]) after one draw.

7.3.2 Side Member
Introduction to the forming setup

This validation case does also not include experiments, but relies on the feedback concerning the
location of galling based on expertise and experience at Volvo Cars [64]. The Side Member is a
complex part, which uses different tool temperatures during forming. The product shape before
cutting is shown in figure 7.19 and the tooling, as it will be applied in the AutoForm simulation, is
shown in figure 7.18.

Again, this is an initial galling projection to see how well the galling model performs when it
is applied to an industrial part. For future reference, to improve upon the galling projection for this
specific case, the sheet and tool topographies should be accounted for. The parameters for galling
projection onto the Side Member are shown in table 7.2. Here, the transport time from heating
to the start of forming is indicated instead of the starting temperature, because this is in line with
the flow of the industrial production part. The Tempg,t for the tool is the temperature at the start
of the production batch and will remain constant in the AutoForm simulation, while in reality the
temperature changes over multiple forming processes. Also, multiple Tempg,¢ for the tooling is
applied, which are allocated to the correct tool part in table 7.4.

The cumulative sliding length is shown in figure 7.20 for the punch steel, the punch pad and the
die. Galling can be expected in these contact locations on the tooling. The sliding length on the die
pad (the light blue tooling part in figure 7.13) is not correct, because this die part moves during the
forming process, which cannot be simulated correctly at this point. The relative sliding distance of
the tooling with the sheet is mainly on the radii, which is especially clear for the punch steel and
for some locations on the die. This is as expected, because the sheet will get folded around the die,
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Punch steel
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Figure 7.18: Side member overview of the Figure 7.19: Side member product shape before

tooling. cutting.
Furnace Sheet Tool
Temp 930°C Substrate 22MnB5 Material Tool steel
Coating Al-Si Finish Polished
Sa 1.92 um S, 0.60 um

Timeansport 8 sec Tempgat 20°C, 80°C and 525°C

Table 7.3: Parameters for the Side Member forming process used in the galling prediction.

Tooling Temperature
Punch steel hot, Die hot 525°C
Die pad 80°C
Punch steel cold, Die cold, Punch pad 20°C

Table 7.4: Tooling temperatures.

while the punch steel slides the sheet into the product geometry. The galling projected on the Side
Member tooling can be seen in figure 7.21 for the punch steel and in figure 7.23 for the die and the
punch pad.

Results galling amount projection

According to the engineers at Volvo Cars, the side member part suffers from severe galling [64].
This has been correctly allocated on the punch steel by both the galling initiation models, which is
indicated with a white box in figure 7.21 and can be seen on the tooling in figure 7.22. The severe
galling location is where the tooling is heated to 525°C . This high tool temperature is not directly
applied within the galling model, but the tooling temperature does influence the sheet temperature,
which is used to predict the galling amount per time increment. This position suffers from galling
due to the long sliding distance compared to its neighboring edges, because the combination of
pressure, temperature and strain does not indicate severe galling. The pressure in this location is
mostly kept below 15MPa. The temperature is high, but not significantly different compared to
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(a) Punch steel. (b) Punch pad.

(c) Die. All

Figure 7.20: Cumulative sliding distance after one draw [mm].

the other surrounding points. The strain during deformation is in between 0 and 0.5, which is
higher compared to surrounding points. According to the relation for adhered volume over strain
the volume decreases for higher values of strain (for > 5MPa). Therefore, the strain does not
suggest a higher galling amount. A second highest predicted galling amount can be observed on
the punch steel, indicated with a red box. At this location the relative cumulative sliding length
is similar to the neighboring point. Also, the pressure and temperature is comparable to the rest
of the edge of the ‘Die cold steel’. However, the strain of the side edge of the ‘Die cold steel’ is
lower compared to the center edge of the ‘Die cold steel’. A lower strain for the same pressure and
temperature provides a higher galling amount. Hence, the center is just colored green, while the
indicated position also hints towards yellow. This is not confirmed with reality, since the severe
galling position (white box) is more dominant and a higher concern. Even though, the same galling
locations have been established using either CFI or WFI, a significant difference for the highest
galling amount is observed. This is attributed to the different relation for galling amount over
pressure (figure 6.4 and figure 6.5 for CFI and WFI respectively), where CFI shows an increase
over pressure from 10MPa to 30MPa, while WFI shows more or less a constant relation for galling
amount over pressure from 15MPa to 30MPa.

The punch pad and the die do not suffer from galling according to figure 7.23, which is in line
with the experience from the engineers at Volvo Cars. The predicted galling locations are similar
for both applied galling initiation models, where CFI predicts more galling amount at the punch
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(a) Die CFL CFI (b) Die WFL

Figure 7.21: Galling Amount ( [g/mmz]) after one draw.

Figure 7.22: Severe galling on Side Member (white box) [64].

pad compared to WFI and where WFI shows more galling amount at some locations on the die.
The galling projection onto the die pad (light blue tooling part in figure 7.18) is not correct, because
the movement of this tooling part cannot be correctly simulated at this point. The higher values
for galling amount on the punch pad are attributed to the higher pressures (>10MPa) during the
forming process. The relation for adhered volume using WFI over pressure is more or less constant,
while the adhered volume using CFI increases over pressure. The spot with more galling amount
using WFI on the die is due to the low pressures (<5MPa) during forming. The adhered volume
for these low pressures is more dominant in WFI compared to CFI, which causes more build up of
galling amount using WFL
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(a) Die CFI. (b) Die WFI.
(c) Punch pad CFL. (d) Punch pad WFIL. All

Figure 7.23: Galling Amount ([g/mm?]) after one draw.

7.3.3 Comparison industrial parts

The Side Member has a higher predicted galling amount compared to the A-pillar. This is in
accordance with the experience from Volvo Cars, since the A-pillar does not show severe galling,
but the Side Member does. On the A-pillar some galling build up can be observed on the tooling
after a production batch (1500 parts), but does not cause major problems during the forming process
[64]. However, the tooling is regularly cleaned during maintenance operations to prevent galling
behavior over multiple batches. On the other hand, the Side Member has a smaller production
batch (= 300 parts), because galling is so severe that the products will be damaged if the process
continues [64].

The galling amount predictions do show more galling on the Side Member, which is in accor-
dance with the experience at Volvo Cars, but the ratio between the A-pillar and Side Member is
not significant enough. The ratio is calculated using the equation below and comes down to a ratio
of Repr = 0.22/0.10 = 2.2 and Rwyp = 0.14/0.07 = 2.0. The exact ratio in reality is not known, but
should be higher based on the amount of parts in a production batch. This indicates that the galling
behavior for the A-pillar might be overestimated or that the galling behavior for the Side Member
might be underestimated.

Highest galling amount Side Member
Highest galling amount A-pillar

Ratio = (7.1

The ratio between the industrial parts using the CFI model and WFI model, calculated accord-
ing to equation 7.1, is different, where the CFI shows a bigger difference. This higher ratio is
attributed to the fact that CFI shows an increasing relation for adhered volume over pressure, while
WFI shows about a constant relation of adhered volume over pressure for 15MPa till 30MPa. The
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galling model using CFI seems to be more favorable based on the information from the industry
and the higher predicted galling amounts according to the CFI model.

7.4 Summary

e The galling prediction for the experimental B-pillar is in line with visual observations from
Tata Steel. Galling is observed on the die radii and no significant galling is found on the
punch or blank holder. However, a difference for the galling on the die between the straight
T-top edge and the T-radius has been observed. The prediction shows less galling amount on
the straight T-top edge, while the experiments show more galling on the straight T-top edge
(location 5). The origin of this difference is not exactly known. Using the CFI model when
comparing the multiple measurements of the T-radius (location 1, 2 and 3) provides a better
approximation to the experiments than the WFI model.

o The first iteration of the galling model has predicted the correct location for galling on the
A-pillar as well as the Side Member. However, the severity of the predicted galling amount
is not exactly known, because the ratio between the A-pillar and Side Member does not seem
sufficient enough. The CFI model is more favorable compared to the WFI model based on
the information the industry on the severity of galling and the ratio of the highest galling
amount between the Side Member and the A-pillar.

e The galling amount is not verified. Therefore, the B-pillar and the industrial parts can not
be compared, because the severity of galling between the B-pillar and the industrial parts
is not known. This should be verified in more detail. A combination of confocal and line
measurements over a test radii, to determine an adhered volume like in section 4, should
improve upon the location comparison. Also, this provides a link between the observed
galling to the predicted galling amount.

e The CFI model is more favorable compared to the WFI model based on the comparison
of the two industrial parts and based on the comparison of the B-pillar prediction to the
confocal measurements. In addition, the CFI model shows an increase of adhered volume
over pressure, which is more in line to findings in literature, while the WFI model is more or
less constant from 15MPa to 30MPa.
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8 Conclusion

Galling model & Results

A model has been implemented to predict galling behavior in hot sheet metal forming. This in-
cludes a galling initiation model, a lump growth model and a multi asperity model. Two criteria
have been proposed to initiate asperities for galling, the wedge formation initiation (WFI) and
the coating fracture initiation (CFI). The WFI model is based on wear mode diagram developed
by Challen and Oxley, which is developed based on 2D slip-line field assuming plane strain de-
formation and ideal plastic behavior. The CFI model uses the plane strain fracture toughness of
the coating as a threshold for galling initiation of an asperity. From these two, the CFI model is
more favorable, because the WFI model only relies on the wear modes, which undergo multiple
assumptions to go from a cold 2D situation to a hot 3D situation.

The amount of identified contact asperities depends on pressure, temperature and strain. These
parameters change the amount, shape and size of asperities in contact. The WFI criterion is inde-
pendent of pressure, temperature and strain, while the CFI criterion depends on the pressure and
strain. This is reflected in the amount of asperities initiated for galling and in the adhered volume
due to the initiation criterion. An asperity initiated in the WFI model grows more quickly compared
to an asperity initiated according to CFI (at 5MPa), because the similar amount of material needs
to be divided over less asperities. The interaction has been identified based on the overlap between
asperities during growth. A significant overlap has been identified (40% for WFI and 80% for CFI).
The effect of galling on friction is included in a separate multi asperity model, which updates the
tool topography and then recalculates the coefficient of friction. In general this shows an increase
in COF for CFI and a decrease in COF for WFI. The correct relation for COF over sliding length
is not verified in this research.

Experiments & Calibration

The experimental data from Tata Steel is processed by using the average of the unworn part of
the line measurement as a reference in the confocal measurement to get the adhered volume. The
experimental data that does not provide a suitable correlation between the line measurement and
confocal measurement is excluded from the calibration. The abrasive wear influences the perceived
adhered volume, but the exact amount is not known. The measurements at 750°C are excluded from
the calibration, because it provides a relation that contradicts findings in literature. The galling
model is calibrated for the adhered volume by the fraction m as a function of only temperature at
5MPa and 0 strain. The galling model is valid for 500°C to 700°C .

Validation

The model has been extended over pressure (OMPa - 30MPa) and strain (0.0 - 0.4) compared to
the values used in the calibration to see how well it performs. The galling amount projection only
shows galling amount after one draw. The galling locations on the B-pillar have been identified on
the die radius. The comparison between radius location on the B-pillar for CFI is more favorable
compared to WFI. The galling locations on the A-pillar and Side Member have been accurately
allocated. The CFI model is more favorable based on the galling amount ratio between the two
industrial parts.
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9 Recommendations

Galling model & Results

The lump growth model within the galling model is developed for cold forming purposes.
The assumptions used in the model are not necessarily valid for hot forming. Therefore, to
ensure the validity of the lump growth model for hot forming the assumptions need to be
checked (for example the COF based on the wear modes from Challen and Oxley, the use
of Archards wear equation for worn volume and the adhesion energy for metal at elevated
temperature).

The coating fracture initiation model assumes a fixed fracture toughness based on the plane
strain fracture toughness of a coarse grained Fe;Als compound layer at room temperature.
The compound layer can vary based on the austenitization process before deformation, which
can cause a different fracture toughness. The galling model is applied for high temperatures.
Therefore, the fracture toughness, applied in the coating fracture initiation (CFI) model,
might very well be different for the elevated temperatures. In addition, the plane strain frac-
ture toughness relation holds for brittle fractures, which is less valid for high temperatures.
The fracture toughness should be verified, because a variation in the fracture toughness in-
fluences the amount of initiated asperities and therefore the adhered volume.

In addition, the coating fracture initiation model is based on the coating surface cracking
according to mode I opening mode, because it is the most common. However, the sliding
mode (mode II) and the tearing mode (mode III) or a combination of the three modes can
also happen during relative sliding contact. It should be investigated if the galling initiation
for CFI based on mode I cracking is a sufficient criterion.

The initiated asperities in the galling model do not interact in the multi asperity situation.
In section 6.3.2 it is shown that the asperities in the model will significantly overlap during
growth. This should provide merging of asperities. This effect should be included to predict
a more accurate surface change and to improve the growth model. Also, this would be a
natural way of reducing the amount of adhered material over sliding length, because adhered
material is determined per galling initiated asperity.

Other aspects of multi asperity interaction are not included in the galling model like the di-
rection dependent asperity contact and the fracture of asperities during growth. The direction
dependent asperity contact, which causes less available material for asperities that come in
contact later, is a more direct phenomenon compared to the fracture of a growing asperity,
which needs time to build up to the point that the forces are too great. Of these two the
direction dependent asperity contact should be included first and then the asperity fracture
can be considered.

In literature a distinction has been made between adhesive galling and compaction galling,
while the model only describes adhesive galling and calibrates for both, since the experimen-
tal data cannot make a distinction. For future reference more research on the occurrence of
the two types of galling is needed. From that it should be evaluated if a distinction between
the adhesive galling and compaction galling is a useful addition and expansion to the galling
model.

The galling model has been implemented to check the effect of galling onto the COF. The
relation of COF over sliding length for CFI and WFI is different compared to each other.
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However, this relation has not been studied in this report. Additional research should be
done to validate the correct relation. Also, for large sliding steps and a long total sliding
length issues occur in the current implementation, because asperities cannot be identified as
an initiated asperity anymore (using WFI) or the fractional real contact area becomes too
large (using CFI). The model should be improved to include the effect of galling on the COF
for extended sliding lengths without errors.

Experiments & Calibration

The adhered volume from the model is determined by taking a fraction of the worn volume.
However, the worn volume is not verified. Thus, the adhered volume is calibrated based on
an assumed worn volume. The worn volume should also be verified to have less uncertainties
in the model. In section 2.5 it is shown that the wear rate (k,,), which is used to calculate the
worn volume, should be varied when applied for hot forming processes [47, 49].

The experiments used for the calibration suffered from an alignment error, which caused a
higher applied force on line b compared to line a. Also, only a single strip draw test per
parameter set has been performed. The experiment set should be redone to supplement and
verify the used measurements.

The galling model developed in this report is valid from 500°C to 700°C . Additional exper-
iments should be performed to extend the temperature range of the galling model for higher
and lower temperatures.

The pressure dependent relation of adhered volume (galling) could not be included because
the measurements for 2.5MPa do not provide a suitable correlation between the line measure-
ment and confocal measurement, Strip draw experiments should be performed using another
pressure than SMPa to include a pressure dependent relation.

The strain dependent behavior for adhered volume implemented in the model is due to the
inclusion of strain at the contact model. The galling model itself deals with the contact
change due to strain, but does not include a strain effect directly in its initiation criterion.
The effect of strain on galling initiation should be verified with further research.

According to findings in literature, the adhesive wear also depends on the relative velocity.
Here, the effect of relative velocity is not included. Experiments should be done to incorpo-
rate the velocity effect.

In the B-pillar validation case a different tool roughness, compared to the tool roughness
of the calibration, is applied. However, the applicability of this different tool roughness is
not verified. Additional experiments with a different tool roughness should be performed to
validate for a different tool roughness.

The effect of abrasive wear on adhesive wear (galling) is not known. The strip draw ex-
periments showed a large difference between the adhered and abraded volume. It should
be investigated what the relation between adhesive and abrasive wear is regarding galling at
elevated temperatures to gain a better understanding of these wear mechanisms.

Getting the adhered volume from the experimental data as is done in section 4 is an ex-
tensive process. It would be more convenient if it is possible for only line measurements
to provide suitable information for calibration. Also, line measurements provide a wider
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range of information on the surface compared to a local confocal measurement. The use of
line measurements to derive a suitable data should be investigated if the model needs to be
extended for multiple sheet and tool systems.

Validation

e The projected galling amount on the production parts is not verified as a quantitative result.
Therefore, the predicted amounts can only be used in a relative comparison. Experiments
should be performed to match the observed severity to the galling amount.

o In the validation for the B-pillar only a single confocal measurement per draw and per loca-
tion has been performed. For future reference it would be beneficial to perform at least two
measurements for the same location to verify the results from that measurement. In addition,
an additional measurement location for the straight T-top edge would we beneficial to verify
the single measurement location.

e The tool material is not exactly the same as that used in the experiments. The system can
be improved by using the real 3D surface measurements of the tool to get a more accurate
approximation.

e Effect of tool temperature on galling is not directly applied in the galling model. The tool
temperature only affects the model, because the heat transfer affects the sheet temperature.
The tool temperature can go up to 525°C as shown in the industrial part (Side Member) of
Volvo Cars. In literature the elevated tool temperature shows a decrease in adhered volume
(figure 2.11). In this case the tool temperature goes up to 375°C . The effect of higher tool
temperatures on galling behavior is not exactly known and should be investigated.
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A Appendix: Galling model

A.1 Mathematical approach friction coefficient

This section shows the mathematical approach for the friction coefficient for cutting, ploughing
and wedging according to the wear mode diagram shown in figure 2.9.
The mathematical approach for cutting:

1 1
Heutting = tan (9 — Zﬂ + 3 arccos (fc)> (A.1)

The mathematical approach for ploughing:

Aysin 6 + cos (arccos (fc — 0))

L= A2
Hploughing = 4 "0 + sin (arccos (fc — 8)) (A-2)
with
1 . sin 6
A} =1+ —m+arccos (fc) — 260 — 2arcsin — (A.3)
2 (1-fc)"
The mathematical approach for wedge formation:
. nN1/2) .
{1-2sina;+ (1= f2)'*} sin6 + fecos
Hwear = 1/2 (A4)
{1-2sindy+ (1= f2)"} cos0 — fsin®
with
1 1 in 6
Ay =1— —m — < arccos fc + arcsin le (A.S5)
a2 (1= fo)"

A.2  Conversion to hexagon based polyhedron

First, the elliptical base, which can be described in parametric form by equation A.6, of the asperity
is transformed to a hexagon. The hexagon is defined within the ellipse at that point, but it needs to
be scaled to have the same surface area as the original contact surface (ellipse). Finally, the height
of the hexagon based polyhedron will be determined using volume equilibrium.

X =acos ¢ cost —bsin ¢ sint

y=asin@ cost — bcos ¢ sint (A-6)

The vertices of a hexagon within the ellipse, like in figure 3.12, are determined using the parametric
form of the ellipse. First, the points within 0 < ¢ < 0.57 are derived (point A, B and F). Point A is
defined by the location on the ellipse with a maximum y-coordinate, point F by the location on the
ellipse with a maximum x-coordinate and point B has the same y-coordinate as point F, but on the
other side of the major axis of the ellipse. This provides the following relations for ¢4, tF and #5:

b
t4 = atan (cotq))
a
b
tp = —atan ( tan ¢> (A7)
a

tg = 2tp — I
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The coordinates for these points can now be found. The coordinates for the other vertices (C,D
and E) can now be defined as in equation A.8.

(xc,yc) = = (xF,YF)
(xp,yp) = — (xa,y4) (A.8)
(xe,y8) = — (x,Y8B)

Now, for the points within —0.57 < ¢ < 0 are determined. Here, point D adopts the property
of point A, point E that of point F and point C that of point B. This provides the following relations

for tp, tg and 1¢:
b
tp = atan ( cot(p)
a

tg = —atan (z tan (})) (A-9)

tc = 2tp —tg

At this stage the coordinates of hexagon within the ellipse are defined. The hexagon dimensions
are geometrically characterized by the relations below:

WI =Wl = YA — YF
Wi = YF —YE = 2YyF
l=lb =0.5 (XF—XB) (A.]O)

X
o = —atan <A>
ya

The surface area of the hexagon should be equal to the surface area of the original contact spot.
Therefore, the hexagon will be scaled proportionally in x and y-direction. Note, that only wy, wy,
[ and [, will be scaled, which causes the triangles ABF and CDE to scale proportionally and the
parallelogram BCEF to scale only in x-direction. The scaling factor to increase the surface area of
the hexagon, to equal that of the ellipse, is given in equation A.11.

—lwy + \/ 12W121 + mabl (wy + winp)
I (wi+wnr)

(A.11)

Cscale =
The final step is determining the height for the hexagon polyhedron asperity. The volume of

the elliptical paraboloid should be equal to the volume of the hexagon based polyhedron, which

provides the relation below:
1%
h= A.12
(wr+3wn +wm) (I +1p) A2

A.3 Forces hexagon based asperity

The following assumptions are made to be able to determine the forces in x- and y-direction [4].

e The asperity is not symmetric.

e The origin is at the intersection of AD with a line parallel to BF which goes through the
middle of BC.

e The faces AGF, FGHE and HDE, see figure 3.13, are the contact planes on which normal
pressure and shear stresses act.

e The contact pressure has a constant value on the whole contact area.
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e The tangential shear stress is calculated using Coulomb friction law T = L p,,.
e The asperity is rigid.
e The base of the hexagon asperity requires lines parallel to the ploughing/sliding direction.

Figure A.1: Tip geometry with its dimension and flow lines on BDC of plastic deforming material.

The dimensions in a simple pyramid shaped asperity as shown in figure A.1 are given by [, w
and h. The majority of the asperity shapes will have a hexagon base and therefore w needs to be
replaced with:

wyl winl

Seclw— ——— SecII: w — [cota Seclll w » ——— (A.13)
[+wjrcosa | —wycosa

Figure A.2: Frontal part of section I of the Figure A.3: Frontal part of section II, an oblique
asperity. prism, of the asperity.

The forces in x- and y-direction for section I can be derived using figure A.2. The forces for
section III are more or less a mirrored version of section I. The forces for section II can be derived
using figure A.3. The total forces in x- and y-direction are shown in equation A.14 and A.15. The
complete derivation can be found in the appendix of the thesis of van der Linde [4].

1 1
Fe=—ppih <2W1 +wi+ 2W111>

— Tyl (é\/(w[l)%rh2 (14 wytan(a))? (A.14)

1
+wiry/ 2+ 12 tanz(a) + 5 \/(W[]]l)z +h? (l — wmtan(a))2>
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1 1
Fy =— pyihtan(a) <w1 +wi+ W111>

2 2
+ T,k % wy (I +wytan(ar))
\/(w11)2+h2 (I+wytan(a))? (A.15)
Wi tan(a) 1 wirr (I —wyrtan(or))

+
P+h*tan’(a) 2 \/(Wuﬂ)2 +h2 (1= wyy tan(@))

A.4 Tables
Most stable (A) | Least stable (B) | Otherwise (C)
Ipo+ 1
l l l h
b b0 Ioo+ Io b0 c
1|1 o +1a Iy + lpg — ch
1 oo+ 1o 0 1+ L0
Ipo+ 1
h h h h
0 Lo+ 1oy 0
Iyo + 1 ch
wr | Wio wio —WIp
Ipo + 1o Ipo
Iyo + 1 ch
w w w —W
T 1110 oo+ 1o 1110 Ino 1110

Table A.1: Dimensions of lump (asperity) after stability step [4]. [0 = ch is used instead of the
physical length for the first lump layer, cause lump stability uses just a portion of the backside of
the asperity.

Parameter Value
Asperity parameters a 2.5 um

b 0.5 um

h 0.3 um
Material parameters B 2.8

H 1.0 GPa

T 0.27

Ay 1.1 Jm?
Additional parameters | /[gjide 0.1 m

Crr 1-10°m?*J!

Winax 0.18

#ofcyclesn | 5

Table A.2: Single asperity parameters for lump growth model
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B Appendix: Hot strip draw experiments

B.1 Comparison confocal measurement to line measurement

Getting the adhered volume from the confocal measurement uses a lot of steps and the confocal
measurement shown only the 3D surface roughness of a small area. A line measurement on the
other hand is an easier measurement to perform, describes the surface height over a wider piece of
area and takes less steps in data processing. If a similar trend is found it could be possible to only
use line measurements in future project. The line measurement only provide a 2D representation of
the adhered material and therefore the unit in this comparison is different. So, only a comparison
based on a similar trend can be done.

The results of adhered material for the line measurement series over temperature uses all the
line measurements, which results in figure B.1. This figure shows the average value of both line
measurements and the bars represent the extreme values. The extreme values are the value of line a
and line b, because only two line measurements are done per set. Also, a figure is made for the line
measurement series over sliding length, see figure B.2. As before only the line b measurements can
be used and therefore this figure does not show any bars.
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‘ @ mean (line a & line b) |
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(%] w
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®
1G]

adhered [,umz] per roughness line
adhered [pmz] per roughness line

1 1 o
) 0
400 500 600 700 800 0 2 4 6 8 10
Temp [ °C] Nr of draws
Figure B.1: Adhered material over tempera- Figure B.2: Adhered material over number
ture after 10 draws (2m in total). of draws (200 mm per draw).

First, the trend of the adhered material over temperature is analyzed (figure B.1). The range at
600°C is quite large. Taking only the top value at 600°C it shows an increase from 500°C to 600°C
and a comparable value when going from 600°C to 700°C . This is not quite the dip that is seen in
the figure on the confocal data, but is an indication that the trend will start to decrease. From 700°C
to 750°C the decrease in adhered material is present. Then, the adhered material over sliding length
(number of draws) is also plotted. These data points show that the adhered material increases over
sliding length, which is also the relation found in the confocal measurements. However, this uses
only one measurement per temperature, because only one line measurement (Line b) is usable.

It is concluded that just these two line measurements, although some comparisons can be made,
are not sufficient to describe the same relation. The line measurements show potential and therefore
further research on just using these 2D roughness measurements might yield to an easier way of
data processing.
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B.2 Experimental data

This section shows figures for all the measured parameter sets. These figures include the 2D line
roughness with the best match (y-location) of the 3D confocal measurement. Also, the corre-
sponding correlation over the x-position is given per each set. Subsections are used to split the
measurements into groups with comparable parameters sets: Pressure series on 2.5MPa, Pressure
series on SMPa and Sliding Length series. The correlation plot over the x-position is valid for only
one y-location of the confocal measurement. An indication on the second best correlation at that
y-location is given, but a better match might be found on another y-location. Also, the correlation
is based on both measurements starting at zero. Therefore, the right side of a correlation plot is
zero, because the confocal image can not shift as far to the left as to the right.
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B.2 Experimental data
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B.2 Experimental data
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B.2 Experimental data
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C Appendix: Results

C.1 Top view of initiated asperities

Here, multiple top view images are shown, which are used to support the explanation on the amount
of asperities in contact and the amount of initiated asperities for CFI and WFL.
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Figure C.1: The reference from the main text; Figure C.2: Pressure change; 650°C , 25MPa
650°C , 5MPa and O strain. and 0.0 strain.

[ INoninit asp. [ cFlasp. [ Jwriasp. [EEEMlBothasp. |

[mm]

(a) Temp. change; 450°C , 5SMPa and 0.0 strain. (b) Temp. change; 750°C , SMPa and 0.0 strain.

| \ Noniinit. asp. [ ] CFlasp. [ lwrlasp. [ Both asp. |

Figure C.3: Top view of all the identified asperity patches with temperature change compared to
the reference in the main text (650°C , SMPa and O strain). Reference is repeated in figure C.1.
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(a) Strain change; 450°C , 5SMPa and 0.2 strain.
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(b) Strain change; 650°C , 5MPa and 0.2 strain.
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Figure C.4: Top view of all the identified asperity patches for two different temperature and 0.2

strain. The strain is different compared to the reference.

08 fe ~-v .

06 +os L ST e o

[mm]
Y
&y

L]

B ' o - '."'.'-' .7 N :-': T ~ & - ’
0.4 R TS B SN

021

(a) Temp. change; 650°C , 1MPa and 0.0 strain.
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(b) Temp. change; 750°C , 1MPa and 0.0 strain.
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Figure C.5: Top view of all the identified asperity patches with temperature change at 1MPa.
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(a) Zoom 750°C , 1MPa and 0.0 strain (figure C.5b). (b) Zoom 750°C , 5SMPa and 0.0 strain (figure C.3b).
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Figure C.6: Top view of all the identified asperity patches with pressure change at 750°C .

C.2 Asperity overlap (update separation height)

Here, the top view of the total asperities and the initiated asperities per model is shown for the used
situation in section 6.3.2. Also, additional figures for the overlap percentage are added to see the
effect over the temperature range valid for galling.
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Figure C.7: Top view of all the identified asperity patches.
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Figure C.8: The percentage of asperities which have at least one overlap with another asperity for

CFI with the calibrated value for m.
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Figure C.9: The percentage of asperities which have at least one overlap with another asperity for

WFI with the calibrated value for m.



107

D Appendix: Validation

D.1 Material used in B-pillar experiments

(a) Topography. (b) Surface height distribution.

Figure D.1: Tool surface of die radius. [63].

Texture direction [*]

(a) Topography. (b) Surface height distribution.

Figure D.2: Tool surface of punch radius [63].
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(a) Topography (b) Surface height distribution.

Figure D.3: Sheet surface [63].

D.2 Confocal images of topography evolution
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(a) Position 1B. Fltr: Reference and after 50 draws. (b) Position 3B. Fltr: Reference and after 50 draws.

Figure D.4: Topography evolution of the punch radius [63].
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(c) Position 6. After 50 draws. (d) Position 7. After 50 draws.

Figure D.5: Topography evolution of the die radius [63].
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D.3 Adhered volume decreased tool roughness
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Figure D.6: Adhered volume using CFI for O strain with the calibrated value for m applied to a tool
roughness of Sa=0.2 um.
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Figure D.7: Adhered volume using WFI for O strain with the calibrated value for m applied to a
tool roughness of Sa = 0.2 um.
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