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Abstract
Aiso, T. 2016. Workpiece steels protecting cutting tools from wear. A study of the effects
of alloying elements on material transfer and coating damage mechanisms. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 1449. 76 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9743-9.

The vision of this thesis is to improve the machinability of workpiece steels. Workpiece material
frequently transfers to the cutting tools during machining, and the transfer layers then forming
on the tools may give both good and bad effects on machining performance and tool life. The
objective of this work is to understand the effects of alloying element additions to workpiece
steels on material transfer and the roles of the formed transfer layers on friction characteristics
and wear of tools.

To isolate and study the influence of the individual alloying elements, model steels are
specifically designed. These steels include one reference with C as the only alloying element
and others alloyed also with single additions or combined additions of 1 mass% Si, Mn, Cr and
Al. The experiments are performed using both a sliding test, simulating the material transfer in
milling, and a turning test.

In a sliding contact, the mode of transfer is strongly dependent on the normal load and
sliding speed. Material transfer initiates extremely fast, in less than 0.025 s, and characteristic
transfer layers develop during the first few seconds. The different steel compositions result in
the formation of different types of oxides in the transfer layers. At the workpiece/tool interface
where the conditions involve high temperature, high pressure and low oxygen supply, easily
oxidized alloying elements in the steel are preferentially transferred, enriched and form a stable
oxide on the tool surface. The degree of enrichment of the alloying elements in the oxides is
strongly related to their tendencies to become oxidized.

The difference in melting temperature of the oxides, and thus the tendency to soften during
sliding, explains the difference in the resulting friction coefficient. The widest differences in
friction coefficients are found between the Si and Al additions. A Si containing oxide shows the
lowest friction and an Al containing oxide the highest.

The damage mechanism of coated tools is chiefly influenced by the form and shear strength of
the transferred material. Absence of transfer layer or non-continuous transferred material leads
to continuous wear of the coating. Contrastingly, continuous transfer layers protect it from wear.
However, transfer layers with very high shear strength result in high friction heat and a large
amount of steel transfer. This leads to rapid coating cracking or adhesive wear.
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1. Introduction 

Bars and wire rods of steels are widely used in structural components of the 
engine, drivetrain, suspension systems and other parts of automobiles. These 
steels undergo a variety of manufacturing processes, including e.g. forging, 
machining and heat treatment, when manufactured into the components. 
Machining, such as turning, drilling and hobbing, is one of the most im-
portant processing types to accomplish desired shapes with high precision. 
However, the cost of machining is typically significantly higher than that of 
the material to process or that of the other processes [1]. An improvement of 
the productivity of machining is thus the most efficient way to decrease the 
cost of the manufactured components. 

The term machinability refers to the influence of the workpiece on the 
productivity of machining. However, machinability does not mean a unique 
property of the workpiece material. Rather, there are several criteria for ma-
chinability, such as tool life, chip breakability, surface integrity and cutting 
force. Tool life is considered as the most important in many cases when ma-
chining steels for machine construction, since it is closely related to the pro-
duction costs. Tool life is evaluated by the amount of material removal until 
the tool becomes too inefficient due to wear or other damage. 

In order to decrease the size and weight of the structural components to 
improve the fuel efficiency of automobiles, it is desired to use high strength 
steels. High strength steels with high hardness usually deteriorate the ma-
chinability. Free-cutting additives, generally S and Pb, are thus added to the 
steels to obtain good machinability. However, the use of high amounts of S 
is difficult, as the S addition often results in deterioration of mechanical 
properties like toughness and fatigue strength. Pb is regarded to be an envi-
ronmentally harmful substance and its use is restricted to some extent, alt-
hough it strongly enhances the machinability of steels without seriously de-
teriorating the mechanical properties. Furthermore, dry or semi-dry machin-
ing, instead of the use of any cutting fluid, is desired to reduce industrial 
wastes. This often leads to reduced machining productivity. With these 
backgrounds, new knowledge and new techniques to improve machinability 
are strongly needed. 
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1.1 Metal cutting 
1.1.1 Chip forming process 
To understand the tool wear mechanisms, it is of great importance to know 
the severe conditions around the cutting edge during machining. Technical 
terms and cutting parameters in chip forming process are defined in Fig. 1. 
In this process, the workpiece is shaped by removing material, using a cut-
ting tool. The workpiece around the cutting edge is plastically deformed, 
primarily in three distinct zones. The chip is formed in the primary shear 
zone. In the secondary shear zone, the chip undergoes a further plastic de-
formation in the contact with the rake face of the tool. The workpiece is also 
deformed in the contact zone with the flank face of the tool, called the ter-
tiary shear zone. The shear strain in the primary shear zone reaches 2–4, 
while in the secondary shear zone it exceeds 20 [3]. The strain rate in the 
secondary shear zone is at least 104 s-1 [3]. These large, high-speed defor-
mations result in high temperatures in the shear zones, as almost all energy 
spent in the deformation is transformed into heat. The chip body reaches 
temperatures in the range 200–350 ºC [3], and at the chip/tool interface the 
maximum temperature may exceed 1000 ºC [4]. 

The maximum stress acting on the tool is associated to the yield stress of 
the workpiece material. The maximum normal stress has been reported to be 
about 500–1600 MPa [3]. Due to such high normal stresses, the real contact 
area between the chip and the tool becomes a large proportion of the appar-
ent contact area. In this situation, the major part of chip/tool contact on the 
rake face is under the seizure and the relative motion is carried out by shear-
ing of the weaker of the two materials. The normal stress has a maximum at 
the cutting edge and decreases along the rake face. Sliding ensues around the 
end of contact zone, where the normal stress becomes lower. 

 
Figure 1. Schematic illustration of a workpiece and a cutting tool in a chip forming 
process [2]. 
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1.1.2 Cutting operation 
Many types of cutting operations, such as turning, milling, drilling, tapping 
and broaching, are employed in the production of structural components. 
The operation types can be divided into continuous and intermittent cutting 
procedures. In continuous cutting, e.g. turning and drilling, the cutting tool 
continuously contacts the workpiece material during machining. The heating 
in the contact between the chip and the tool is intense, since there is no op-
portunity to cool. The major part of the rake face has virtually no supply of 
oxygen from the environment [3]. In contrast, in intermittent cutting, e.g. 
milling, the tool repeatedly undergoes short term contacts with the work 
material followed by a period out of contact. The cutting edges are stressed 
and heated during the contact, and they are unstressed and allowed to cool 
during the period out of contact. This repeated process causes both mechani-
cal and thermal fatigue of the tools [3]. The period out of contact also allows 
oxygen from the environment to access to the rake face. These differences in 
the contact situations between continuous and intermittent cutting affect the 
tool damage mechanisms and the interaction between the chip and the tool. 

1.1.3 Cutting tools 
Today, tools coated with physical vapour deposition (PVD) or chemical 
vapour deposition (CVD), which significantly improve the wear and thermal 
resistances, have become standard in machining of steels. The majority of 
the tools used in industrial machining of steels for machine construction are 
made of either PVD coated high speed steel (HSS) or CVD coated cemented 
carbide. 

HSS is used mainly because it enables manufacturing of tools with com-
plicated geometries such as a hob or broach. HSS shows a high toughness 
and is therefore suitable for intermittent cutting involving mechanical shock, 
such as in hobbing. HSS contains relatively large amounts of the carbide 
forming elements of Cr, W, Mo and V. The large fraction of these carbides 
present in the martensite matrix enhances the wear resistance and hot hard-
ness. The hot hardness can be further increased by adding Co to the HSS. 
However, HSS may thermally soften during machining if heated to above 
about 600°C [3, 5]. Thus, the use of HSS is generally limited to relatively 
low-speed machining. Better performance is achieved using powder metal-
lurgical HSS with uniform and fine carbide distribution. These tool materials 
often have PVD coatings such as TiN, TiAlN and CrAlN. PVD coating can 
be deposited to HSS substrates, avoiding the high temperatures in CVD pro-
cesses, which would cause thermal softening of HSS. PVD coatings offer 
superior hardness and low chemical reactivity. These ceramic coatings are 
inherently brittle, but the compressive stress in the PVD coating gives high 
crack resistance. 
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Cemented carbide is another common tool material, showing much better 
hot hardness and wear resistance than HSS. It is extensively used mainly for 
high speed machining operation, such as turning. Cemented carbide is a 
composite material consisting of fine grains of carbides, commonly WC, 
bonded by a binder metal, commonly Co. Typically, WC particles with a 
grain size of about 0.5–10 μm are sintered with about 4–12 mass% of Co 
binder [3]. Decrease in either the WC grain size or the Co amount results in 
higher hardness. TiC and TaC particles are often added to increase the wear 
resistance. In many cases, cemented carbide is coated using CVD, which 
offers relatively uniform and thick coating. The most common coatings have 
TiCN, which has high wear resistance, as an inner layer, and Al2O3, which is 
chemically resistant and heat insulating, as an outer layer. TiN is used as a 
top layer to color the surface to easily detect wear. 

1.1.4 Tool wear 
Cutting tool wear occurs under severe conditions involving high temperature 
and high pressure in the contact with the freshly formed surface of the work-
piece material. Abrasive, adhesive, diffusion and oxidation wear are all 
known to be important mechanisms and they act simultaneously with major 
influence from one or more [4]. Abrasive wear of the tool surface is due to 
the grooving action of hard particles or inclusions in the work material. Ad-
hesive wear is caused by the micro-welding at the chip/tool interface. Small 
pieces of the tool material are transported away with the chip when these 
welded parts are sheared off. Diffusion wear is due to atomic transport of 
tool element into the chip. Oxidation wear is caused by the chemical reaction 
occurring between the tool material, the workpiece and surrounding atmos-
phere or cutting fluid. This wear is due to the removal of reaction products 
by the chip flow. At relatively low cutting speed, i.e. at low temperature, 
abrasive and adhesive wear are dominant. As the cutting speed is increased, 
diffusion and oxidation mechanisms become more important. 

Common wear types of cutting tools include flank wear, crater wear and 
notch wear, see Fig. 2. Flank wear arises at the front edge of the flank face, 
mainly due to abrasive wear. Crater wear appears at the position of maxi-
mum temperature on the rake face and is mainly caused by a combination of 
abrasive and diffusion wear. Notch wear occurs at the region where the out-
side edge of the chip passes over the tool surface. The wear in this region is 
mainly abrasive and adhesive wear. This region allows access of oxygen 
from the surrounding atmosphere, and thus the wear mechanisms are largely 
affected by chemical reaction with the atmosphere. 
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Figure 2. General types of cutting tool wear [2]. 

Coating can increase the resistance against some or all wear mechanism 
described above. However, coatings give almost no effect when the tool 
failure occurs through plastic deformation and fracture of the substrate mate-
rial. Thus, failure of a coated HSS tool can be caused by detachment of the 
coating due to premature deformation of the HSS substrate, rather than due 
to gradual wear of the coating [6]. This is because the HSS substrate softens 
when the temperature at the interface exceeds about 600 °C [3, 5]. The sof-
tening of the substrate results in loss of support for the surface coating and it 
makes the coating deform, crack and fracture [7–9]. This process is aggra-
vated with increasing the sliding speed due to the intensified friction heating 
[8, 9]. In such situation, thermally induced phase transformation to soft aus-
tenite is often observed as the white etching layer underneath the coating. 
Trent and Wright [3] claimed the white etching layer is a result of the trans-
formed region of the HSS substrate having been above 1173 K. 

1.2 Steel characteristics that affect machinability 
The machinability of steels generally decreases with increasing hardness. 
However, the high ductility associated to steels with low hardness also dete-
riorates the machinability. Actually, it has been reported that the machinabil-
ity is best within a certain range of carbon content [10]. Carbon steels as-
rolled or normalized before machining usually have a ferrite-pearlite micro-
structure. Alloy steels, added with e.g. Cr, Ni and Mo, often also contain 
bainite and martensite when as-rolled or normalized. This results in higher 
hardness and poor machinability. In many cases, the alloy steels are heat-
treated with controlled cooling to have a ferrite-pearlite microstructure. 

When comparing between steels of approximately the same hardness, a 
ferrite-pearlite steel has better machinability than a tempered martensite steel 
[11]. This is explained by the fact that in the ferrite-pearlite structure soft 
ferrite is mainly responsible for the deformation in the shear zone, which 
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reduces the cutting force [11]. This effect is further promoted with a coarse 
ferrite-pearlite microstructure [12]. 

Additions of S, Pb and Ca are extensively used to improve the machina-
bility. S addition improves the machinability due to the formation of sulfide 
inclusions, mainly MnS. When deformed, cracks generated by stress concen-
trations caused by difference in mechanical properties between the sulfide 
and steel matrix reduce the energy required for the shearing of the workpiece 
[13, 14]. The friction situation at the chip/tool interface may also be im-
proved by the attachment of softened sulfide on the tool [15]. Pb is present 
as inclusions of metallic lead, as the solubility of it in the steels is almost 
zero. Pb melts during machining because of its low melting point about 327 
ºC, and molten Pb improves the friction situation at the chip/tool interface 
[16–18]. Molten Pb also causes embrittlement of steels in the shear zone, 
resulting in good chip breakability [19]. However, S and Pb are difficult to 
use in higher amounts, because of their detrimental effects on mechanical 
properties and environmental impact. Ca addition can decrease the melting 
point of oxide inclusions inevitably contained in the steels. These oxide in-
clusions can soften due to the cutting heat, attach to the tool face and protect 
it from wear [20–22]. This mechanism however requires high temperature to 
soften the oxides, and thus the effect appears only in relatively high speed 
machining. 

A number of studies on other techniques for improving machinability, e.g. 
Bi addition, sulfide morphology modification and BN addition, have been 
performed. Bi has a low melting point, about 271 ºC, and gives similar ef-
fects as Pb [23, 24]. The sulfide morphology modification is made with e.g. 
additions of Ca, Mg and Zr [25, 26]. The additions of them make the distri-
bution of sulfides more uniform and their shapes more globular, which sup-
presses the decrease in work material toughness. Hexagonal boron nitride is 
known as a solid lubricant because of its layered crystal structure with easi-
ness of cleavage fracture. The BN added steels are reported to have im-
proved machinability [27]. 

1.3 Material transfer 
Material transfer from the workpiece to the tool frequently occurs in machin-
ing and it influences the contact conditions and tool life. The transfer layers 
formed on the tools may have both good and bad effects on machining per-
formance and tool life. When machining steels with a multi-phase micro-
structure, under certain conditions built-up edges can be generated by adhe-
sion and accumulation of workpiece material on the cutting edges [3]. The 
built-up edges are usually undesired since they deteriorate the dimensional 
precision and surface quality of machined parts. On the other hand, there are 
some studies on utilizing the built-up edges for tool protections. It has been 
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reported that a stable built-up edge with high hardness of more than 700 HV 
was formed when machining Ti added steels [28]. This prolonged the tool 
life in drilling with a HSS tool. In recent years, Kümmel et al. [29] demon-
strated through a detailed analysis of the built-up edges that the degree of 
coverage by built-up edges influenced the wear of the cutting edge. They 
have also attempted to stabilize built-up edges by texturing the tool surface, 
in order to use them as protective layers [30]. Atlati et al. [31] studied the 
relationship between the formation of the built-up edges and friction condi-
tions on the tools to predict the formation of the built-up edges. 

In dry hobbing of case hardening steels, it has been reported that the 
transfer layers formed on the rake face of the tool prevented crater wear [32]. 
Gerth et al. [2, 33] studied the details of such transfer layers formed in hob-
bing, as shown in Fig. 3. They reported on transfer layers on the rake face, 
consisting of oxides of Fe, Cr, Mn and Si. All these elements except oxygen 
were constituents of the steel work material. They suggested that this oxi-
dized transfer layer reduced both the wear of the tool and the friction be-
tween the chip and the tool. These effects are very attractive for industry, 
since this type of oxidized transfer layer can likely be formed and improve 
tool life without special techniques, such as free-cutting additives and tool 
texturing. 

Gerth et al. [2, 34] reported that such an oxidized transfer layer was not 
formed on the rake face in turning. Based on these results [2, 33, 34], the 
steel composition and the operation type largely influence the compositions 
and properties of transfer layers, and thus friction and wear. A deepened 
understanding of material transfer mechanisms would make it possible to 
take advantage of transfer layers with further positive effects. 

 
Figure 3. Cross-section of the transfer layer on the rake face of a coated HSS hob 
cutting tooth [2]. 
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1.4 Research objective 
The objective of this thesis is to understand the effects of alloying element 
additions to workpiece steels on material transfer and the roles of transfer 
layers on friction characteristics and wear of tools. The present work is in-
tended to provide knowledge on how to optimize the steel composition to 
promote the formation of beneficial transfer layers and good machinability. 
This thesis mainly investigates oxidized transfer layers as shown in Fig. 3, 
focusing on the importance of oxygen supply to the chip/tool contact. 

1.5 Research approach and organization of papers 
To isolate and study the influence of the individual alloying elements, model 
steels designed specifically for this purpose are necessary. The model steels 
in this work include one reference with C as the only alloying element (Base 
steel) and other steels alloyed also with either a single or combinations of 
elements from the group Si, Mn, Cr and Al, each element consistently added 
to 1 mass%. These commonly used alloying elements were chosen because 
they are easily oxidized and thus expected to strongly influence the material 
transfer. All steels are given a similar microstructure and hardness using heat 
treatment control. This means that the only significant difference is their 
chemical compositions. 

A crossed cylinders sliding test, simulating the contact between the chip 
and the cutting tool, is used in this work. This test is suitable for reproducing 
the transfer layers formed in milling [35] and it allows well controlled stud-
ies. Turning tests are also performed, since the type of cutting operation af-
fects material transfer and tool damage mechanisms. 

The thesis comprises five papers, see Table. 1. First, the influence of the 
sliding test parameters was studied using a commercial steel (Paper I). Sec-
ond, the effect of single additions of Si, Mn, Cr and Al was investigated 
(Paper II, III). Next, the effect of combined additions of these elements was 
systematically studied to obtain knowledge more relevant to commercial 
steels (Paper IV). Finally, the turning tests were conducted using a few se-
lected model steels to understand the effect of operation type (Paper V). 
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Table 1. Overview of the main topics in each paper. 

Paper Tests Steels Objective 

I 
Sliding test 
(relevant for milling)

Commercial steel Effect of contact parameters on 
material transfer 

II 
Sliding test 
(relevant for milling)

Model steels with 
single additions 

Effect of Si and Cr additions on 
material transfer 

III 
Sliding test 
(relevant for milling)

Model steels with 
single additions 

Effect of Mn and Al additions on 
material transfer 

IV 
Sliding test 
(relevant for milling)

Model steels with 
combined additions 

Effect of combined additions of Si, 
Mn, Cr and Al on material transfer 

V Turning test Model steels with 
single additions

Effect of the operation type on mate-
rial transfer
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2. Material and methods 

2.1 Workpiece materials 
A commercial case hardening steel and ten specifically designed model 
steels were prepared as workpiece materials in the present research. The case 
hardening steel was used to investigate the effect of sliding contact parame-
ters in a crossed cylinders sliding test (Paper I). This steel is identical to that 
used in a previous study [35] which employed the same sliding test. The ten 
model steels were used in order to isolate and study the influence of individ-
ual or specific combination of alloying elements (Paper II–V). 

2.1.1 Case hardening steel 
Case hardening steels are widely used for structural components such as 
gears, shafts and bearings. Components made of these steels are first shaped, 
and then their surfaces are hardened to increase the wear resistance and the 
fatigue strength. The steels have low carbon content mainly to maintain suf-
ficient toughness in core region after hardening. They commonly contain 
alloying elements such as Mn, Cr, Mo and Ni to have sufficient hardenabil-
ity. The present work focuses on soft part machining, i.e. prior to hardening. 

The case hardening steel EN-ISO 20NiCrMo2 was employed as the 
workpiece material in this work, see Table 2 for the chemical composition. 
The blanks were cast, hot rolled, forged into shape and subsequently heat-
treated with controlled cooling by the manufacturer. The controlled cooling 
was carried out to avoid the formation of bainite and martensite, as these 
microstructures cause higher hardness and poor machinability. Consequently, 
the steel had a ferrite-pearlite microstructure and a hardness of around 180 
HV. For the sliding test, work cylinders of four different diameters were cut 
out; 139, 110, 80 and 54 mm, all controlled to within 0.6 mm of those values. 
The work cylinders were turned right before starting the test to ensure a 
clean surface was achieved. This turning was performed using coated car-
bide tools under dry condition, with a cutting speed of 265 m/min, a feed of 
0.061 mm/rev and a cutting depth of 0.1 mm. 
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Table 2. Chemical composition (mass%) of 20NiCrMo2. 

C Si Mn S Cr Mo Ni Al Cu Sn Others 

0.20 0.24 0.86 0.013 0.55 0.18 0.58 0.039 0.21 0.012 0.03 

2.1.2 Model steel 
To achieve very controlled experiments, model steels nominally containing 
0.55 mass% of C were prepared as workpiece materials, see Table 3 for the 
compositions. In the Base steel, C was the only alloying element. The Si, Mn, 
Cr and Al alloyed steels also contained nominally 1 mass% of Si, Mn, Cr or 
Al, respectively. Five other steels included 0.55 mass% C, 1 mass% Si and 
one or more of 1 mass% Mn, 1 mass% Cr and 1 mass% Al. Here, the steel 
added with C, Si and Mn is called the SiMn alloyed steel, and the same prin-
ciple applies for the other steels. 

The steels were melted in a vacuum melting furnace, cast into 180 kg in-
gots, and forged into round bars with a diameter of 70 mm. The round steel 
bars were heated at 1523 K for 120 min and air-cooled to room temperature 
for homogenization to reduce the segregation of the alloying elements. Then 
they were austenitized at 1203 K for 30 min and air-cooled to room tempera-
ture for normalizing. Subsequently, each steel underwent different heat 
treatments, as shown in Table 4, to minimize differences in microstructure 
and hardness. The austenitizing and annealing temperatures were varied to 
decrease the difference in the austenite grain size and the hardness, respec-
tively. The steels were austenitized at 1123 or 1223 K for 30 min, and oil-
quenched or air-cooled to room temperature, and subsequently annealed at 
763–1023 K for 300 min. The oil quench was used for accelerated cooling to 
prevent the formation of coarse ferrite grains and to obtain sufficient hard-
ness for the Base steel and the Al alloyed steel. The heat treatment cycles in 
Table 4 were designed based on preliminary tests performed with broadly 
varied heat-treatment temperature, see Appendix for details. 

Cylinders for the sliding and turning tests, 57 mm in diameter, were cut 
out from the heat-treated round steel bars. Before starting the sliding test, the 
cylinders were turned as in the case of the case hardening steel, here with a 
cutting speed of 250 m/min. This resulted in similar surface roughness of 
about Ra 0.5–0.8 μm for all steels. 

The microstructure and the Vickers hardness of the steels are shown in 
Fig. 4 and Table 3, respectively. All steels mainly consisted of a fine pearlite 
microstructure, although the Base steel possibly included some amount of 
tempered martensite, and some of other steels contained small amounts of 
ferrite. The hardness of all steels was around 200 HV, with only the 
SiMnCrAl alloyed steel being slightly harder. 

Please note that Fig. 4 and Table 3 show representative data obtained 
from the steels used for the sliding test (Paper II–IV). For the turning test 
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(Paper V), the steels were not derived from the same charges, but only small 
variations in composition, microstructure and hardness were found (see Pa-
per V for details). 

Table 3. Chemical composition (mass%) and hardness (HV) of the model steels. 

 C Si Mn Cr Al S Hardness 

Base 0.57 0.005 0.001 0.001 0.005 0.001 202 
Si 0.56 1.001 <0.001 <0.001 0.007 0.001 199 
Mn 0.56 0.003 1.001 0.002 0.003 0.001 206 
Cr 0.56 0.002 <0.001 1.007 0.003 0.001 194 
Al 0.56 0.003 0.001 0.001 0.992 0.001 192 
SiMn 0.55 1.006 1.000 <0.001 0.003 <0.001 197 
SiCr 0.56 1.002 <0.001 1.006 <0.001 <0.001 202 
SiMnCr 0.55 1.004 0.997 1.006 0.002 <0.001 212 
SiMnAl 0.57 0.981 1.006 <0.001 1.013 <0.001 208 
SiMnCrAl 0.56 0.984 1.006 0.994 0.948 <0.001 225 

Table 4. Heat treatment cycles of the model steels. 

Base 1123 K/30 min – Oil quench → 763 K/300 min
Si 1223 K/30 min – Air cooling → 873 K/300 min
Mn 1123 K/30 min – Air cooling → 773 K/300 min
Cr 1123 K/30 min – Air cooling → 903 K/300 min
Al 1223 K/30 min – Oil quench → 843 K/300 min
SiMn 1223 K/30 min – Air cooling → 973 K/300 min
SiCr 1223 K/30 min – Air cooling → 1023 K/300 min
SiMnCr 1223 K/30 min – Air cooling → 1003 K/300 min
SiMnAl 1223 K/30 min – Air cooling → 993 K/300 min
SiMnCrAl 1223 K/30 min – Air cooling → 1023 K/300 min
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Figure 4. Microstructure of the steel work cylinders. All steels mainly contained a 
fine pearlite microstructure. Small amounts of ferrite present in some of the steels 
are indicated by arrows. 

2.2 Tool materials 
PVD coated powder metallurgical HSS cylinders were prepared for the slid-
ing test (Paper I–IV), and CVD coated cemented carbide inserts were used 
for the turning test (Paper V). 
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2.2.1 PVD coated high speed steel 
Powder metallurgical HSS ASP2023, with the nominal chemical composi-
tion of 1.28% C, 4.0% Cr, 5.0% Mo, 6.4% W and 3.1% V in mass% [36], 
was utilized as the tool material. The material was hardened and tempered by 
the manufacturer and the hardness was about 850 HV. Tool cylinders with a 
diameter of 5 mm and a length of 20 mm were produced from this material. 
The cylinders were polished and coated with PVD TiN, a well-known and 
commonly used tool coating. After coating deposition, the cylinders were 
polished once again and the final roughness, measured with white light inter-
ference profilometry, was Ra 0.083 ± 0.009 μm. The coating thickness was 
about 3.6 μm. The coating hardness, measured using nanoindentation with 
an indentation depth of 200 nm and a Berkovich tip, was 25 ± 2 GPa. 

2.2.2 CVD coated cemented carbide 
The cutting tools used for the turning tests were commercial CVD coated 
cemented carbide inserts for steel turning, TNMG160408, with a chip break-
er as shown in Fig. 5a. The multilayer coating had about 7.2 μm TiCN as an 
inner layer, about 1.2 μm Al2O3 as an intermediate layer and about 0.6 μm 
TiN as a top layer, see Fig. 5b. The cemented carbide substrate had a hard-
ness of about 1450 HV. 

 
Figure 5. (a) Appearance of an unused CVD coated carbide tool and (b) cross-
section of the tool. 

2.3 Crossed cylinders sliding test 
Since machining is a complex process, several simplifying sliding tests have 
been used to simulate the contact between the chip and the rake face [8, 37–
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39]. In recent years, Gerth et al. [35] employed a crossed cylinders sliding 
test. This kind of sliding test excludes the chip forming in the primary shear 
zone, and focuses on simulating only the contact between the chip and the 
rake face. The test was concluded to be capable of reproducing the transfer 
layers formed on rake faces on milling tools [35]. 

When PVD coated HSS tools are slid against a case hardening steel, ma-
terial transfer is often divided into two regions; one dark colored transfer 
layer and one bright colored transfer layer, see Fig. 6. The dark transfer layer, 
defined as zone I, is an oxide strongly enriched with alloying elements of Al, 
Si and Mn from the steel, while the bright transfer layer, defined as zone II, 
is oxidized transferred steel. The dark transfer layer is dominating in the 
central region of the contact, where the contact pressure and the temperature 
are higher and the supply of oxygen from the environment is low. In contrast, 
the bright transfer layer is formed in the outer region of the contact, i.e. at 
low pressure, low temperature and a high oxygen supply. The dark transfer 
layer corresponds to the transfer layer dominating the contact area of the 
rake face in actual milling, and thus it is most important. In turning, most of 
the contact zone has no oxygen supply at all. However, the end of the con-
tact zone has oxygen supply and similar transfer layers develop also there.  
In this thesis, this sliding test was utilized for studying the influence of oxi-
dized transfer layer in zone I on friction and wear. 

 
Figure 6. Backscattered electron image and EDS maps of a contact mark on a TiN 
coated tool cylinder slid against the case hardening steel with the composition in 
Table 2. The contact mark comprises an alloy oxide (zone I) and an iron oxide (zone 
II). 

2.3.1 Test setup 
The work material was mounted in a lathe and the tool cylinder was placed 
in a holder and pressed against the work material, see Fig. 7. The small TiN 
coated HSS cylinder represented the rake face of the tool and the large rotat-
ing steel work material cylinder represented the chip. Contact parameters 
such as normal load, sliding speed, contact mode (intermittent or continuous 
contact), etc. can easily be controlled [35, 40, 41]. The small cylinder was 
pressed with a normal load applied by a spring. This load is set sufficiently 
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high to cause substantial plastic deformation of the steels, to simulate the 
conditions on the rake face of a cutting tool. The friction force and normal 
load were measured throughout the test using load cells. The TiN coating 
always contacted the work material, while the work material entered the 
contact due to its rotating motion. In order to avoid repeated sliding in the 
same track on the work material, the small tool cylinder was moved using 
the feed of the lathe. This resulted in a contact more similar to that in actual 
machining. The sliding speed was measured from the number of revolutions 
and the diameters of work material cylinders. 

Based on a previous study in the same test rig [40], concluding that the 
same type of oxide layer formed in both intermittent and continuous sliding, 
all tests in this work were performed in continuous sliding. The sliding test 
reproduces transfer layers formed mainly on the rake face of milling tools, 
not on the rake face of turning tools, even though the continuous sliding 
mode is used. In the sliding test oxygen enters the contacting surface as a 
thin oxide present on the surface of the work material, resulting in the for-
mation of oxidized transfer layers very similar to those formed in milling. 

 
Figure 7. Setup of the crossed cylinders sliding test. 

2.3.2 Contact parameters 
In Paper I, the sliding speeds and the normal loads were varied in the inter-
vals 5–180 m/min and 25–200 N respectively, see Table 5. Generally the 
sliding speed and normal load were controlled to within 2.3 % and 1.8 % of 
their nominal values, respectively. For the slowest test, the speed differed 
more, about 5.2 m/min instead of 5 m/min. The total sliding distance was 3.1 
± 0.2 m, which was almost the same as that in the previous study [40]. The 
sliding tests were performed at room temperature in air. Five series of exper-
iments with different contact parameters as shown in Table 6 were per-
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formed. The varied contact parameters were normal load, sliding speed and 
work cylinder diameter. Only one of these three parameters was varied in 
each test series, keeping the other parameters constant. The varied parameter 
was normal load in series 1 and 2, sliding speed in series 3 and 4, and cylin-
der diameter in series 5. Different constant sliding speeds were used in series 
1 and 2, and different constant normal loads were used in series 3 and 4. The 
sliding speed was changed by adjusting the rotational speed of the work cyl-
inder. The rotational speed was also adjusted in series 5 to make the sliding 
speeds the same when cylinders with different diameters were used. The 
sliding distance was kept almost the same for all tests by adjusting the slid-
ing time. 

In Paper II–IV, the normal load and sliding speed were 75 N and 100 
m/min, respectively, see Table 7. Separate tests with different sliding times, 
0.025, 0.05, 0.1, 0.3, 0.6, 1.2 and 1.8 s, were performed to study the initial 
transfer mechanisms. Also longer sliding times, 9.0, 18 and 36 s were used 
to investigate wear characteristics. 

Table 5. Sliding test conditions in Paper I. 

Test parameter  

Sliding speed 5, 30, 45, 60, 90, 125, 180 m/min 
Normal load 25, 50, 75, 100, 125, 150, 200 N
Sliding distance Approximately 3.1 m
Lubrication None (Dry)
Atmosphere In air

Temperature 21 ºC (RT) 

Table 6. Sliding test series in Paper I. 

Test 
series 

Varied parame-
ter

Normal load 
[N]

Sliding speed 
[m/min]

Work cylinder 
diameter [mm]

Sliding time 
[s] 

1 Normal load 25, 50, 75, 100, 
125, 150, 200

125 139 1.5 

2 Normal load 25, 50, 100, 
150, 200

60 139 3.1 

3 Sliding speed 150 5, 30, 45,  
60, 90, 125, 
180

139 37.2, 6.2, 4.1, 
3.1, 2.1, 1.5, 
1.0 

4 Sliding speed 50 5, 60, 90,  
125

139 37.2, 3.1, 2.1, 
1.5 

5 Work cylinder 
diameter

50 125 54, 80, 110, 
139

1.5 
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Table 7. Sliding test conditions in Paper II–IV. 

Test parameter  

Sliding speed 100 m/min 
Normal load 75 N
Sliding distance Up to 60 m
Test duration Up to 36 s
Lubrication None (Dry)
Atmosphere In air

Temperature 21 ºC (RT) 

2.4 Turning test 
Material transfer and tool wear were studied also in turning operation (Paper 
V). The longitudinal turning tests shown in Fig. 8, using commercial CVD 
coated carbide inserts, were performed in a numerically controlled (NC) 
lathe with the cutting conditions shown in Table 8. Here, the part of the tool 
cutting through the surface of the work material cylinder, indicated by the 
dashed circle in Fig. 8, is called the region of depth of cut. For each steel, 
three separate tests with different cutting times, 1, 10 and 125 s, were made 
to study how the material transfer and wear changed with time. The cutting 
force was measured using a dynamometer during the 10 s cutting tests for 
each steel. Also chips were collected during the 10 s tests and their shapes 
were studied using optical microscopy. 

 
Figure 8. Schematic illustration of the turning test. The region denoted “region of 
depth of cut” is indicated by a dashed circle. 
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Table 8. Cutting conditions in Paper V. 

Test parameter  

Cutting speed 250 m/min 
Feed rate 0.3 mm/rev
Depth of cut 1.5 mm
Test duration Up to 125 s
Lubrication None (Dry) 

2.5 Analytical techniques 
2.5.1 Scanning electron microscopy (SEM) 
An SEM with a field emission gun was used to observe surfaces and cross-
sections of transfer layers and coatings. Either secondary or back scattered 
electrons were utilized for imaging. The acceleration voltage was 3, 10, 15 
or 20 kV, resulting in different interaction volumes. For imaging of surfaces 
with thin transfer layers, the lower acceleration voltage (3 kV) was prefera-
bly used to limit the information depth. The samples were sometimes tilted 
65° to get more information about the surface topography of the transfer 
layers. 

2.5.2 Transmission electron microscopy (TEM) 
TEM, with a field emission gun and an acceleration voltage of 300 kV, was 
used for the cross-sectional studies of the transfer layers at high resolution. 
The observations were performed using bright field imaging and high-angle 
annular dark field scanning transmission electron microscopy (HAADF-
STEM). Selected area electron diffraction analysis was performed to charac-
terize the crystalline structures of transfer layers. 

2.5.3 Energy dispersive X-ray spectroscopy (EDS) 
EDS was employed in both SEM and TEM to analyze the chemical compo-
sition of transferred material. When using SEM-EDS, the information depth 
is dependent on the acceleration voltage and the specimen materials. A low 
acceleration voltage, giving a small information depth, is desired to analyze 
thin layers of transferred material. However, the acceleration voltage needs 
to be high enough to excite the electrons in the elements to be analyzed. The 
acceleration voltage was selected considering both these aspects. When us-
ing TEM-EDS, most of the incident electrons can transmit the thin film spec-
imen prepared for TEM observation. Diffusion of incident electrons in the 
thin specimen is much less than that in a bulk specimen. This results in high-
er spatial resolution in the TEM-EDS analysis than in SEM-EDS. 
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2.5.4 Focused ion beam (FIB) 
A FIB instrument was used to make cross-sections of tool surfaces by Ga ion 
polishing. This instrument is equipped with an SEM column. With the SEM 
the appropriate area for observation is selected with micrometer precision 
and then a beam of Ga ion is used for polishing. The same instrument was 
also used to make thin film cross-sectional specimens for TEM studies, with 
the lift-out technique. Before preparing the cross-sections and TEM speci-
mens, a platinum layer was deposited on top of the sample to protect its sur-
face from the subsequent ion polishing process. 

2.5.5 X-ray photoelectron spectroscopy (XPS) 
XPS is a surface sensitive technique for chemical analysis. Only the top sur-
face, up to 10 nm, can be analyzed, although the analyzed area is typically 
from several micrometers to millimeters in diameter. The bonding states of 
elements can be determined from the chemical shift in the spectrum. XPS 
was used to analyze very thin transferred material which were difficult to be 
clearly identified using SEM-EDS. Compositional depth profiles were rec-
orded using stepwise material removal using Ar-ion sputtering with an ener-
gy of 2 keV. 

2.5.6 Auger electron spectroscopy (AES) 
AES is another surface sensitive technique. Compared with XPS, AES gives 
higher lateral resolution, although it offers less information of bonding states. 
AES was employed to obtain element maps on thin transfer layers. It was 
also used to record depth profiles of selected small areas, using Ar-ion sput-
tering. 

2.5.7 White light interference profilometry 
White light interference profilometry is an optical technique based on inter-
ference of light, and gives a vertical resolution in the nanometer range and a 
lateral resolution in the micrometer range. This was used to measure the 
surface roughness of tool and workpiece materials, and the wear depths of 
tool materials. 

2.5.8 Nanoindentation 
Nanoindentation is used for surface sensitive hardness evaluation. The load 
and displacement are continuously measured during indentation with a dia-
mond tip. The hardness is generally calculated from the obtained load-
displacement curve using a method developed by Oliver and Pharr [42]. In 
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this study, the hardness of the tool coatings was obtained using an indenta-
tion depth of 200 nm. The hardness of the HSS substrate of used and unused 
coated cylinders was measured on polished cross-section with a load of 5 
mN. Three-sided pyramidal Berkovich diamond tips were used for all meas-
urements. 
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3. Effect of contact parameters on material 
transfer in a sliding contact (Paper I) 

The crossed cylinders sliding test can be used to simulate the material trans-
fer mainly in milling as shown in Fig. 6. The formation and properties of the 
transfer layers are considered to depend on the operating conditions. The 
contact parameters in previous studies [35, 40, 41] were limited to quite nar-
row ranges, simulating only certain cutting operations. In Paper I, with focus 
on oxide formation, the influence on material transfer from normal load, 
combined with different sliding speeds and work material diameters, was 
investigated. The case hardening steel, shown in Table 2, was slid against a 
TiN coated HSS with the contact parameters in Tables 5 and 6. 

3.1 Influence on material transfer from normal load and 
sliding speed 
In the test series 1 of Table 6, a constant sliding speed of 125 m/min and 
different normal loads were used. At the low load of 25 N, zone II (light gray 
region) covered a relatively wide area, while zone I was not seen, see Fig. 9. 
As the load was stepwise increased to 100 N, zone II shrunk toward the rim 
of the contact mark, while zone I (black region) appeared in the inner region 
and expanded outwards. Zone I was mainly an alloy oxide including Al, Si 
and Mn, and zone II was an iron oxide containing small amounts of Si, Mn 
and Cr, as shown in Fig. 6. When the load was 125 N, a typical zone I was 
not seen in the very middle. Instead small cracks in the coating and substan-
tial steel transfer appeared in the region marked with by the white rectangle. 
At 150 N, clear cracks and transferred steel lumps were observed. Cracks 
seem to promote transfer of steel from the work material. Further increase in 
normal load to 200 N resulted in huge metallic steel transfer. 

Experiments and analyses were performed also according to the other test 
series of Table 6, and the characteristic modes of material transfer are sum-
marized in the sliding speed–normal load diagram in Fig. 10. Each test is 
mainly classified into one of four types of material transfer; negligible oxide, 
only iron oxide (zone II), iron oxide (zone II) and alloy oxide (zone I), and 
metallic transfer with coating cracking. The dashed lines in Fig. 10 are the 
iso-lines of the heat generation during sliding, estimated by the simple model 
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Q=μWv 
where Q, μ, W and v are the heat generation rate, the dynamic friction coeffi-
cient, the normal load and the sliding speed, respectively [43]. Here, the 
friction coefficient was not considered, because the friction coefficient var-
ied only slightly between the tests; always in the range 0.85–1.1 as long as 
the coating remained intact or only showed minute cracks. The iso-lines 
properly divide different modes of material transfer. This means that the heat 
generation, caused by an increase in normal load or sliding speed, is a domi-
nant factor for the oxide formation and the coating cracking. An increase in 
heat generation will promote the generation and growth of oxide. However, a 
higher heat generation, than the coated tool can endure, leads to plastic de-
formation of the substrate, as described in section 1.1.4 and Ref. [41], and 
destabilizes both the coating and the growing oxide. 

The diameter of the work material cylinder in this test was confirmed to 
have no influence on the mode of transfer. 

 
Figure 9. Contact marks on the TiN coated tool cylinders after sliding with a sliding 
speed of 125 m/min and different normal loads against a work cylinder of a case 
hardening steel with a diameter of 139 mm. Black and light gray regions are indicat-
ed by zone I and zone II, respectively. Cracks in the coating are indicated by arrows. 
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Figure 10. The characteristic modes of material transfer at different sliding speeds 
and normal loads. Each test is classified into one of four types: negligible oxide 
formation, only iron oxide (zone II) formation, iron oxide (zone II) and alloy oxide 
(zone I) formation, and metallic transfer with coating cracking. The dashed lines are 
iso-lines of the heat generation estimated by a very simplified model. 

3.2 Summary 
The mode of material transfer and the occurrence of tool damage are strong-
ly dependent on the normal load and sliding speed. The contribution from 
both parameters is explained by the heat generation in the sliding contact. 
The mode is classified into four types; negligible oxide, only iron oxide 
(zone II), iron oxide (zone II) and alloy oxide (zone I), and metallic transfer 
with coating cracking. The mode of iron and alloy oxide formation prevails 
in the broadest ranges. 
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4. Effect of single additions of Si, Mn, Cr and 
Al on material transfer in a sliding contact 
(Paper II, III) 

The sliding test is used to evaluate material transfer, friction characteristics 
and coating damage of a TiN coated HSS against the model steels. To isolate 
and study the influence of the individual alloying elements, model steels 
were used, i.e. one base reference, only alloyed with C (Base steel), and four 
alloyed also with 1 mass% Si, Mn, Cr or Al, as shown in Table 3. The steels 
were slid against a TiN coated HSS cylinder with the contact parameters 
shown in Table 7. 

4.1 Friction characteristics 
The five work material steels exhibited very large differences in friction 
behavior, see Fig. 11. Compared with the Base steel, the Si and Mn alloyed 
steels led to lower friction coefficient, while the Cr and Al alloyed steels 
resulted in higher. The friction coefficient against the Base steel, the Si al-
loyed steel and the Mn alloyed steel rapidly stabilized and reached approxi-
mately 0.9, 0.65 and 0.63 after 1.8 s, respectively. On the other hand, the 
friction coefficient against the Cr and Al alloyed steels changed drastically 
during the test. The friction coefficient against the Cr alloyed steel initially 
rose for about 0.15 s to a value of about 0.9, kept increasing slightly to reach 
about 1.05 after some 0.9 s, decreased gradually until about 1.5 s and then 
stabilized at about 0.9. Against the Al alloyed steel the friction coefficient 
initially increased for about 0.15 s to reach approximately 1.35, remained 
stable until about 0.5 s, then decreased gradually and finally stabilized at 
about 1.15. 
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Figure 11. Friction curves of the five model steels; the Base steel and the Si, Mn, Cr 
and Al alloyed steels. 

4.2 Surface appearance of tool cylinders and transfer 
layer composition 
Already after 0.025 s, different types of transfer layers had formed in zone I 
on the TiN coated cylinders, and characteristic transfer layers developed 
during the first few seconds, see Fig. 12. When using the Base steel and the 
Si alloyed steel, zone I was almost fully developed already after 0.6 s and 
did not change much until 1.8 s. In fact, even after 18 s of sliding against the 
Base steel, the surface appearance was similar to that after 1.8 s and only 
very little wear of the coating was found (see Paper III for details). When 
sliding against the Cr alloyed steel, the area of zone I was fully developed 
after 0.6 s. After 1.8 s a large contact mark and a transfer lump were ob-
served. This significant change of appearance was a result of cracking of the 
coating (clearly shown in Fig. 21). Using the Al alloyed steel, already after 
0.025 s a large metallic lump was seen. After 0.6 s the transfer area had be-
come broader and cracks were visible in the central area. After 1.8 s trans-
ferred metallic steel covered almost the entire contact mark. The coating 
cracks and associated changes of transfer with the Cr and Al alloyed steels 
are consistent with the significant changes in the friction scatter occurring at 
about 1.5 s and 0.8 s in Fig. 11, respectively. Against these four steels, also 
another transfer layer was formed in a narrow region outside zone I, here 
denoted zone II. The present study focuses on zone I, not zone II, since zone 
I now covers a substantial fraction of the contact mark. 

The EDS element maps in Fig. 13 show that zone I for all four steels con-
tained Fe, O and the alloying element present in the steel having been tested. 
For each specific steel, the alloying element was strongly enriched in the oxide 
layer in zone I. 
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Figure 12. Contact marks on TiN coated cylinders after sliding against (a) the Base 
steel, (b) the Si alloyed steel, (c) the Cr alloyed steel and (d) the Al alloyed steel 
obtained in separate tests with different sliding times. The two different modes of 
transfer layer, transferred lumps and cracks of the coating are indicated by arrows. 
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Figure 13. EDS maps of the contact marks on the TiN coated cylinders after sliding 
against (a) the Base steel, (b) the Si alloyed steel, (c) the Cr alloyed steel and (d) the 
Al alloyed steel. 

Compared to the other four steels, the Mn alloyed steel showed a different 
kind of transfer and wear behavior. After 0.025 s, only a very small amount 
of transferred material, and almost no wear, was found, see Fig. 14. After 1.8 
s, some wear had occurred, reaching a maximum depth of approximately 1 
μm. After 18 s sliding, the wear depth had increased to about 2.8 μm, much 
deeper than that for the Base steel. After 36 s, the wear depth exceeded the 
coating thickness and the most striking feature was found in the rear of the 
mark. An EDS analysis after 1.8 s sliding revealed the transfer layer of zone 
I contained Fe, O and Mn, but Mn was present only in a small amount 
(shown in Fig. 25). 
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Figure 14. Contact marks and wear of TiN coated cylinders after sliding against the 
Mn alloyed steel obtained by separate tests with different sliding times. The surface 
profiles were obtained on the white lines in the images. 

4.3 Transfer and damage of the coating slid against the 
Base steel 
The Fe–O transfer layer formed against the Base steel was homogeneous, 
see Fig. 15. FIB cross-sections in Fig. 16 revealed that the transfer layer was 
fully covering the coating surface and that the coating thickness was almost 
intact. This means that the continuous Fe–O layer protected the coating from 
wear. However a crack was seen after 18 s. The crack penetrated both the 
transfer layer and the coating, but stopped as it reached the substrate. At this 
point the coating on one side of the crack has been pressed into the substrate, 
and the substrate has deformed plastically. This plastic deformation of the 
substrate is possible because the friction heat has softened the substrate dur-
ing sliding. This led to reduced support for the coating, and subsequently to 
the generation of a few cracks through the coating. 
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Figure 15. The transfer layer formed against the Base steel after 1.8 s. 

 
Figure 16. Cross-sections of the transfer layer formed against the Base steel after (a) 
1.8 s and (b) 18 s. The difference in the thickness of transfer layers between 1.8 s 
and 18 s is more due to the difference of the observed position than due to the differ-
ent times. 

4.4 Transfer and damage of the coating slid against the 
Si alloyed steel 
The layer transferred from the Si alloyed steel developed in a more complex 
way and it could be divided into two regions; one rough and one smooth, see 
Fig. 17. The rough region consisted of a mixture of Fe–Si–O and metallic 
steel, and it was positioned in the central part of zone I. The metallic steel 
transfer occurred mainly due to the topography made by already formed Fe–
Si–O. The front area exhibits smooth Fe–Si–O hills with minute grooves, 
and these hills actually surround most of the front edge, see e.g. the position 
of the white arrow in Fig. 17a. In the center, Fig. 17b, the transfer layer con-
tained both higher and lower parts. The higher parts displayed very faint 
grooves along the sliding direction, as shown by the black arrows in Fig. 17c, 
while no such grooves were visible in the lower parts. This indicates that 
most of the rough region is not in contact with the sliding counter surface. 
Instead, the load is mainly supported by the smooth Fe–Si–O layer in the 
front and side regions. 
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Figure 17. SEM images of the transfer layer formed against the Si alloyed steel after 
1.8 s, tilted 65°, showing the large topography. The white arrow in (a) indicates the 
smooth Fe–Si–O hills. The black arrows in (c) indicate fine grooves. 

The transfer layer in the center area was around a micrometer thick, see Fig. 
18a. In the front area the transfer layer consisted mainly of Fe–Si–O, con-
taining small amounts of steel pieces, apparently distributed in layers, see 
Fig. 18b. In this region, the transfer layer was fully covering the coating and 
reached a thickness of approximately 6.4 μm. The continuous transfer layer 
will protect the coating from wear, as in the case of the Base steel. 

 
Figure 18. Cross-sections in the transfer layer formed against the Si alloyed steel 
after 1.8 s. The dark layer is Fe–Si–O, while the bright is metallic steel. The cross-
sections were made in (a) the lower part of the center area and (b) the front area in 
the transfer layer. 
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4.5 Transfer and damage of the coating slid against the 
Cr alloyed steel 
The transfer from the Cr alloyed steel showed two modes, see Fig. 19, ap-
parently mixed when viewed from above. The dark transfer layer was Fe–
Cr–O, while the bright was metallic steel. The steel adhered on the front 
edges of the Fe–Cr–O transfer, which shows a strong contribution from the 
topography to the metallic steel transfer. In cross-section it is evident that an 
extensive Fe–Cr–O layer was covering the TiN coating and steel adhered on 
top of that, see Fig. 20. Within the entire analyzed cross-section, the Fe–Cr–
O layer was rather thin, while the transferred steel was much thicker. After 
sliding for 1.8 s, cracks had formed in the coating and transferred steel was 
associated with the cracks, see Fig. 21. The cracks were caused by substrate 
softening, as described for the Base steel. However, the coating damage was 
more severe when sliding against the Cr alloyed steel, as it gave higher fric-
tion and generated more heat. 

 
Figure 19. The transfer layer formed against the Cr alloyed steel after 0.6 s. Dark 
Fe–Cr–O and bright metallic steel transfer layers are indicated by black arrows. 

 
Figure 20. (a) Cross-section image and (b) EDS maps in the transfer layer from the 
Cr alloyed steel after 0.6 s, showing the adhered steel on top of the Fe–Cr–O layer. 
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Figure 21. (a) The entire material transfer region after sliding against the Cr alloyed 
steel for 1.8 s and (b) magnification of the area marked with the white rectangle in 
(a). Cracks in the coating and the steel transfer along the cracks are indicated by 
black arrows. 

4.6 Transfer and damage of the coating slid against the 
Al alloyed steel 
Apart from the obvious difference between the lump and the rest of the con-
tact, the transfer from the Al alloyed steel had occurred in two different 
modes after 0.025 s, see Fig. 22. The magnified image from the center and 
the two corresponding AES maps show that the dark transfer layer, indicated 
with the letter “D”, was Al-rich while the bright transfer layer, indicated 
with the letter “B”, was Fe-rich. The local Fe-rich transfer tended to initiate 
at the front edges of the Al-rich transfer layer, as exemplified in the area 
within the white dashed rectangle in the front image. A cross-section TEM 
study in the center area reveals that an Al-rich transfer layer, several tens of 
nm thick, was covering the TiN coating surface, see Fig. 23. To the left in 
the image an Al-rich “hill”, some 70 nm high, was visible, and on its front 
edge an approximately 170 nm thick Fe-rich transfer layer has been attached. 
The EDS spectra show that the Al-rich transfer layer was almost pure Al–O 
as the Al was very dominant over Fe, while the Fe-rich transfer layer was 
metallic steel. 

The local transfer mechanism from the Al alloyed steel is as follows, 
based on Figs. 22 and 23. First, a thin oxide layer is formed on the TiN coat-
ing. Subsequently, metallic steel is transferred in front of and on top of it. 
This metallic steel transfer is promoted by the roughness caused by already 
transferred oxide. This process results in a rough steel-to-steel contact, 
which finally allows the large metallic steel lump to form. 
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Figure 22. (a) SEM images of the transfer layer formed against the Al alloyed steel 
after 0.025 s. A white dashed rectangle in the front image indicates an area with an 
Fe-rich transfer layer attached to the front edge of an Al-rich transfer layer. (b) AES 
maps in the center area. The letters “B” and “D” in the center image and maps repre-
sent the bright Fe-rich transfer layer and the dark Al-rich transfer layer, respectively. 

After sliding for 0.6 s against the Al alloyed steel, cracks in the coating were 
seen as in Fig. 12d. The cracking was caused by substrate softening, analo-
gous to the cases of the Base steel and the Cr alloyed steel, as shown in Figs. 
16 and 21. However, the coating damage against the Al alloyed steel, which 
gave the highest friction, was more severe than against the Base steel and the 
Cr alloyed steel. In this case, a white etching layer with a maximum depth of 
about 20 μm had developed in the HSS substrate, around the center of the 
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contact, see Fig. 24a. In this region, severe deformation and cracking of the 
coating occurred, although it was not worn. The presence of white etching 
layers indicates that the substrate microstructure underneath the coating 
transformed into mainly soft austenite during the sliding due to the high fric-
tion induced temperature. It could not support the coating and caused coating 
deformation, fracture and tilting of the fragments. 

 
Figure 23. (a) TEM bright field image and EDS maps of a cross-section in the center 
area of the transfer layer formed against the Al alloyed steel after 0.025 s. (b) EDS 
spectra from the Al-rich and Fe-rich transfer layers. 

 
Figure 24. Polished cross-section of the tool cylinder after sliding against the Al 
alloyed steel for 0.6 s. The cross-section, showing the central part of the contact 
mark, was etched with nital. The white etching layer (WEL), and the deformation 
and cracks of the coating are shown by arrows. (b) SEM image showing the coating 
cracking and metallic steel transfer in the white rectangle of (a). 
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4.7 Transfer and damage of the coating slid against the 
Mn alloyed steel 
After 1.8 s, the bottom of the wear mark showed many grooves and streaks 
of transferred material formed along the sliding direction, see Fig. 25. In 
contrast to other steels, this transferred material was not fully covering the 
coating. Instead it was non-continuous and the edges of individual streaks of 
it had a fractured appearance. After 36 s, the wear depth exceeded the coat-
ing thickness, as shown in Fig. 14. In the worn region around the center of 
the contact mark, the coating has been removed and steel has adhered on the 
exposed substrate, as in region B of the FIB cross-section in Fig. 26. In re-
gion C, the worn TiN coating was cracked but remained as fragments 
pressed into the substrate. In region D, the coating was not yet cracked but 
worn from its original thickness of about 3.6 μm to a thickness of about 1 
μm. These results indicate that non-continuous transferred Fe–Mn–O did not 
protect the coating from wear, causing continuous coating wear. The grooves 
on the worn surface shown in Fig. 25a suggest that abrasion caused by hard 
inclusions, such as aluminium oxides, in the steel was one of the main wear 
mechanisms. 

 
Figure 25. (a) The transferred material from the Mn alloyed steel after 1.8 s. In the 
upper right image, the bright area indicated by the black cross A is transferred Fe–
Mn–O, while the dark area indicated by the white cross B is the TiN coating surface. 
(b) EDS spectra of the Fe–Mn–O (A) and the TiN coating (B) obtained at the crosses 
A and B, respectively. 
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Figure 26. Cross-section of the worn region in the center of the contact mark after 
sliding against the Mn alloyed steel for 36 s, showing continuous wear of the coating 
and the exposed substrate. 

4.8 Friction and coating damage mechanisms 
The five steel compositions resulted in different modes of material transfer 
in the center of the contact. The modes influenced the friction coefficient as 
well as the coating damage, as summarized in Table 9. The damage mecha-
nism of the TiN coated HSS tool is chiefly determined by the form of the 
transfer layer and friction coefficient. Continuous wear occurs only when a 
non-continuous transferred material, which gives no protective effect, is 
formed, i.e. Fe–Mn–O. In all other cases, the substrate softening caused by 
the friction heat is responsible for coating deformation, cracking and fracture. 
The severity of the coating damage is dependent on friction heat and thus on 
the friction coefficient. This means the continuous transfer layer which gives 
low friction, i.e. Fe–Si–O, provides the protective effect and prolongs the life 
of coating. 

Table 9. Summary of results in Paper II and III. COF means friction coefficient at 
the stable stage. 

 
Transfer layer 

COF 
Coating damage 

Composition Form Cracking Wear 

Base Fe–O Continuous 0.9 Crack generation No wear 

Si Fe–Si–O Continuous 0.65 Slow crack generat-
ion No wear 

Cr Fe–Cr–O Continuous 1.05 Rapid crack gene-
ration (1.8 s) No wear 

Al Al–O Continuous 1.35 Rapid crack gene-
ration (0.6 s) No wear 

Mn Fe–Mn–O, with Mn 
in small amount

Non-
continuous 0.63 No crack Continuous 

wear 

When the transferred material has a continuous form, the work material pre-
dominantly slides against the transferred material. Therefore, the friction 
coefficient is decided mainly by the shear strength of the interfacial region 
between the transfer layer and the work material, at the elevated temperature. 
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Umino et al. [44] reported that Fe–Si–O produced in the interface between a 
tool and a chip in milling gives a lubricating effect. They suggested that this 
is because the Fe–Si–O, which has a low eutectic temperature, softens at 
elevated temperature. The melting points and eutectic temperatures of a few 
relevant oxides are given in Table 10 [45, 46]. In the present work, the Fe–
Si–O, with a low melting temperature, may soften at the elevated tempera-
ture and reduce the shear strength of the interfacial regions. On the other 
hand, the Al–O, which has a higher melting point, presumably remained 
relatively hard, giving a high shear strength even at high friction induced 
temperatures. The large difference in melting temperature, and thus the ten-
dency to soften, explains the difference in the resulting friction coefficient in 
the present work, see Fig. 27. 

Regarding the friction coefficient against the Cr alloyed steel, it should be 
noted that it showed larger fluctuations than for the other steels, c.f. Fig. 11. 
This was found to be the result of an induced vibration during the test. Fric-
tional vibrations can generate various forms of errors in the friction meas-
urement, as reported e.g. in [47]. The friction presented for the Cr alloyed 
steel can possibly be influenced by such errors. The exact reason why only 
the Cr alloyed steel induced this vibration is not yet known. 

Table 10. Melting point and eutectic temperature of the oxides [45, 46]. 

 Melting point (K) Eutectic temperature (K) 

FeO 1643 – 
Fe2SiO4 1473 1453
FeCr2O4 2373 1618
Al2O3 2323 – 

 
Figure 27. Relationship between the friction coefficient and the estimated melting 
point or eutectic temperature of the oxide layers. 1643 K for Fe–O, 1453 K for Fe–
Si–O and 2323 K for Al–O were obtained from Table 10. 
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The friction coefficient against the Mn alloyed steel has the lowest level, 
comparable to that against the Si alloyed steel. However, these two steels 
show completely different contact mechanisms. The transferred material 
from the Mn alloyed steel was non-continuous and the area covered by it 
was small. Thus, in this case the steel predominantly slid against TiN, not 
transferred material. Ceramic TiN presumably has lower affinity to the steel 
than has the transferred material, since the transferred material is essentially 
the oxidized steel itself. This could explain why the Mn alloyed steel gives a 
lower friction. 

4.9 Mechanism of oxide layer formation 
It should be emphasized that the oxides formed in the center of the contact 
differ from the native oxides that are present on the surface of the work ma-
terials. Even though the very initial oxide transferred to the TiN surface may 
simply be the native oxide scraped off the work material, the growing oxide 
rapidly changes to something else, something new. In a previous study [40], 
the transferred oxide was also concluded to be very different from the native 
oxide on the work material. It was suggested to rely on reactions occurring 
in a condition with high temperature, high pressure and low oxygen supply. 
Furthermore, Fig. 10 and another study [41] showed that at low sliding speed 
almost no such oxide was formed. Together, this suggests that friction heat-
ing allows new reactions that are needed for these new oxides to form. 

The alloying elements of Si, Mn, Cr and Al are known to oxidize more 
easily than Fe [48], see Fig. 28. Therefore in the contact region with low 
oxygen supply, where it is not easy for Fe to oxidize, the alloying elements 
in the steel are preferentially transferred and form a stable oxide. It is very 
interesting that only 1 mass% metal elements become dominant in the oxide 
layers. This means that the tendency of the elements to become oxidized is 
the most important factor for the oxide layer formations. Although oxidized 
Fe could be present because of its vast dominance over any alloying element 
in the work materials, the alloying elements become highly enriched in the 
oxides. Since Al is very easily oxidized, it formed a highly stable oxide and 
did not allow Fe to become oxidized. 

Mn is oxidized relatively easily, similar in this respect to Cr, c.f. Fig. 28. 
Despite this similarity, Mn was not strongly enriched in the oxide, c.f. Fig. 
25b, whereas Cr was strongly enriched. To understand this, it should be not-
ed that the Fe–Mn–O had a non-continuous form, while the other oxide lay-
ers were all continuous. This suggests that the Fe–Mn–O is mechanically 
less stable and any transferred material tends to be scraped off soon after 
having formed. Such a process would not allow the oxide to prevail and 
grow long enough to result in any significant enrichment of alloying ele-
ments. The fractured appearance of the Fe–Mn–O in Fig. 25a, likely indicat-
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ing high brittleness, implies that the mechanical properties of the oxide at the 
elevated temperature are insufficient to hinder the oxide from becoming 
scraped off, although the details of this are not yet revealed. 

 
Figure 28. Ellingham diagram giving the free energy of formation of metal oxides, 
showing the stability of oxides, made based on e.g. [48]. The oxide positioned at the 
lower in the diagram is more stable. 

4.10 Summary 
Material transfer initiates extremely fast, in less than 0.025 s, and character-
istic transfer layers develop during the first few seconds. The transfer layers 
consist mainly of different types of oxides. At the interface in a condition of 
high temperature, high pressure and low oxygen supply, easy-to-oxidize 
metal elements in the steel are preferentially transferred, enriched and form a 
stable oxide. The Fe–O layer, formed against the Base steel, protected the 
coating from wear. The Fe–Si–O layer, formed against the Si alloyed steel, 
resulted in lower friction coefficient in addition to the tool protection. In 
contrast, the Fe–Cr–O and Al–O transfer layers, formed against the Cr and 
Al alloyed steels, led to higher friction and rapid coating fracture. The Mn 
alloyed steel, also resulted in low friction. However, the transferred Fe–Mn–
O was non-continuous and did not protect the coating from wear. 
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5. Effect of combined additions of Si, Mn, Cr 
and Al on material transfer in a sliding contact 
(Paper IV) 

The same kinds of sliding tests, with the same test conditions, c.f. Table 7, 
were conducted using five more complex model steels alloyed with combi-
nations of 1 mass% Si and one or more of 1 mass% Mn, 1 mass% Cr and 1 
mass% Al. As shown in Table 3 they are called SiMn, SiCr, SiMnCr, SiM-
nAl and SiMnCrAl alloyed steels. Si was added to all steels, since the single 
addition of 1 mass% Si resulted in the lowest friction level as described sec-
tion 4. Compared to the studies using single additions of alloying elements in 
section 4, this study with combined additions offers knowledge more rele-
vant to machining of commercial steels. 

5.1 Friction, transfer and damage of the coating slid 
against the SiMn, SiCr and SiMnCr alloyed steels 
The SiMn, SiCr and SiMnCr alloyed steels resulted in a low friction coeffi-
cient, about 0.75 in the stable stage, comparable to that against the Si alloyed 
steel. The surface appearances on the tool cylinders slid against these three 
steels were also very similar to that against the Si alloyed steel. For all three 
steels, the EDS element maps in Fig. 29 show that in zone I all contained Fe, 
O and the alloying elements present in the steel having been tested. The 
semi-quantitative values obtained using point analyses demonstrate that Si 
was strongly enriched in the oxides. Mn and Cr were also enriched but not to 
the same extent as the Si. 

The oxide formation is considered to rely on new reactions, where easily 
oxidized elements in the steels are preferentially transferred and form a sta-
ble oxide, as described in section 4.9. Based on Fig. 28, the tendency to be-
come oxidized increases as the sequence; Fe, Cr, Mn, Si and Al. The tenden-
cy of enrichment of alloying elements in the oxides found in Fig. 29 follows 
this sequence, although Fe is present because of its dominance over any al-
loying element. The Si is the most easily oxidized and the most strongly 
enriched element. Thus, these three steels closely follow the material transfer, 
friction and coating damage with the Si alloyed steel. 
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The friction coefficients against the SiMn, SiCr and SiMnCr alloyed 
steels are all slightly higher than that against the Si alloyed steel; about 0.75 
for the SiMn, SiCr and SiMnCr alloyed steels and about 0.65 for the Si al-
loyed steel. This difference is likely explained by the difference in melting 
temperature of the oxide layers. For example, the Si-rich transfer layer 
formed against the SiMn alloyed steel was amorphous, proved by a halo 
diffraction pattern, see Fig. 30. This implies that the temperature had been 
very high during sliding and that the sliding interface had probably been 
close to a liquid state. Moreover, the transfer layer showed a stacked and 
folded flow patterns in the HAADF-STEM image of Fig. 30. This also sug-
gests that the transfer layer had softened drastically and deformed during 
sliding. Both these facts show that the temperature during sliding was not far 
from the melting temperature and this supports the hypothesis that a lower 
melting temperature offers lower friction coefficient, as shown in Fig. 27. As 
oxides containing Mn and Cr, e.g. Mn–Si–O and Fe–Cr–O, have higher 
melting points than Fe–Si–O [45, 46], the Fe–Si–Mn–O, Fe–Si–Cr–O or Fe–
Si–Mn–Cr–O layer might have slightly higher melting points than Fe–Si–O, 
but still relatively low values. A slightly higher melting temperature of these 
oxides might increase the shear strength of the interfacial regions between 
the transfer layers and work materials, and explain their friction coefficient. 

 
Figure 29. The EDS analyses of the transfer layers formed against (a) the SiMn, (b) 
the SiCr and (c) SiMnCr alloyed steels after sliding for 1.8 s. The ratios of atomic 
concentrations of Fe, Si, Mn and Cr, shown in (d), were measured using point anal-
yses on the oxides in the front regions of the transfer layers. 
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Figure 30. (a) HAADF-STEM image of a cross-section through the transfer layer 
formed at the front region after sliding for 1.8 s against the SiMn alloyed steel. (b) 
Selected area diffraction pattern obtained from an area about 1 μm in diameter. 

5.2 Friction, transfer and damage of the coating slid 
against the SiMnAl and SiMnCrAl alloyed steels 
The friction coefficients against the SiMnAl and SiMnCrAl alloyed steels 
were high, around 1.3 in the stable stage, comparable to that against the Al 
alloyed steel. The friction curves of the two steels were similar to the curve 
of the Al alloyed steel. Also the transfer layers formed against the SiMnAl 
and SiMnCrAl alloyed steels, shown in Fig. 31, were very similar to that 
formed against the Al alloyed steel (Fig. 22). In the central regions, includ-
ing both the bright and dark transfer layers, the XPS depth profiles in Fig. 32 
were recorded. For both steels, Fe, Al and O rather than Ti and N were found 
in the very surface, proving there were almost no uncovered coating regions. 
Moreover, no Si, Mn or Cr was detected. After one minute of sputtering, the 
chemical shifts in Fig. 33 revealed that the peaks of Fe2p3/2 were positioned 
at the binding energy of metallic Fe, while the peaks of Al2p and O1s were 
positioned at the energies of aluminium oxide. This indicates that the trans-
fer layers consisted of metallic steel (bright transfer layer) and aluminium 
oxide (dark transfer layer) for both the SiMnAl and SiMnCrAl alloyed steels. 

These material transfers can be explained by the same mechanism as de-
scribed in sections 4.9 and 5.1. Since Al is very easily oxidized, c.f. Fig. 28, 
Al in the steel is strongly enriched in the oxide. It formed a highly stable 
aluminium oxide and did not allow other elements to become enriched. Then, 
these two steels follow the transfer, friction and coating fracture mechanisms 
found when using the Al alloyed steel. 
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Figure 31. The transfer layers formed against (a) the SiMnAl and (b) SiMnCrAl 
alloyed steels after 0.025 s, showing striking bright transfer layers and any dark 
transfer layers in between. 

 
Figure 32. XPS depth profiles at the center of the contact marks with (a) the SiMnAl 
and (b) SiMnCrAl alloyed steels after 0.025 s. The analyzed area is 50 μm in diame-
ter, including both the bright and dark areas. The dashed vertical lines in the profiles 
show the time when the spectra in Fig. 33 were obtained. 
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Figure 33. XPS spectra of (a) Fe2p3/2, (b) Al2p and (c) O1s, which were obtained 
after one minute of sputtering as indicated in Fig. 32. The dashed lines show the 
binding energies for metal Fe, FeO, Fe2O3, metal Al and Al2O3 [49, 50]. 

5.3 Summary 
The enrichment of alloying elements in the oxides in the transfer layers is 
determined by their tendencies to become oxidized. The tendency to become 
oxidized increases as the sequence; Fe, Cr, Mn, Si and Al. When adding 
several alloying elements to the steel, the major mechanism of material 
transfer and the closely associated friction behavior and coating damage are 
mainly determined by the most easily oxidized metal element in solid solu-
tion in the steel, i.e. Si for the SiMn, SiCr and SiMnCr alloyed steels, and Al 
for the SiMnAl and SiMnCrAl alloyed steels. Note that this has only been 
shown for the case where the alloying element concentrations are in the 
same range, and close to 1 mass%. The enrichment will be controlled also by 
the amounts, not only the type and combination of alloying elements. 
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6. Effect of single additions of Si and Al on 
material transfer in turning (Paper V) 

The results in sections 3, 4 and 5 are expected to be relevant for milling, 
since the sliding test used has proven to be capable of simulating the material 
transfer occurring during milling [35]. It is known that the type of cutting 
operation affects material transfer and tool damage mechanisms, often due to 
the large differences between continuous cuttings and intermittent cuttings 
such as turning and milling. Here, turning tests using the same kind of model 
steels were performed. The individual influence of Si and Al additions on 
material transfer and tool coating damage in turning was investigated using 
some of the model steels shown in Table 3. CVD coated cemented carbide 
tools, which are commonly used in turning of steels, were used for the ma-
chining tests with the cutting conditions shown in Table 8. 

In turning, a large part of chip/tool contact on the rake face is under sei-
zure, i.e. not sliding, and for most of the contact there is no oxygen supply 
from atmosphere [3]. On the other hand, in the region of the depth of cut, 
where the chip edge moves over the tool surface, sliding occurs either inter-
mittently or continuously, and some oxygen from atmosphere can access the 
contacting surfaces [3]. Moreover, oxygen also enters this specific region as 
a thin oxide present on the surface of the work material, c.f. Fig. 8. As focus 
is on the role and importance of oxygen supply, the depth of cut region is 
most extensively discussed. However, the different transfer behaviors in the 
depth of cut region and the crater region are also demonstrated. 

6.1 Transfer and wear of the cutting tools in the region 
of depth of cut 
Around the depth of cut, where there is oxygen supply, a large amount of 
oxidized steel is transferred for all three steels, as shown in Figs. 34, 35 and 
36. Note however that these images show the surfaces after different times of 
cutting. Apart from this oxidized transferred steel, only a small amount of 
transferred steel was found elsewhere in the contact after cutting the Base 
steel for 125 s, see Fig. 34. At the depth of cut position, marked with the 
white rectangle, the TiN top layer of the coating was worn and the Al2O3 
layer was partly exposed. The magnified detail in Fig. 34 shows some 
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grooves on the surface formed along the chip flow direction, as indicated by 
the arrow. This worn surface appearance suggests that abrasion caused by 
hard inclusions in the steel, such as aluminium oxides, was one of the main 
wear mechanisms. Please note that the narrow cracks visible in Fig. 34 were 
formed during the coating deposition process and thus existed before the 
cutting tests. 

 
Figure 34. The rake face in the region of the depth of cut after cutting the Base steel 
for 125 s. The area within the white rectangle is magnified in the image to the right. 
In the magnified detail, a typical groove formed on the tool surface is indicated by 
the arrow. 

After cutting the Si alloyed steel for 125 s, a dark region had formed inside 
the region with oxidized transferred steel, see Fig. 35. This region corre-
sponds to where the wear of the TiN layer occurred with the Base steel in 
Fig. 34. However, with the Si alloyed steel the dark shade is not due to ex-
posed Al2O3 but a transfer layer. The transfer layer, proved to be mainly 
amorphous Si–O using TEM, showed a relatively smooth surface and con-
tinuously covered almost all the coating surface in this region. This Si–O 
layer apparently protected the coating from wear. 

 
Figure 35. The rake face in the region of the depth of cut after cutting the Si alloyed 
steel for 125 s. The area within the white rectangle is magnified in the image to the 
right. 
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Already after 1 s, drastic transfer and wear occurred with the Al alloyed 
steel, see Fig. 36. Apart from the oxidized transferred steel in the outer re-
gion of the chip/tool contact, a large amount of steel transfer was seen also in 
the inner region as shown in the overview image in Fig. 36a. This steel trans-
fer was promoted by already formed Al–O, see Fig. 37. An almost pure Al–
O transfer layer, about 100 nm thick, was covering the TiN top layer surface. 
On top and in front of this Al–O transfer layer, metallic and oxidized steel 
was attached. This transfer mechanism is in good agreement with the trans-
fer behavior found in the sliding test, c.f. Figs. 22a and 23. Closer to the 
cutting edge, in area A in Fig. 36a, the coating had fractured and parts of it 
had been removed. The worn coating had an irregular surface and transferred 
steel was attached to it, see Fig. 38a. 

After 10 s of cutting, the region with exposed substrate, seen as the very 
bright parts in the image, had expanded, see Fig. 36b. Transferred material 
covered parts of the exposed substrate surface as in area B. A cross-section 
obtained in the border region between exposed substrate and remaining coat-
ing showed that a large crack, parallel to the chip flow direction, had been 
generated, see Fig. 38b. Somewhat guided by the interface between the 
TiCN layer and the substrate, the crack had sometimes grown through the 
TiCN and sometimes through WC grains in the substrate. Transferred steel 
had both penetrated into the crack and partially covered the surface of the 
worn coating. These results illustrate that the increased steel transfer, by the 
Al–O transfer layer, promoted adhesive wear of the coating and the sub-
strate. This wear eventually led to extensive notch wear after 125 s. 
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Figure 36. The rake faces in the region of the depth of cut after cutting the Al al-
loyed steel for (a) 1 s and (b) 10 s. The areas within the white rectangles A and B are 
magnified in the images to the right. The white lines between the numbers 1 and 2 
and numbers 3 and 4 indicate the positions of cross-section in Fig. 38. 

 
Figure 37. HAADF-STEM image and EDS maps of a cross-section of the rake face 
in the region of the depth of cut after cutting the Al alloyed steel for 1 s. 
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Figure 38. Cross-sections of the rake faces in the region of the depth of cut after 
cutting the Al alloyed steel for (a) 1 s and (b) 10 s. The cross-sections were obtained 
at the positions of the white lines in Fig. 36, i.e. between the numbers 1 and 2 in area 
A and between the numbers 3 and 4 in area B. 

6.2 Transfer and crater wear of the cutting tools 
After 125s of cutting, the Base steel and the Si alloyed steel showed similar 
widths of the crater wear of the coating, while the width with the Al alloyed 
steel was smaller, see Fig. 39. In the crater regions, where there is no oxygen 
supply, no oxide layer was formed with any of the three steels. With the 
Base steel and the Si alloyed steel wear dominated and only isolated spots of 
transferred steel was found. However, the Al alloyed steel resulted in the 
formation of a transfer layer containing Al and N, at the rims of the craters 
as indicated by the white rectangle in Fig. 39. This AlN transfer layer, which 
proved to be mixed with metallic steel, was approximately 400 nm thick and 
the thickness of the TiN layer underneath was almost intact, see Fig. 40. 
Tanaka et al. [27] suggested that the presence of an AlN transfer layer 
formed on the rake face reduced the diffusion between the chip and the tool. 
The same mechanism is probably contributing to the smaller crater wear 
with the Al alloyed steel also in this work. 

 
Figure 39. The crater wear regions after cutting (a) the Base steel, (b) the Si alloyed 
steel and (c) the Al alloyed steel for 125 s. The TiCN and Al2O3 layers were exposed 
with the Base steel and the Si alloyed steel, while only Al2O3 was exposed with the 
Al alloyed steel. 

Figure 40 shows that the AlN transfer layer existed even on the transferred 
steel, not only on the TiN, which implies that the N in the AlN was not sup-
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plied from the tool coating but from the steel. The contents of AlN precipi-
tates in the steels were measured and proved to be very similar for the three 
steels. This means that the AlN transfer layer on the rake face cannot be 
formed from the precipitates, since it formed only when cutting the Al al-
loyed steel. Yaguchi et al. [51] concluded that Al and N in solid solution can 
react and form an AlN transfer layer at the chip/tool interface because of the 
high heat generation during cutting. In the present work, the abundance of Al 
in solid solution in the Al alloyed steel might, at high temperatures, allow Al 
to react with the small amount of N in solid solution. 

 
Figure 40. HAADF-STEM image and EDS maps of a cross-section of the transfer 
layer in the crater wear region after cutting the Al alloyed steel for 125 s. The cross-
section was made in the area within the white rectangle indicated in Fig. 39. 

6.3 Similarities between turning, sliding tests and 
milling 
The relationship between the operation type, oxygen supply and material 
transfer is summarized in Table 11. Around the depth of cut some oxygen 
can access the contacting surfaces. Si and Al are known to oxidize more 
easily than Fe, c.f. Fig. 28, and in the region with limited oxygen supply, 
only Si or Al but not Fe becomes oxidized, resulting in the formation of al-
most pure Si–O or Al–O. This transfer mechanism is very similar to that in 
the sliding test, i.e. under a condition of high temperature, high pressure and 
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low oxygen supply easily oxidized alloying elements in the steel are selec-
tively transferred and form stable oxides. In the turning test no oxide with 
the Base steel and Si–O with the Si alloyed steel were formed, while in the 
sliding test Fe–O and Fe–Si–O were formed. These differences are due to the 
different amount of oxygen supplied to the contacting surfaces. In the sliding 
test, some oxygen is supplied from the native oxide present on the work ma-
terial surface. In the present experiments, the oxygen in the native oxide in 
the sliding test allows also Fe to become oxidized to some extent. These 
results are important also in milling. In milling, oxygen is supplied to all 
parts of the rake face, which makes the oxides dominate [33]. 

Turning, with its limited oxygen supply, allows also oxygen deficient dif-
ferent regions to develop. In the crater region no oxide layer but other types 
of transfer layers may form, such as the AlN layer formed with the Al al-
loyed steel. Revealing the details of the formation mechanism of this type of 
layer needs further studies. 

Table 11. The relationship between the type of the operation, oxygen supply and 
material transfer. 

 Sliding test Milling 
Turning 

Depth of cut region Crater region 

Oxygen source 
Thin native oxide 
on the workpiece 
surface

Atmosphere 
Atmosphere and thin 
native oxide on the 
workpiece surface

None 

Material transfer Oxide Oxide Oxide Other types 
of transfer 

6.4 Summary 
In the depth of cut region, where oxygen is present, the transfer mechanism 
is similar to that in the sliding tests, although it slightly differs between those 
due to the different amount of supplied oxygen. When cutting the Base steel, 
an oxide layer did not form and the coating was worn mainly by abrasion. 
When cutting the Si alloyed steel, an almost pure Si–O transfer layer covered 
the coating surface and protected it from wear. When cutting the Al alloyed 
steel, an almost pure Al–O transfer layer was formed on the coating, and 
steel tended to transfer on top of and in front of it. This transferred steel 
promoted adhesive wear of the coating, which rapidly resulted in coating 
detachment and eventually led to notch wear. In the crater wear region, 
where oxygen is not present, a protective transfer layer formed on the coat-
ing only when cutting the Al alloyed steel. The formation mechanism was 
completely different from that in the depth of cut region. 
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7. Conclusions 

The vision of this thesis is to improve the machinability of workpiece steels. 
Workpiece material frequently transfers to the cutting tools during machin-
ing, and these transfer layers may give both good and bad effects on machin-
ing performance and tool life. This thesis focuses on oxidized transfer layers 
formed where oxygen can access the contacting surfaces, i.e. on the rake 
face of milling tools or in the depth of cut region of turning tools. The work 
contained in this thesis shows the incredible speeds at which stable transfer 
layers form. 

The results, clearly illustrating the effects of alloying element additions to 
steels on material transfer, friction characteristics and wear of tools, were 
made possible using specifically designed model steels. These included a 
reference steel with C as the only alloying element (Base steel) and a range 
of designed steels alloyed also with single or combined additions of Si, Mn, 
Cr and Al. Experiments were performed using both a lab scale sliding test 
and a turning test. 

The following conclusions contributing to the development of steels that 
promote the formation of beneficial transfer layers and good machinability 
can be drawn. 

Effect of contact parameters on the mode of material transfer 
In the sliding contact, the mode of transfer is strongly dependent on the nor-
mal load and sliding speed. The contribution from these two parameters, 
corresponding to feed or depth of cut and cutting speed in machining, is ex-
plained by the heat generation in the contact. From low to higher heat gener-
ation, the mode can be classified into four types; negligible oxide, only iron 
oxide, iron oxide and alloy oxide, and metallic transfer with coating cracking. 
The mode of iron and alloy oxide formation prevails in the broadest ranges. 

Effect of alloying elements on transfer layer formation 
Material transfer was found to initiate extremely quickly, here in less than 
0.025 s, and characteristic transfer layers develop within the first few sec-
onds. Different steel compositions give different types of oxidized transfer 
layers. At the workpiece/tool interface, where oxygen supply is low and it is 
not easy for Fe to oxidize, easily oxidized alloying elements in the steel are 
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preferentially transferred, enriched and form a stable oxide. The degree of 
enrichment of alloying elements is determined by their tendencies to become 
oxidized. A strong tendency leads to more enrichment. When adding several 
alloying elements to the steel, the major mechanism of material transfer is 
significantly influenced by the most easily oxidized metal element in solid 
solution in the steel. 

Effect of transfer layers on friction characteristics 
The friction coefficient is decided mainly by the shear strength of the inter-
facial region between the transfer layer and the work material, at the prevail-
ing friction induced elevated temperature. The difference in melting temper-
ature of the oxides, and thus their tendencies to soften, explains the differ-
ence in the resulting friction coefficient in the present work. The widest dif-
ferences in friction coefficients were found between Si and Al additions. A 
Si containing oxide, which has a low melting temperature, gave the lowest 
friction and an Al containing oxide, which has a relatively high melting point, 
gave the highest. 

Effect of transfer layers on tool coating damage 
The damage mechanism of coated tools was found to be chiefly influenced 
by the form and shear strength of the transfer layer. Continuous wear of the 
coating occurs only when no transfer layer or non-continuous transferred 
material is formed on the coating. This is especially evident with the Mn 
addition, where the absence of a protective transfer layer led to coating wear, 
mainly through abrasion caused by hard inclusions in the steel. When the 
transfer layers, with relatively low shear strength at high temperature, con-
tinuously cover the coating surface, e.g. those formed with the Base steel and 
the Si alloyed steel, the coating is protected from wear. Transfer layers with 
high shear strength, e.g. that formed with the Al addition, result in high fric-
tion and large amounts of steel transfer. 

When using coated HSS tool, high friction heat may soften the substrate 
during sliding. This leads to reduced support for the coating, and subsequent-
ly to coating deformation, cracking and fracture. This is most clearly seen 
for steels with Al addition, but also Cr addition clearly showed these damag-
es. When using coated carbide tools, the substrate does not soften, but the 
increased steel transfer promotes adhesive wear of the coating, which rapidly 
results in coating detachment. 

Effect of the operation type on material transfer mechanism 
The mode of material transfer is largely influenced by oxygen supply from 
the environment. In the region around the depth of cut in turning, where 
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oxygen is present, material transfer is very similar to that in the sliding test, 
and thus to that in milling. On the other hand, in the major part of chip/rake 
face contact in turning, oxygen is not present. Consequently, other types of 
transfer can occur, such as the AlN layer formation found using the Al al-
loyed steel. 
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8. Outlook 

This thesis offers important guidelines to design steel composition with im-
proved machinability, using common alloying elements. Si addition is the 
most important to promote the formation of beneficial transfer layers on the 
tool. The Si addition results in the formation of Si-rich oxide layers, which 
reduce both wear of the tool and friction between the chip and the tool. Mn 
addition does not lead to protective transfer layers. Cr addition results in a 
Cr-rich oxide layer, which leads to cracking of the coating. These detri-
mental effects from the Mn or Cr addition are reduced by combining with 
addition of Si. The addition of Si, with a high tendency to become oxidized, 
would be useful even in commercial steels including many kinds of alloying 
elements. However, a large amount of Al should be avoided when designing 
for good machinability, since the Al addition results in an Al-rich oxide layer 
that causes the highest friction. This effect from the Al addition is not re-
duced easily by combining with other elements, since Al is the much more 
easily oxidized element. 

The effects obtained from the Si addition are very attractive for industry, 
since these may reduce the need for free-cutting additives. The formation of 
transfer layers are strongly influenced by cutting conditions and operation 
types, i.e. heat generation and oxygen supply. To take full advantage of ben-
eficial transfer layers, not only the steel composition but also cutting condi-
tions and operation types should be considered. 

In the machining research area, the phenomena at the chip/tool interface 
have not been fully understood yet because of their complexities. This thesis 
reveals that the basic thermodynamics, i.e. the tendency to become oxidized, 
is useful for understanding the material transfer mechanisms. The present 
approach would be very valuable also for further studies on material transfer 
in machining. Moreover, this work clearly demonstrates the crucial im-
portance of thin surface oxide layers on friction and wear. These findings are 
believed to contribute to also other tribology research areas involving ox-
ide/metal contact interfaces. 
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9. Sammanfattning på svenska (Summary in 
Swedish) 

Denna avhandling behandlar hur legeringselement i stål inverkar på den 
materialöverföring som sker från stålet till verktygseggen vid skärande bear-
betning. Ansatsen är att bidra med grundläggande förståelse kring legerings-
innehållets inverkan på överföringen, och överföringarnas roll för skärpro-
cessen. Därmed kan avhandlingen bidra till framtida utveckling av stål där 
legeringsinnehållet anpassas för att ge överföring som är optimal med avse-
ende på verktygens nötning och stålets skärbarhet. 

Bearbetning av komponenter tillverkade i metall förekommer inom nästan 
all form av mekanisk tillverkningsindustri och skärande bearbetning, såsom 
svarvning och fräsning, är en av de vanligaste processerna för detta. Gemen-
samt för alla former av skärande bearbetning är att verktyg används för att 
forma metallen genom att avverka en spåna. För att det ska fungera är en 
grundläggande förutsättning att verktyget måste vara hårdare än arbets-
materialet. Idag dominerar snabbstål och hårdmetall som grundmaterial i 
verktygen och dessa beläggs dessutom vanligen med keramiska skikt för att 
ytterligare öka ythårdheten och nötningsbeständigheten. 

Det är välkänt att material från arbetsmaterialet ofta förs över till verk-
tygsytan. Ibland beskrivs det få negativa effekter eftersom det dels förändrar 
verktygets geometri och dels kan leda till en instabil skärprocess då överfö-
ringar med jämna mellanrum kan lossna och momentant förändra förutsätt-
ningarna för skärprocessen. Men det överförda materialet kan också agera 
som det aktiva lager där skjuvningen mellan spåna och verktygsyta sker. I de 
fallen beskrivs ofta överföringen som skyddande. Vilken överföring som 
sker och vilken dess effekt blir är inte alltid lätt att förutse. Arbetsmaterialet 
man skär i spelar förstås stor roll men även verktygsmaterialet och skärpa-
rametrarna har stor inverkan. 

Avhandlingen fokuserar på bildandet av och funktionen hos överföringar 
som uppstår vid skärande bearbetning av  kolstål. För att studera inverkan av 
specifika legeringselement specialframställdes ett antal stål. Med ett enkelt 
basstål som utgångsmaterial tillsattes 1 vikt-% av antingen Si, Cr, Al eller 
Mn. På så sätt kunde beteendet med stål utan legeringstillsats jämföras med 
det hos stål med 1 vikt-% Si eller 1 vikt-% Cr, etc. Samtliga stål värmebe-
handlades individuellt för att ge snarlika mikrostrukturer och hårdheter. För 
att vidare kunna studera samtidig inverkan av kombinationer av flera lege-
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ringselement framställdes på liknande sätt ett antal stål med kombinationer 
av typen 1 vikt-% Si plus 1 vikt-% Cr. 

När man vill studera mekanismerna i den sekundära skjuvzonen, där spå-
nan glider mot verktygets spånsida, vore det bäst om spånans geometri och 
dess tryck mot arbetsmaterialet kunde hållas konstant. I praktiken är det 
svårt eftersom en verklig skärprocess är alltför komplex. Spånformningen 
beror på arbetsmaterialets egenskaper och processen är extremt värme-
alstrande och inverkar därför på såväl spånans form som på den kraft med 
vilken spånan trycker mot verktygsytan. För att undvika dessa komplexa 
variationer har det här arbetet till största delen i stället utförts med en för-
enklad uppställning som simulerar spånans glidning mot verktyget. En liten 
cylinder av TiN-belagt snabbstål, representerande verktygsytan, trycks vin-
kelrätt mot en roterande cylinder av verktygsmaterialet. Utöver dessa förenk-
lade försök utfördes också verkliga skärtest i en svarv. 

Av försöken framgår att materialöverföringen och bildandet av oxidfil-
merna sker extremt snabbt. Redan efter 0,025 sekunder kan överföringar 
observeras och efter bara någon sekund har den glidande kontakten utvecklat 
karakteristiska oxider. Studier av oxidbildningen kräver därför korta tester. 
Som komplement har längre tester utförts då verktygslivslängden varit av 
intresse. 

Det visar sig att normalkraften och glidhastigeten har stor inverkan på 
överföringen. Den icke konforma kontakten mellan de korsande cylindrarna 
medför att olika delar i kontakten har olika förutsättningar för överföring. 
Det resulterande kontaktmärket kommer därför att uppvisa upp olika karak-
teristiska områden där olika processer varit aktiva, se till vänster i figur 41. 
Även kontakten mellan en verklig spåna och en verktygsyta uppvisar lik-
nande områden med olika karakteristiska överföringar. 

 
Figur 41. Överföringar från det kisellegerade basstålet till den gulfärgade TiN-ytan 
avbildat i ljusoptiskt mikroskop (vänster). Samma område avbildat i elektronmikro-
skop med kartläggning av förekomsten av olika överförda element i de färgade bil-
derna (höger). 

Trots det lägre kontakttrycket i det yttre området har temperaturen varit till-
räckligt hög och tillgången till syre tillräckligt god för att det mesta av det 
överförda materialet ska oxidera. Resultatet blir en oxidfilm bestående av 
främst järnoxid, se till höger i figur 41, med små inslag av andra oxider såväl 
som av icke-oxiderat stål. 
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I det inre området är tillgången till syre begränsad eftersom den här delen 
av kontakten utsätts för högt kontakttryck. Men det är också det område där 
högst temperatur utvecklas, vilket gör att det syre som trots allt finns till-
gängligt oxiderar det material som överförs. Den begränsade syremängden 
innebär konkurrens om syret varför inte alla element oxiderar. Exempelvis 
får järn stå tillbaka till förmån för starkare oxidbildare i kontakten. Därmed 
är inslaget av järnoxid litet och i stället anrikas andra element i den oxid som 
byggs upp på verktygsytan. I det visade exemplet (Fig. 41) är det anmärk-
ningsvärt att trots att legeringsämnet kisel (Si) bara utgör 1 vikt-% av ar-
betsmaterialet så dominerar det stort över järnet (Fe) i överföringen. 

Olika legeringselement bildar oxider med olika egenskaper och därmed 
med olika förmåga att skydda verktyget. Av de studerade legeringselement-
en är kisel det som ger den stabilaste och bäst skyddande oxiden. Friktions-
kraften mot stålet legerat med kisel är stabil och lägre än den mot basstålet, 
se figur 42. Förklaringen till detta är att den kiseloxid som bildats har en låg 
smälttemperatur och är relativt lättskjuvad och mjuk vid den temperatur som 
uppstår i kontakten. Den är dessutom heltäckande över ytan och skyddar på 
så vis verktygets keramiska skikt helt från direkt glidande kontakt mot ar-
betsmaterialet. 

 
Figur 42. Friktionskoefficienten uppmätt för fem olika stål. Basstålet och basstålet 
legerat med kisel (Si), mangan (Mn), krom (Cr) respektive aluminium (Al). En kisel- 
eller mangantillsats ger en låg och stabil friktion medan en krom- eller aluminium-
tillsats höjer friktionen och ger verktygsskador redan efter någon sekund. 

Om basstålet legerats med krom, eller i ännu högre grad med aluminium, blir 
visserligen oxiden stabil, men dessvärre blir friktionen mycket hög. Det gör 
att kontakten värms till den grad att snabbstålet i verktyget anlöps och mjuk-
nar. Därmed får den keramiska verktygsbeläggningen inte det stöd den be-
höver utan den spricker sönder. När beläggningsfragmenten förts bort sker 
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den fortsatta kontakten väsentligen mellan arbetsmaterial och snabbstål, 
vilket leder till snabb nötning. 

Mangan är också mer benäget att oxidera än järn och basstålet legerat 
med mangan visar en sänkt friktion. Men den oxid som bildas blir inte hel-
täckande och separerar inte den keramiska verktygbeläggningen från ar-
betsmaterialet. Detta möjliggör en mild kontinuerlig nötning av beläggning-
en och på mindre än en minut har den nötts bort och exponerat det underlig-
gande snabbstålet för arbetsmaterialet med snabb nötning som följd. 

Om en kombination av legeringselement tillsätts basstålet gör konkurren-
sen om syret att legeringselementens benägenhet att oxidera styr vilken oxid 
som bildas och vilka element som därför anrikas i kontakten. Den oxid som 
bildas styr i sin tur det tribologiska beteendet. Om stålet exempelvis legerats 
med kisel och krom så dominerar kiseloxiden i kontakten och beteendet lik-
nar det för ett stål legerat enbart med kisel. Det vill säga en stabil och hel-
täckande oxid bildas vilken ger låg friktion och bra nötningsskydd. Om alu-
minium tillsätts i kombination med något eller några andra element domine-
ras oxiden av aluminiumoxid och kontakten präglas av hög friktion och allt-
för hög värmeutveckling. 

Även på de skär som testats i en verklig skäroperation kan liknande ten-
denser observeras. Störst likheter hittar man i regioner nära maximalt skär-
djup, där förutsättningarna liknar dem i laboratorieförsöken. Här fås ofta 
strålförslitning, en typ av nötning som är svår att förutsäga men inverkar på 
skärets livslängd. 

Den här avhandlingen är unik genom sin metodik att utgå från förenklade 
specialtillverkade stållegeringar, utvecklade för att ha så likartade egenskap-
er som möjligt utom just legeringsinnehållet. Avhandlingen visar vilken 
enorm betydelse överfört material har för kontakten mellan en spåna och ett 
verktyg, och vilken avgörande inverkan legeringsinnehållet har för detta. 
Den visar hur extremt snabbt oxiderade lager bildas och den förklarar varför 
legeringselement, som tillsätts i låga halter, anrikas till så anmärkningsvärt 
höga halter i oxiderna. Dessutom visar den tydligt betydelsen av oxiderna för 
verktygets livslängd. Utan skyddande oxid nöts verktygsytan mycket snabbt 
ner medan oxider som ger för hög värmeutveckling gör att snabbstålet mjuk-
nar och verktyget förstörs. Om legeringselementen i stället leder till att det 
bildas kontinuerliga oxidskikt som dessutom har förmågan att bidra till en 
låg friktion, och därmed låg temperatur, innebär det att oxiden får en skyd-
dande och högst fördelaktig effekt. 

Avhandlingen kan med andra ord reda ut en del av den kontrovers som 
finns angående överföringars positiva eller negativa inverkan på skärbarhet-
en hos olika material och den kan förhoppningsvis bidra till utveckling av 
framtida arbetsmaterial med högre skärbarhet, och därmed billigare tillverk-
ning av stålprodukter. 
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Appendix 

This appendix presents the results of two types of preliminary tests per-
formed to decide the appropriate heat treatment cycles shown in Table 4, for 
the different workpiece materials in Table 3. The purpose of the heat treat-
ment was to minimize the differences in prior austenite grain size and hard-
ness between all model steels. 

First, small test samples were cut out from steel bars normalized at 1203 
K. They were heated to 1073–1273 K for 30 min and quenched in cold water. 
Then, the austenite grain size was measured on polished and etched surfaces, 
see Fig. 43. All steels have larger grains size (smaller austenitic grain size 
number) with higher heating temperature. Based on Fig. 43, each steel was 
given either 1123 K or 1223 K as the subsequent austenitizing temperature 
so that the austenitic grain size number would be in the range of around 2–4 
as indicated by the dashed lines and arrow in Fig. 43. 

 
Figure 43. Relationship between the austenite grain size number (ASTM) and aus-
tenitizing temperature for all model steels. The aimed range of grain size is indicated 
by the dashed lines and arrow. The arrow pointing downwards in the plot means that 
the austenitic grains size number is less than 1. 

Next, the normalized steel bars were austenitized at 1123 or 1223 K for 30 
min, and oil-quenched or air-cooled to room temperature. Again, a small test 
samples were cut out from these steels. The samples were annealed at 673–
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1053 K for 300 min and the hardness was measured on polished surfaces, 
see Fig. 44. An annealing temperature to achieve a hardness of around 200 
HV, indicated by the dashed line in Fig. 44, was selected for each steel. 

 
Figure 44. Relationship between the hardness and annealing temperature for all 
model steels. The aimed value of hardness is indicated by the dashed line. 
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