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Abstract 
Machinery components used in demanding applications are required 

to transmit or carry mechanical loads under severe loading conditions. 

They are subjected to cyclic loading and repeated sliding contact that 

in many cases result in a premature failure of components. Cyclic load-

ing cause mechanical fatigue failure, while repeated sliding contact 

cause wear damage at the surface of components that can initiate crack 

nucleation and propagation under cyclic load. 

Wear and fatigue are the most common failure modes occurring in ma-

chinery components, and a synergetic effect of these two mechanisms 

accelerates component failure and reduces its service life. Understand-

ing failure mechanisms and understanding the synergetic effect of wear 

and fatigue in relation to the components are therefore of high im-

portance. 

In the present study, a detailed failure analysis was conducted on rock 

drilling components used under severe working conditions. Rock drill 

thread joints failed in the field application and cold-work punches 

working against advanced high-strength steels were investigated. Re-

peated laboratory sliding wear tests under high contact stresses have 

been performed on a number of high-strength metal alloys frequently 

used in demanding applications. A slider on flat surface SOFS tribo-

tester and a three-point bending fatigue tester were used to simulate 

the wear and fatigue found in demanding applications. In particular, 

the influence of wear on the fatigue life of a high-strength steel was in-

vestigated. 

Surface analysis techniques were employed using instruments as 3D 

optical profiler, scanning electron microscope, scanning transmission 

electron microscope, light optical microscope and X-ray diffractome-

ter, to investigate the wear damage on the worn specimens, and to 

study fracture mechanisms of the failed specimens.  

The study describes the dominant failure modes of the present compo-

nents when subjected to severe loading conditions. Further, the results 

explained dominant wear mechanisms encountered under high-pres-

sure sliding contact. In addition, it described the influence of wear 

damage on fatigue life when a high-strength steel was exposed to cyclic 

stresses. 
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1 Introduction 
Sliding wear is a surface damage that occurs when two solid surfaces 

slide against each other. The size of the formed damage under sliding 

contact is dependent on the normal and shear stresses between con-

tacting surfaces. Mechanical properties of the contacting surfaces, slid-

ing speed, contact pressure, friction, temperature, heat conductivity, 

chemical composition in the interface, surface roughness and compat-

ibility will also have an essential effect on the surface damage formed 

during sliding contact [1-4]. 

Sliding wear causes the removal of material from one or both contact-

ing surfaces. The material removal results in wear scars of different 

shapes and sizes. For solid surfaces in sliding contact, the material re-

moval process takes place through the shear fracture, chip formation, 

fatigue fracture. It leads to formation of wear particles that might trans-

fer to the countersurface and contribute to further removal at the worn 

surface. As the transferred material is work hardened and becomes 

stronger than the original material [3,4]. 

Surface damages formed due to sliding contact can be critical for most 

components when they are subjected to mechanical fatigue loads. For 

the reason that the surface damages intensifies mechanical stresses lo-

cally. During cyclic loading, fatigue cracks can be initiated from loca-

tions in which the stresses are intensified. Cyclic stresses lead to crack 

propagation that results in the failure of components. [5,6] 

In demanding applications such as rock drilling and sheet metal form-

ing, the load condition is complex and challenging. Repeated sliding 

contact under high pressure and mechanical cyclic stresses are acting 

simultaneously on the components used in these applications. There-

fore, the load condition becomes a limitation for the used machines, 

and components fail before reaching their potential service life. Com-

ponent failure in demanding applications is frequently occurred due to 

wear and fatigue [7-9]. 

Research on sliding wear for solid surfaces in relative motion has 

grown exponentially in the recent years. Sliding wear in many indus-

trial applications is considered as the main concern. It has been shown 

that repeated sliding contact between metallic surfaces leads to exten-

sive surface damages [10-15]. The surface damages reduce the fatigue 

strength of the worn components and contribute to a premature failure 

due to a synergetic effect of wear and fatigue. 
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In order to advance and develop existing materials or to develop new 

materials that meet material requirements from demanding applica-

tions, material science research that covers the knowledge of the mi-

crostructure and mechanical properties and their response to applied 

loads is highly recommended. It includes studies about damage mech-

anisms of components that failed in the application, and also studies at 

the laboratory level were application loads can be simulated under con-

trolled conditions. 

1.1 Research focus 
Despite the fact that extensive research has been conducted to under-

stand the wear mechanisms of metal alloys [13-21], still not enough at-

tention has been paid to studies that involve wear characteristics of 

high-strength metals under high-pressure sliding contact with respect 

to a specific application. In demanding applications, high-pressure 

sliding contact is a detrimental and life-limiting factor for the involved 

components and it frequently causes failure [21-24]. Formation of sur-

face damage through surface cracks and delamination, and the role of 

normal contact stresses during the sliding wear process have not been 

well-investigated. Therefore, it is of high interest to obtain deeper 

knowledge about wear mechanisms of materials when subjected to 

high-pressure sliding contact. 

A detailed research about material removal during the wear process 

with regards to contact stresses is required. Also, the correlation be-

tween material microstructure and the sliding wear resistance has not 

been fully understood either. This is due to the complex nature of wear 

processes that continuously change the surfaces condition of the con-

tacting surfaces. Moreover, it is due to the fact that different wear 

mechanisms can be active simultaneously during the wear process. In 

addition, there are almost no studies concerning the influence of wear 

on the fatigue life of machinery components. 

As a result of the above-mentioned reasons, there is an essential need 

to systematically investigate the wear mechanisms, and to study the in-

fluence of microstructure on dominant wear mechanisms when sur-

faces are subjected to high-pressure sliding contact for too long. A com-

prehensive study that investigates the influence of wear on fatigue per-

formance is required to obtain an understanding of the role of wear in 

the premature failure of machinery components.  
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The present thesis aims to thoroughly investigate and study wear char-

acteristics obtained under repeated sliding contact for materials used 

in demanding applications. The tested materials in this work were 

high-strength steels, tool steels and ductile irons, and are frequently 

used in demanding applications such as construction, mining and rock 

drilling applications, and sheet metal forming. Further, the aim was to 

understand the correlation between the microstructure of tested mate-

rials and the sliding wear resistance. In addition, the influence of the 

sliding wear on the overall fatigue life of tested materials was studied. 

2 Objectives 
As mentioned earlier, wear is one of the main concerns for machinery 

components that operate under extreme conditions and its character-

istics have not been fully investigated. Therefore, during the present 

research work the following objectives were set: 

 Acquire knowledge about failure mechanisms of machinery com-

ponents used in demanding applications such as rock drilling 

and sheet metal forming. 

 Obtain a deep understanding of the wear characteristics of ma-

terials used under extreme contact conditions. In order to fulfill 

this objective, the wear encountered in demanding applications 

was simulated by laboratory tests.  

 Obtain a fundamental understanding of the influence of wear on 

fatigue performance of materials used in demanding applica-

tions. To this purpose, fatigue tests in which the influence of slid-

ing wear on fatigue was studied in detail. 

 Gain the knowledge that contributes to a minimized wear-re-

lated component failure. 

3 Experimental details 

3.1 Material 
A set of different materials were used to investigate the wear character-

istics of metal alloys under extreme contact conditions. The selected 

materials were 22NiCrMo12-F, ADI1, ADI2, Vancron 40, Vancron Su-

perClean and Vanadis 8 SuperClean. The first three are commonly used 

in rock drill’s components, while the latter are cold work tool steels. 
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22NiCrMo12-F, ADI1 and ADI2 were heat treated to a proof strength 

presented in Table 1. The nominal chemical composition of these ma-

terials are presented in Table 1. The 22NiCrMo12-F grade was carbu-

rized followed by water quenching and tempering. The carburized layer 

contained around 20% of retained austenite, and a carbon content up 

to 0.6 wt. %. The microstructure of the case hardened layer is presented 

in Figure 1a. The carburizing process is a common practice to improve 

the wear and fatigue performance of the treated component [25-27]. 

The depth of the carburized layer was 1.2 mm, the surface hardness was 

up to 720 MHV0.025 and the core hardness was around 450 

MHV0.025. ADI1 and ADI2 were austempered ductile iron grades with 

a microstructure consisted of nodular graphite embedded in an ausfer-

rite matrix composed of ferrite (α) and carbon-rich austenite (γ), Fig-

ures 1b and 1c. ADI1 and ADI2 contained a volume fraction of carbon-

rich austenite of 30% and 17%, respectively. In addition, ADI2 con-

tained proeutectoid ferrite with a volume fraction of around 30.1 %. 

The volume fraction of graphite nodules was measured, and it was 

about 10 % and 12.5 % for ADI1 and ADI2 respectively. 

 

Table 1: Chemical composition, wt. %, and proof strength of the tested materials. 

The proof strength of 22NiCrMo12-F corresponds to the core material. 

 

   
(a) (b) (c) 

Figure 1: Microstructure of the tested materials, a) case material of 22NiCrMo12-F 

at a 0.5 mm depth, b) ADI1 and c) ADI2. 

Grade C Si Mn Mg Cr Ni Cu Mo Al Rp0.2 [MPa] 

22NiCrMo12-F 0.2 0.3 0.7 - 1.30 2.95 - 0.25 0.30 1050 

ADI1 3.6 2.4 0.2 - - 1.5 0.8 0.1 - 851 

ADI2 2.95 4.2 0.2 0.05 -  - - - 842 
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The cold work tool steels, Vancron 40, Vancron SuperClean, and Va-

nadis 8 SuperClean were termed as V40, VSC, and V8SC, respectively. 

The nominal chemical composition and the microstructure of these 

tool steel grades are presented in Table 2 and Figure 2, respectively. 

The tool steels were powder metallurgical tool steels that contained a 

fine and evenly distributed hard phase in a hardened and tempered 

martensitic matrix. V40 had M6C carbides, the bright phase, and VCN 

carbonitrides, the dark phase, as shown in Figure 2a. VSC had VCN 

carbonitrides as the hard phase, Figure 2b, whereas V8SC had VC car-

bides, Figure 2c. An advanced high-strength steel grade CP1180HD was 

utilized for the evaluation of the wear characteristics of the selected tool 

steels. The nominal chemical composition of this grade is presented in 

Table 2. 

Table 2: Nominal chemical composition, wt %, of the tested tool steels. 

Grade C N Si Mn Cr Mo V W Al 

VSC 1.3 1.9 0.5 0.4 4.5 1.8 10.0 - - 

V40 1.1 1.8 0.5 0.4 4.5 3.2 8.5 3.7 - 

V8SC 2.3 0.05 0.4 0.4 4.8 3.6 8.0 - - 

CP1180HD 0.2 - 2.0 3.0 0.1 - - - 2.0 

 

   
(a) (b) (c) 

Figure 2: SEM images of the microstructure of the tested tool steels, a) V40, b) VSC 

and c) V8SC. 

 

3.2 SOFS Tribotester 
In the present work, a Slider on a Flat Surface, SOFS, tribotester was 

used to conduct high-pressure sliding tests. The wear tests were per-

formed to evaluate the wear resistance and to investigate the wear char-

acteristics of the selected materials under repeated sliding contact. Fig-

ure 3, shows the testing setup, and the specimen’s geometry for the ma-

terials used in rock drill’s components. Discs and plates made of 
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22NiCrMo12-F were used to run self-mating contact dry tests under re-

ciprocal and unidirectional sliding contact. Three different normal 

loads 100 N, 300 N and 500 N, and three different sliding distances 

100 m, 200 m and 300 m were selected for these tests. 

On the other hand, discs made of ADI1 and ADI2 were used to conduct 

lubricated wear tests against plates made of 22NiCrMo12-F. For these 

tests different normal loads, 50 N, 100 N, 200 N and 300 N, and for 

each normal load three sliding distances, 100 m, 200 m, and 300 m 

were selected. 

The normal load range chosen for these materials gave an initial con-

tact pressure that covered both elastic and plastic regions. During the 

sliding test, a selected normal load was applied to the disc and pressed 

it against the plate, and the disc slid with a constant speed of 0.3 m/s. 

The reciprocal and unidirectional sliding modes were selected for the 

dry and self-mating tests, whereas, only reciprocal sliding mode was 

selected the ADI tests. The disc was sliding repeatedly in the same 

track, with a track length of 150 mm, until a preselected total sliding 

distance was achieved. 

 
(a) 

 

 

(b) (c) 

Figure 3: Test setup used for sliding wear simulations, a) SOFS tribotester, b) disc's 

geometry and c) plate's geometry. 

SOFS was further used to simulate the contact condition obtained on 

the side surface of punches during punching, and to evaluate wear 
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characteristics of the selected tool steels. The tests involved pressing 

and sliding of a disc, made of tool steel, against a metal sheet, Figure 

4a. The tests were performed in dry conditions in which the the sheets 

were thoroughly cleaned from any possible contamination. During the 

wear tests, the disc slid reciprocally, and when the first sliding stroke 

was completed, the disc was lifted from the sheet surface. Further, the 

disc moved 2 mm in the side direction to start with a new sliding stroke 

against fresh sheet material, Figure 4b. The sliding stroke length and 

the sliding speed selected in this part of work were 150 mm and speed 

of 0.3 m/s, respectively. The selected tool steels were tested under short 

and long sliding distances. The short sliding distance tests were 

stopped when a drastic increase in CoF between the contacting surfaces 

was observed. The long sliding distance tests were performed at a pre-

selected sliding distance of 270 m. The used normal load range for 

these tests was 50 – 600 N. This load range gave an initial contact pres-

sure around 0.8 GPa to 1.8 GPa. Prior to testing, the discs were ground 

and polished to a mirror-like surface finish, with a Sa value of around 

0.06 µm. 

 

  

(a) (b) 

Figure 4 : Test setup used for tool steels, a) SOFS used to simulate the contact con-

dition on the side surfaces of the cold-work punches and b) schematic of the 

test setup. 

3.2.1 Contact pressure simulations 
One of the most influential factors on wear process is contact pressure 

between contacting surfaces. In the present work, finite element 

method (FEM) simulations were performed to determine the static 

contact pressures between the disc and the flat surface for the tested 
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materials. Also, an analytical method, the Hertzian elastic contact the-

ory, was used to calculate the contact pressure between contacting sur-

faces. For the numerical simulations, a 3D model that represents a one-

quarter part of the contact area between the disc and the countersur-

face was modeled in ABAQUS. The model had the following re-

strictions, face 1 and 2 in, Figure 5a,had their translation locked in the 

X- and Y-directions. The bottom face of the flat surface was constrained 

in all X-, Y- and Z- directions. A coefficient of friction (CoF) equal to 

0.2 was assumed as the initial CoF between the contacting surfaces. 

The normal load was applied to the top surface of the disc segment as 

an adjusted pressure, red arrows in Figure 5a. A C3D10 Element type 

with a 10-node quadratic tetrahedron controlled hourglass shape was 

used. The mesh was refined in the contact area, to approximately 0.2 

mm, to obtain higher precision of the contact pressure, Figure 5b. The 

results of the numerical method were used to define where the initial 

maximum contact pressure was located, Figure 5c. Further, the output 

of the numerical and analytical methods were plotted to define the load 

that gives plasticity when the disc was pressed against the countersur-

face, Figure 5d. 

  
(a) (b) 

  

(c) (d) 

Figure 5: a) 3D FE-model represents one-quarter of the contact between the disc 

and the plate, b) the refined mesh in the contact area, c) the distribution of 

the contact pressure on the countersurface and d) equivalent plastic strain 

and maximum contact pressure as the function of the normal load, com-

parison between Hezrtian and FEM calculation. 
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3.3 Bending fatigue 
In order to investigate the influence of wear on fatigue performance of 

high-strength steels, three-point bending fatigue tests were conducted. 

The selected specimens for this study had different surface conditions, 

and were categorized into two groups, worn and unworn specimens.  

Steel plates made of 22NiCrMo12-F grade were used for the manufac-

turing of fatigue specimens. To manufacture worn specimens, the 

plates were subjected to repeated high-pressure sliding contact con-

ducted by SOFS. Two normal loads 300 N and 500 N were used. A disc 

made of the same material, 22NiCrMo12-F, was pressed and slid recip-

rocally against the plate with a constant speed of 0.3 m/s. A predeter-

mined total sliding distance of 300 m was selected in this step. 

The fatigue specimens tested in this study had a rectangular shape with 

dimensions of 8.2×100×600 mm3. In total three sets of fatigue speci-

mens were manufactured. The first set had a smooth surface free from 

any visible surface damage. This set of the specimens was denoted as 

unworn and had a surface roughness Sa around 0.26 µm measured by 

the 3D profiler, Figure 6a. The second and the third sets of specimens 

had a surface damage formed due to sliding wear under 300 N and 500 

N, respectively. These sets of specimens were denoted as worn 300N 

and worn 500N. The surface damage was located at the middle of the 

specimen, Figure 6b. 

 

 

 

 
(a) (b) 

Figure 6: a) Surface roughness of the plates used for the manufacturing of fatigue 

specimens and b) geometry of the fatigue specimens. The wear location is 

marked on the sample. 

 
A standardized vertical servo-hydraulic fatigue testing system (Instron 

8801) was used in this study to conduct three-point bending fatigue 

tests, Figure 7. During the bending tests, the surface damage found on 

worn specimens was placed in the location were the bending moment 

was maximum. A load ratio, R, of 0.1 and a sinusoidal load frequency 

of 10 Hz were used for these tests. The preselected run-out criterion for 

the tested specimen was set to 1 × 106 load cycles. 
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Figure 7: A schematic of the bending fatigue test setup. 

 

3.4 Surface analysis techniques 
In the present research work, evaluation of surface damages caused by 

sliding contact, failure mechanisms of the tested specimens and failed 

components from field application and were analyzed in detail. Various 

state-of-the-art surface examination techniques were utilized in for this 

matter. 

Stereo microscope 

A stereo microscope, Olympus CZH10, was used to examine surface 

damages at low magnification. Failure analyses at low magnification 

can provide valuable information for further characterization at high 

magnification, and thus can be time-efficient. This analysis has been 

used as the guidelines to mark locations of the interest on the samples 

that had to be investigated. 

3D optical profiler 

A profiler, ContourX 100, from Bruker was used for surface measure-

ment analysis of the selected samples before and after testing. The 

method is non-contact surface metrology that creates 3D surface pro-

files based on the interference and reflectance of the light. This method 

is valuable for tribological studies as it has an extremely high vertical 

resolution up to nano-level. The white light interferometry was used to 

evaluate the wear characteristics and surface roughness of the tested 

specimens. The profiler was also used to quantify and measure the 

depth of the wear tracks formed at the countersurface. In addition, the 

3D profiler was used to measure the worn volume e.g. surface material 

removed from the discs and plates due to repeated sliding contact. 
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Light Optical Microscope 

A Light Optical Microscope (LOM), Riechert-Jung Polyvar Met, was 

used for metallurgical analysis of the selected samples. The method was 

used to study the microstructure constituents of the tested materials. 

Moreover, it was used to reveal microstructural response to the appli-

cation loads, and to study the microstructural changes induced by 

tribological events during repeated sliding contact. To this purpose, 

polished and etched specimens were prepared according to Struers' 

standardized specimen preparation, in which the specimens were 

etched with 5% Nital and 95% ethanol. 

Scanning electron microscope 

Field emission scanning electron microscopes FE-SEM, Leo 1530 FEG 

and Joel JSM-7900F both equipped with an Oxford EDX INCA-sight 

system, were used to study the morphology of the worn surfaces, and 

the mechanisms of the dominant wear operated under sliding contact 

at high magnification. Further, the SEM was used for failure analysis 

of the fatigue specimens and failed components. The examination was 

conducted to determine the initiation sites that caused fatigue failure, 

and to characterize the type of failure on the fracture surface. Electron 

diffraction spectroscopy EDS studies were carried out to study the 

chemical compositions of the worn surfaces. Depending on the purpose 

of the study a variety of acceleration voltages between 5 kV to 20 kV, 

and currents from 10 mA to 20 mA were used in the present work. 

Scanning Transmission Electron Microscopy STEM  
The STEM was used to study the microstructural changes in the heavily 

deformed surface material caused by repeated sliding contact. Focused 

Ion Beam FIB milling technique was used to cut and extract lamellae 

from the areas of interest. Diffraction analysis and imaging by different 

diffraction detectors such as annular dark-field detector ADF, high an-

gular annular dark-field HAADF and FEI high angular annular dark-

field FEI HAADF were used to determine grain size, phase and crystal-

linity of the heavily deformed material. The STEM analysis presented 

in this study was a part of ESTEEM 3 and was performed in Graz Center 

for Electron Microscopy. 

X-ray diffractometer 
A Malvern Panalytical X-ray diffractometer was used to determine de-

formation induced phase transformation and residual stresses on the 
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worn surface of the tested specimens. X-ray diffraction analyzes were 

performed using chromium Kα X-rays, a voltage of 30 kV, and a cur-

rent of 55 mA. A step size of 0.01, a scanning speed of 0.00128 ˚/s and 

a range of scanned diffraction angles between 20˚ and 160˚ were se-

lected during the XRD analysis. Retained austenite volume fraction 

was measured by comparison of the ferrite peaks ((110), (200) and 

(211)) and the austenite peaks ((111), (200) and (220)) integrated in-

tensities according to the ASTM E-975 standard [28]. Residual stress 

was measured by XRD using the d-sin2 method with 7  angles in 

both positive and negative directions. Atom plane distances were meas-

ured on the (211) reflections, and using an XRD elastic constant 

s2/2=6.08 1/TPa. 

4 Results and discussion 

4.1 Wear and fatigue in tooling and machinery components 
used in demanding applications 

Repeated sliding contact is considered as a life-limiting factor for ma-

chinery components that transmit mechanical loads. It results in sur-

face damages that in many cases serve as a failure initiator. The severity 

of surface damage caused by repeated sliding contact can be different 

for different components. It depends on a number of factors such as 

material properties of contacting surfaces, load conditions, environ-

ment, etc. 

In the present work, worn punches and thread joints used in sheet 

metal forming and rock drilling, respectively, were investigated. The 

intention of the study was to obtain fundamental knowledge about 

component’s surface damages and their failure mechanisms when op-

erates under severe contact conditions. 

Failure analyses on three cold work punches used to process an ad-

vanced high-strength steel sheet, Docol 1000, were performed. The in-

vestigated punches were from a test rig at Uddeholms AB that simulate 

the contact conditions between a punch and a work material. During 

punching as the punch penetrates through the sheet material, side sur-

face of the punch is subjected to repeated sliding contact. In addition, 

the punch is exposed to compressive stresses when it goes through the 

sheet and tensile stresses when it goes back to its initial position. 

The failure analysis revealed that sliding wear and surface cracking 

were the dominant damage mechanisms occurred on the examined 
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punches. Here, three punches were investigated. One punch was used 

against electrogalvanized Docol 1000 DP sheets, denoted as DPEZ, 

while the other two were used against uncoated sheets Docol 1000 DP, 

denoted as DPUC. The electrogalvanized sheets had a coating layer 

mainly made of zinc, and a coating thickness of around 22 µm. The 

punches made 200 000 cuts without undergoing a complete failure. 

It was found that chipping, removal of edge material through crack in-

itiation and propagation, was the most critical damage mechanism for 

the punch used against DPEZ, Figure 8a. Extensive material transfer 

combined with abrasive scratches were observed at the side surface of 

this punch. Rounding of the cutting edge as a result of chipping and 

plastic deformation occurred on this punch, Figure 8b. 

 

  
(a) (b) 

Figure 8: SEM images of the punch used against DPEZ sheets, a) side surface 

where surface damages such as chipping and sliding wear are presented 

and b) cross-section of the punch near cutting edge. 

 

The dominant damage mechanism for the punches used against DPUC 

was sliding wear. The side surfaces of these punches were worn out due 

to a combination of abrasive and adhesive wear, Figure 9a. The cross-

section of these punches revealed removal of surface material presum-

ably through abrasion, Figure 9b. In the region where adhesive wear 

was dominant, a large number of fatigue cracks with the propagation 

direction perpendicular to the punching direction was observed, Figure 

9a. 
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(a)  (b) 

Figure 9: SEM images of the punch used against DPUC sheets, a) side surface 

where surface damages such as sliding wear and surface cracks are pre-

sented and b) cross-section of the punch near cutting edge. 

Thread joints, used to connect drill rods with drill bits, on the other 

hand showed more severe surface damages. These joints were failed 

during the rock drilling application. A typical thread joint that connects 

a drill rod with a drill bit failed in the application is presented in, Figure 

10a. The thread joints are designed that only one flank of each external 

thread is in contact with the opposing flank of the internal thread, these 

two distinct regions were defined as contact and non-contact regions, 

Figure 10b. 

  
(a) (b) 

Figure 10: a) A failed thread joint with its failure initiated inside the thread joint, 
and b) a typical cross-section of the thread joint used to connect a drill rod 
with a drill bit.  

It was found that the investigated thread joints failed through initiation 

and propagation of fatigue cracks. The fracture surface exhibited three 

distinct regions A, B and C, Figure 11a. In addition, ratcheting marks 

were observed on the fracture surface. The region A corresponded to 

the crack initiation region, and was located near the outer diameter of 
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the drill rod. Multiple short fatigue cracks were observed in this region, 

Figure 11b. Region A was followed by region B in which the dominant 

fracture mechanism was intergranular fracture, Figure 11b. This region 

corresponded to the crack propagation region and it was followed by 

the last fracture region C that was dominant by ductile fracture, Figure 

11c. 

 

 

 

(a) 

 
(c) (b) 

Figure 11: SEM images of the fracture surface of drill rod 2, a) fracture surface at 

lower magnification, b) multiple microcracks, marked by white arrows (re-

gion A), intergranular fracture (region B) and c) final fracture (region C). 

Severe plastic deformation observed in the contact region, Figure 10b, 

was found as the dominant damage mechanism that occurred on the 

threaded surfaces. In addition, delamination and minor scratches were 

observed on the worn threads, Figure 12a. Cross-section analysis re-

vealed microstructural changes at and beneath the contact surface. It 

was found that a bright and featureless layer was formed at the worn 

threaded surface, and a heavily deformed material was observed be-

neath this layer, Figure 12b. The bright layer is referred to as the white 

etching layer WEL, hence, it is not affected by etching. Delamination 

and surface cracks were frequently observed in the WEL, Figure 12b. 
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(a) (b) 

Figure 12: A) a typical wear damage occurred on the thread surface. b) LOM im-

age showing subsurface delamination and the WEL. Black arrows indicate 

surface delamination. 

The threaded surface close to the failure region showed severe sliding 

wear and multiple fatigue cracks, Figure 13a. Secondary fatigue cracks 

were seen in the cross-section of the fractured surface, Figure 13b. The 

cracks appeared to propagate from surface damages. The severe plastic 

deformation of the surface material accompanied with the formation of 

WEL and delamination confirms the occurrence of sliding contact be-

tween threaded surfaces under extreme contact conditions. The formed 

surface damages were found ultimately detrimental for the thread 

joints, since, it accelerated the fatigue failure of the component. 

 

  
(a) (b) 

Figure 13: SEM micrographs of the thread surface near fracture surface showing 

a) plastically deformed surface due to sliding wear, b) Cross-section of the 

worn thread near fracture surface. Cracks are indicated by black arrows. 

Double arrow indicates the impacting direction. 

For cold-work punches, the load condition on the side surface of the 

punch might not be as severe as in thread joints. However, the occurred 

sliding contact resulted in the material transfer that changed the load 
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conditions at the side surface of the punch. The transferred material 

intensified the contact stresses locally, and during further punching it 

led to the initiation and propagation of fatigue cracks at critical regions. 

Therefore, the repeated sliding contact was found detrimental for cold-

work punches too. 

4.2 Material transfer 
SOFS tests were performed to investigate the influential factors that 

contribute to the material transfer during repeated sliding contact. The 

coefficient of friction CoF was used as an indicator for material transfer 

between contact surfaces. The material transfer from the metal sheet 

to tools is referred to as galling. The tests showed that the CoF started 

with a low and a stable value <0.2 and it rose to a higher and unstable 

value, Figure 14a. 

At the start, the disc had a well-polished surface that contributed to 

lower friction. However, as the sliding distance increased, sheet mate-

rial due to adhesion transferred to the contact surface of the disc, and 

it changed the surface condition of the disc, Figure 14b. SEM analysis 

confirmed the material transfer to the disc surface, Figure 14c. The 

transferred material increased the surface roughness of the disc that 

resulted in higher friction between contacting surfaces. 

 

 

(a) 
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(a) (b) 

Figure 14: a) CoF as a function of sliding distance for V40 tested against 
CP 1180 HD at 60 N (860 MPa), b) a typical worn surface of the discs af-

ter the occurrence of galling and c) SEM image of the contact area. 

It was found that the sliding distance required for the tool steel to reach 

high friction, galling, was dependent on the contact pressure and the 

tool steel grades, Figure 15. The critical sliding distance to galling de-

creased with increased contact pressure. As the sliding contact oc-

curred under increased contact stresses, a larger portion of the sheet 

material was sheared, and picked up by the disc. With repeated sliding 

contact, the sheet material was successively transferred to the disc sur-

face. 

 

Figure 15: The summary of the galling tests for the tested tool steels. 

The chemical composition, volume, distribution and size of the hard 

phase particles played a substantial role on the material transfer during 

sliding contact. V8SC showed a higher tendency for material transfer 

than V40 and VSC. This behavior was more pronounced for the sliding 
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tests performed at low contact pressures, Figure 15. V8SC contained 

VC carbides and had the largest distance between carbide particles, 

whereas, V40 anc VSC had carbonitrides VCN and with a smaller dis-

tance between them. Presumably, the present of carbonitrides in the 

tool steel matrix and the short distance between them enhanced the 

tool steel resistance to material transfer. 

  

(a) (b) 

Figure 16: a) the average diameter of the hard particles and b) the average dis-
tance between the hard phase particles. 

The material transfer was found to be the dominant damage mecha-

nism for the short sliding tests. It resulted in a substantial increase in 

friction between contacting surfaces. Material transfer was found a less 

harmful damage to the disc when the test was stopped at high friction 

state. However, for the longer sliding tests with continuous sliding con-

tact under high friction, more critical surface damages were developed 

at the disc’s surface. 

The critical surface damages included plastic deformation, surface 

cracking, fracture and detachment of the hard phase particles. Surface 

cracking and fracture of the hard phase particles were mainly observed 

in V40, Figure 17c, whereas particle detachment was observed for all 

three tool steels, Figures 17a and 17b. These damage mechanisms can 

be detrimental for the cold-work punches, since a punch is repeatedly 

under tensile stresses during the application. The tensile stresses will 

propagate the surface cracks and drive cold-work punches to failure. 

Therefore, the material transfer that results in higher friction can be 

considered as an initial stage for the catastrophic failure. 
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(a) (b) 

 
(c) 

Figure 17: The worn surface of the discs tested at 500 N (1.65 MPa) and 450 
strokes, a) VSC, b) V8SC and c) V40. White arrows indicate the fatigue 
cracks and red arrows indicate the hard phase detachment. 

4.3 Wear characteristics of high-strength steels and ductile cast 
irons under extreme contact conditions 

Dry tests under reciprocal and unidirectional sliding contact were per-

formed on 22NiCrMo12-F steel to study the influence of sliding mode 

on the tribological characteristics of this material. These tests included 

self-mating contact at different test parameters. The selected normal 

loads for the tests gave an initial maximum contact pressure of 1030 

MPa, 1520 MPa and 1765 MPa.  

Lubricated tests under reciprocal sliding were conducted on austem-

pered ductile iron grades ADI1 and ADI2. The selected normal loads 

were for ADI materials gave an initial maximum contact pressure of 

780 MPa, 980 MPa, 1240 MPa and 1410 MPa. 

4.3.1 Coefficient of friction CoF for self-mating contact 
The self-mating contact sliding tests on the 22NiCrMo12-F steel 

showed that the CoF rose rapidly to higher values and continued at ap-

proximately the same level until the test was stopped. This stage of the 

CoF was called the steady-state. 
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To evaluate the CoF of the tested steel in self-mating contact, the CoF 

at the steady-state was measured and plotted against the test parame-

ters. It was found that the sliding mode had only a small influence on 

the friction at the steady-state region. As in some tests, the reciprocal 

contact showed higher CoF than unidirectional contact, Figure 18. 

On the contrary, it was found that the development of the CoF was 

strongly dependent on the normal load. The increased normal load re-

sulted in a decrease of the steady-state CoF, Figure 18. Higher normal 

loads between contacting surfaces promoted larger plastic deformation 

of the surface material. A sufficient large plastic deformation results in 

a considerable amount of work hardening and grain refinement of the 

surface material. Presumably, these fundamental changes of the sur-

face material influenced the friction behavior of the material in sliding 

contact and thereby contributed to a decreased friction. 

 

  
(a) (b) 

Figure 18: The mean value of CoF at the steady-state friction region, a) reciprocal 

sliding contact and b) unidirectional sliding contact. 

4.3.2 Wear mechanisms 
SEM analysis was performed to examine the wear characteristics of the 

22NiCrMo12-F grade tested under extreme contact conditions. The 

analysis showed that the morphology of the worn discs was strongly 

dependent on the normal load. Severe adhesive wear, severe plastic de-

formation, surface delamination were the dominant were mechanisms 

observed on the tested discs, Figures 19a and 19b. The observed wear 

mechanisms were relatively similar despite the mode of motion. 

Similar wear mechanisms were observed on the worn surface of the 

plates, Figures 19c and 19d. Nevertheless, the degree of surface damage 
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found on plates was less than that of the worn discs. Larger delamina-

tion was more pronounced on discs than plates. During dry sliding con-

tact, the original surface material was worn under the influence of wear 

load that included normal and shear forces and frictional heat. The 

consequence of the wear load left surface damage with a size that was 

dependent on the period that the wear load was active on the surface 

material. The disc surface material was constantly subjected to the 

wear load until the test was stopped, whereas, the plate material along 

the wear track in each point was exposed to the wear load only once 

when the disc slid against the plate. Therefore, larger delamination was 

occurred on discs. 

 

  
(a) (b) 

  

(c) (d) 

Figure 19: Typical worn morphology of the tested specimens at high wear load 500 

N and 300 m, a) disc surface under reciprocal sliding, b) disc surface under 

unidirectional contact, c) plate surface under reciprocal contact and d) 

plate surface under unidirectional contact. The arrows indicate sliding di-

rection. Dashed rings indicate surface delamination for discs. 

The wear load resulted in plastic deformation and cracking of the sub-

surface material. The deformation that occurred in subsurface material 

was dependent on the distance from the contact surface. The outermost 

surface material was completely transformed into an ultra-fine grained 



23 

 

material, Figures 20a and 20b. This material appeared white in LOM, 

and it is referred to as a white etching layer, WEL. Beneath the WEL a 

heavily deformed subsurface material was observed, Figure 20c. In this 

region, the martensite laths were bent in the direction of sliding con-

tact. The size of the plastically deformed zone beneath the contact sur-

face was strongly dependent on the normal load and it extended deeper 

into the subsurface material with increased wear load.  

Dry sliding contact generated compressive and shear stresses in the 

normal and tangential direction, respectively. Under repeated sliding 

contact, the generated stresses resulted in the accumulation of strains 

in the surface material. The strain accumulation resulted in the initia-

tion of subsurface cracks that propagated under further sliding contact. 

Crack propagation led to the delamination and removal of the surface 

material. Microhardness measurements on the tested plates showed 

that the subsurface hardness increased, Figure 20d. The hardness in-

crease is was mainly due to plastic deformation accompanied by grain 

refinement, work hardening, phase transformation etc. 

 

  
(a) (b) 

 
 

(c) (d) 

Figure 20 a) and b) SEM images of the cross-sections of the worn plates tested at 

500 N and 300 m, a) reciprocal sliding and b) reciprocal sliding, c) LOM 
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image of the worn plate tested under reciprocal contact at 300 N and 300 

m and d) the hardness profiles for the worn and an unworn plate. 

STEM analysis of the WEL were performed to study its crystal struc-

ture, morphology and composition. Figure 21a shows the annular dark-

field imaging of the FIB cut lamella extracted from a plate tested under 

reciprocal dry sliding contact with a wear load of 500 N and 300 m. 

Three distinct layers with regards to the grain size were observed. The 

first layer corresponded to the WEL, and it had an ultra-fine grain size, 

Figure 21b. The second layer was the transition layer below the WEL. 

Finally, the third layer was the heavily deformed material beneath the 

transition layer. The Fast Fourier Transform FFT analysis of area 1 

showed spots that are located around the incident beam. From the FFT 

image, it is depicted that the WEL had a nano-crystalline structure and 

the crystals are oriented differently with respect to the incident beam, 

Figure 21c. In addition, the measured inter-planar distances for area 1 

located within WEL were 1.00±0.01 Å and 4.02±0.04 Å, Figure 21d. 

The first inter-planar distance value corresponds to both α- and β- iron 

phases whereas the latter value corresponds to the β phase. Where α is 

the ferrite iron phase stable at room temperature and β is the beta iron 

phase. This indicates that a phase transformation in the worn surface 

material due to deformation had occurred under repeated sliding con-

tact. 

 

   
(a) (b) 
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(c) (d) 

Figure 21: a) ADF image of the FIB cut lamella of the WEL, b) and c) high magni-
fication ADF images of area 2 and d) FFT of the area1. 

4.3.3 Influence of microstructure on worn volume 
Repeated sliding contact resulted in the removal and displacement of 

the surface material through delamination and plastic deformation, re-

spectively. The removed material was quantified as the worn volume to 

study the influential factors affecting the material removal during slid-

ing contact. For the self-mating contact tests conducted on 

22NiCrMo12-F grade, the worn volume increased with increasing wear 

load, Figure 22. In addition, it was found that the reciprocal sliding 

contact resulted in larger worn volume compared to that of the unidi-

rectional sliding contact. 

The increased worn volume with an increase of wear load was in a good 

agreement with the observed wear mechanisms. The dominant wear 

mechanisms for this steel grade were severe plastic deformation and 

delamination at higher wear loads. Larger contact stresses were gener-

ated at higher normal loads, and these stresses promoted larger defor-

mation and higher crack density. The formed cracks propagated during 

further sliding contact and resulted in surface delamination. 

The reciprocal sliding contact led to larger worn volume, hence, the 

surface material was repeatedly sheared first in one direction and then 

in the reversed direction. While, in the unidirectional sliding contact, 

the surface material was repeatedly sheared in the same direction. It is 

assumed that the strain reversal that occurred during reciprocal con-

tact contributed to larger cracking and higher delamination. 
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(a) (b) 

Figure 22: The measured worn volume of the plates as a function of normal load 

a) reciprocal sliding contact and b) unidirectional sliding contact.  

For the ADI1 and ADI2 discs, the worn volume was found dependent 

on the wear load and the microstructure. The measured worn volume 

at low wear loads was relatively the same for these two materials. How-

ever, as the wear load increased, the ADI1 and ADI2 behaved differ-

ently, Figure 23. With increased wear load ADI2 showed significantly 

higher worn volume than that of ADI1. 

 

 

Figure 23: Worn volume as a function of wear load divided by the hardness of the 
softer material according to the Archard wear equation. 

The increased worn volume with increasing wear load for both ADI1 

and ADI2 was associated with the larger stresses obtained under high-

pressure sliding contact. For both materials wear load resulted in nu-

cleation and propagation of cracks that resulted in the removal of sur-

face material, Figure 25. As the wear load increased, the initiation and 

propagation of cracks were accelerated. However, other factors that are 

significant on the tribological performance of these materials must 
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have been activated at higher wear loads. Since the materials did not 

show the same wear resistance with increased wear load. 

 

  
(a) (b) 

  
(c) (d) 

Figure 24: SEM images of the cross-section of the ADI materials tested at 300 N 
and 300 m. A) and b) ADI1, and c) and d) ADI2. Cracks are marked with 
black arrows. 

One of the key factors that contributed to larger worn volume for ADI2 

at high wear loads was the proeutectoid ferrite presented in this mate-

rial. The microhardness measurements performed on ADI1 and ADI2 

showed that the proeutectoid ferrite had a hardness level between 380 

and 500 MHV, region II in Figure 24 that was substantially higher than 

the hardness of the regular ferrite. 
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Figure 25: Microhardness measurements of the tested materials 

The high hardness that proeutectoid ferrite had was the result of solid 

solution strengthening by Silicon atoms. The silicon content in ADI2 

was higher with a nominal wt% of 4.2 in ADI2, whereas its content was 

about 2.4 wt% in ADI1. Silicon increased the hardness of the ADI2, but 

at the same time, it compensates other mechanical properties such as 

elongation. A decreased elongation would make materials susceptible 

to cracking during high-pressure sliding contact. In addition, the inter-

faces presented between different phases in ADI2 might contributed to 

the low wear resistance. Subsurface cracks associated with the interface 

between proeutectoid ferrite and ausferrite phases were observed for 

the ADI2 grade, Figures 24c and 24d. 

Another factor that can be influential on wear resistance is phase trans-

formation. Due to severe plastic deformation occurred under high wear 

loads, the austenite phase transformed into martensite. This transfor-

mation might enhance the wear resistance of materials, because mar-

tensite is much harder than austenite. 

4.3.4 Deformation induced phase transformation 
Phase transformation took place during repeated sliding contact. This 

was observed in self-mating contact tests. It was found that the 

22NiCrMo12-F material when untested contained around 20 % of re-

tained austenite. The retained austenite is commonly formed during 

the carburizing process. The austenite phase was completely trans-

formed when the surface material was subjected to a wear load of 500N 

and 300 m.  
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As mentioned above, phase transformation during sliding contact can 

have a substantial effect on the wear performance of materials. As the 

transformation from austenite into martensite increases the hardness 

of the transformed material. 

The observed better wear performance of the ADI1 grade at high wear 

loads was partly associated with the formation of martensite. The XRD 

measurements performed on the discs made of ADI1 and ADI2 showed 

that the intensity of XRD peaks of the austenite phase at the contact 

area decreased with increased wear load, Figure 25. 

The phase transformation was found to be dependent on the wear load. 

Higher wear loads gave higher contact pressures that resulted in a 

larger degree of plastic deformation. Therefore, larger plastic defor-

mations at and beneath the contact surface led to an increased trans-

formation from austenite to martensite, Figure 26. This phenomenon 

led to an increased hardness of the surface material. ADI1 contained a 

larger volume fraction of carbon-rich austenite, and when this austen-

ite phase transformed into martensite higher surface hardness was ob-

tained. Therefore, the enhanced wear resistance of the ADI1 can be at-

tributed to the phase transformation. 

 

 
(a) 

 
(b) 



30 

 

Figure 26: XRD pattern of the ADI1 a) unworn surface, prior to the sliding test and 

b) worn surface tested at 300 N and 300 m. 

 

 

Figure 27: The variation of the volume fraction of the carbon-rich austenite phase 

based on the sliding test parameters 

4.4 The effect of sliding wear on fatigue strength 

4.4.1 Fatigue 
In this study, the influence of sliding wear on fatigue performance of 

22NiCrMo12-F grade was investigated. A preselected run-out criterion 

for the tested specimens was set to 1 × 106 load cycles. For each test, the 

stress amplitude and the number of load cycles were plotted in a S-N 

diagram. Three sets of fatigue specimens were used. The first set de-

noted as unworn had a ground surface free from damages. The second 

and the third sets denoted as worn 300N and worn 500N, respectively. 

These specimens had a surface damage formed by repeated sliding of 

the disc over the surface, Figure 6. The surface damage was dependent 

on the normal load. The surface damage formed under 500 N, was 

larger compared to the wear formed under 300 N, Figure 27. Deeper 

sliding grooves were obtained at the worn surface subjected to 500 N, 

Figure 28a. 
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(a) 

  
(b) (c) 

Figure 28: a) shows the depth of the wear track formed at the worn specimens, b) 
and c) represent the wear track formed under 300 N 500 N, respectively. 

For each test series the stress amplitude was plotted against the num-

ber of load cycles in an S-N diagram, Figure 29. The run-out samples 

are marked as unfilled markers in the diagram. As it is depicted in the 

diagram the unworn specimens display a large scatter in the fatigue life. 

This behaviour was less pronounced at high stress amplitudes. Moreo-

ver, the diagram showed that the worn specimens, worn 500N and 

worn 300N, had remarkably less scatter in fatigue life, at any stress 

amplitude selected and the S-N trend was clear. 

The fatigue data were statistically evaluated using the regression 

method according to the SS-ISO 1207 standard [29]. The regression 

curves were modeled based on the equation 1 and included in Figure 1.  

𝑌�̂� = 𝑏0 + 𝑏1𝑋𝑖                (1) 

𝑌�̂� is the predicted value of the dependent variable, 𝑌𝑖 = 𝐿𝑜𝑔10(𝑁𝑖)., and  

  𝑋𝑖 = 𝐿𝑜𝑔10(𝑆𝑖). 
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Figure 29: S-N curve and ISO regression fitting for the worn 500 N and worn 300 N 

specimens. 

The S-N curves shows that the unworn specimens has a flat trend line 

while the worn specimens have decreasing regression lines with an in-

creased number of load cycles. In addition, the S-N curves show that 

most worn specimen’s had a lower fatigue strength than the unworn 

specimens, and failed quicker than unworn specimens at all stress lev-

els. Most probably, the wear damage produced by SOFS testing was a 

critical factor that has promoted and accelerated the initiation and 

propagation of fatigue cracks when these specimens were subjected to 

cyclic loading. 

4.4.2 Fractography 
Stereomicroscopy of the fracture surface revealed that the fracture sur-

face was partitioned into three distinctive regions, the initiation site, 

the fatigue fracture region and the final failure, Figures 30a and 30b. 

Further, it was revealed that the unworn specimens failed due to the 

initiation and propagation of a single fatigue crack, Figure 30a. The 

worn specimens on the other hand failed through initiation and prop-

agation of multiple fatigue cracks, Figure 30b. Multiple initiation sites 

associated with ratcheting marks were observed on the fracture sur-

face. In addition, the ratio between fatigue fracture and final failure was 

remarkably smaller for the worn specimens compared to that of the un-

worn specimens. 
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(a) (b) 

Figure 30: Fracture surface of the fatigue specimens tested at stress amplitude 
around 750 – 765 MPa, a) unworn failed after 33015 load cycles and b) 
worn 500N failed after 3751 load cycles. Red arrows indicate ratcheting 
marks. 

SEM analysis at high magnification showed that the initiation sites for 

the unworn specimens were originated mainly at intermetallic inclu-

sions, voids or oxidized grain boundaries located near the surface, Fig-

ure 31a. In addition, it was found that the fatigue fracture surface was 

subdivided into two regions based on the observed fracture modes. 

Close to the initiation site, the dominant fracture mechanism in this 

region was a transgranular fracture in which stable crack growth oc-

curred, Figures 31b. The transgranular fracture was followed by an in-

tergranular fracture region where unstable crack growth through the 

prior-austenite grain boundaries took place, Figure 31b. As the crack 

propagated deeper final fracture occurred and it was dominated by 

dimple fracture. 

  
(a) (b) 

Figure 31: A) SEM image of the fatigue fracture surface of the unworn specimen, 
and b) higher magnification of the transgranular fracture occurred close 
to the initiation site. 
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The analysis of the worn specimens showed similar fracture features 

observed on the unworn specimens. Both transgranular and intergran-

ular fracture modes were observed on the fracture surface of these 

specimens. However, for these specimens, multiple short fatigue cracks 

were observed at the fracture surface, Figure 32a. It is assumed that 

during bending, the adjacent short cracks merged together and formed 

larger cracks with increasing load cycles. Figure 32b shows a ratcheting 

mark as a result of propagation of two or more fatigue cracks located at 

different locations. 

 

 
(a) 

  
(b) (c) 

Figure 32: a) fracture surface of a worn specimen with visible short cracks at the 

surface, b) tilted SEM image of the fracture surface where fracture and side 

surfaces of the failed specimen are displayed and c) the cracked side surface 

of the failed. Cracks are marked with red arrows. 

 

Moreover, a number of secondary cracks were found on the side surface 

near the fracture surface of the failed specimens where wear damage 

was located, Figure 32c. These cracks were different in the size and 

were located in the wear track. 
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As the worn specimens were subjected to cyclic stresses, significant 

cracking occurred in the surface material that was previously worn by 

repeated sliding contact. These cracks shortened the specimens’ fatigue 

life and decreased their fatigue performance. The repeated sliding con-

tact caused deep grooves, severe plastic deformation and delamination 

that seemed to be critical from the fatigue point of view. Severe plastic 

deformation resulted in the formation of the WEL that is more brittle 

than the original surface material. Deep grooves presented at the sur-

face presumably intensified the stress condition upon fatigue loading. 

Therefore, the wear damage formed under high-pressure sliding con-

tact served as an initiator for fatigue cracks when the material was sub-

jected to cyclic bending. 

5 Summary 
In the present study, failure mechanisms of rock drill thread joints and 

cold-work punches were studied. The present study also attempted to 

simulate, at laboratory scale, sliding wear mechanisms encountered in 

demanding applications where repeated sliding contact under severe 

contact conditions is presented. Further, the present work investigated 

the influence of high-pressure sliding wear on the fatigue strength of a 

high-strength steel used in demanding applications. 

The failure analysis study about the cold-work punches showed that 

material transfer was the most dominant wear mechanism for the in-

vestigated punches. Sliding contact between the punch and the work 

material resulted in the material transfer that led to higher frictional 

forces between contact surfaces. It changed the stress condition at the 

punch surface. Repeated punching caused the accumulation of the 

transferred material, and gave rise to cyclic stresses that caused initia-

tion and propagation of fatigue cracks. 

The investigation of the failed thread joints on the other hand showed 

that these joints failed due to the initiation and propagation of multiple 

short fatigue cracks. The fatigue failure initiated from the surface dam-

ages occurred during repeated sliding contact between the threaded 

surfaces. It was found that the threaded surfaces were severely de-

formed indicating that sliding contact under high contact pressure oc-

curred. 

The sliding wear tests performed by SOFS showed that sliding contact 

under dry conditions resulted initially in material transfer. Material 

from the softer surface, from the metal sheets, was transferred to the 
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harder surface, the disc’s surface. It was found that the transferred ma-

terial changed the surface condition of the contacting surfaces and led 

to increased friction. The continued sliding contact under high friction 

was accompanied with high shear stresses and high frictional heat. 

Therefore, longer sliding tests for tool steels led to more critical surface 

damages such as deformation, surface cracks and detachment of hard 

phase particles.  

For the high-strength metals, long sliding tests led to severe plastic de-

formation and surface delamination. The sliding wear created a wear 

damage at the worn surface related to the wear load. Severe plastic de-

formation of the contact material was occurred due to high shear 

stresses generated during high friction sliding contact. The shear 

stresses resulted in shear strains, at and beneath the contact surface, 

that were accumulated under repeated sliding contact. The accumula-

tion of the shear strains caused crack initiation and propagation in the 

critical regions. Crack propagation led to delamination of the surface 

material. In addition, the strain accumulation resulted in microstruc-

tural evolution in the surface and subsurface material such as grain re-

finement, phase transformations and formation of the WEL. Moreover, 

abrasive grooves were found as a common surface damage on the worn 

surface subjected to repeated sliding contact. 

 

 

Figure 33: An illustrative image that displays the typical surface damages that 
occurred during repeated sliding contact. 

SOFS was found appropriate to simulate the surface damages observed 

on the failed components operated in demanding applications. The 

simulated surface damages included material transfer, severe plastic 

deformation, abrasive grooves and surface cracking, Figure 33. These 
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surface damages were found critical for high strength steels when sub-

jected to cyclic tension, bending, torsion etc. This was observed when 

fatigue specimens with a surface damage formed under sliding contact 

were tested in cyclic bending. The depth of the wear track, the for-

mation of untempered martensite, the development of WEL and the 

depth of surface grooves obtained under sliding wear led to a synergetic 

effect that deteriorate the fatigue performance of the tested material. It 

is assumed that the surface damages acted together and promoted fa-

tigue crack initiation in multiple locations along the wear track. The 

initiated cracks propagated upon fatigue loading and caused fatigue 

failure. Based on the findings in the present work, the following con-

clusions have been drawn: 

 The SOFS tests performed to simulate contact conditions on the 

side surface of the punch showed that material transfer to the tool 

steel occurred. The material transfer resulted in significantly high 

friction, and its rate was dependent on the contact pressure, the 

sliding distance and the tool steel grade.  

 Higher contact pressures between the tool steel and the sheet 

metal, and longer sliding distances accelerated the material trans-

fer from the sheets to the tool steel surface. Repeated sliding con-

tact under high friction activated other failure mechanisms that re-

sulted in critical surface damages such as breakage and detachment 

of the hard phase particles, surface cracks and deformation. 

 At lower contact pressure, a shorter distance between the hard 

phase particles presented in the tool steel microstructure gave a 

better resistance to the material transfer. In addition, the tool steels 

with VCN as the hard phase showed better resistance to material 

transfer under similar contact conditions. 

 The SOFS tests performed to simulate contact conditions in thread 

joints other components used in demanding application showed 

that repeated sliding contact led quickly to high friction. It caused 

severe plastic deformation and delamination of the surface mate-

rial. 

 The repeated sliding contact under high friction led to microstruc-

tural changes that included phase transformation and grain refine-

ment. These changes were obtained due to accumulation of the 

shear strains occurred during sliding contact, and were dependent 
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on the contact pressure and total sliding distance between contact 

surfaces. 

 The severe plastic deformation occurred under repeated sliding 

contact resulted in the formation of the white etching layer WEL at 

the contact surface. This layer had a nano-structure and was harder 

than the initial material.  

 The fatigue specimens with a surface damage caused by sliding 

wear failed through initiation and propagation of multiple short fa-

tigue cracks.  

 The surface damage served as a failure initiator, and it resulted in 
a reduction of the fatigue strength of the tested material. There-
fore, sliding wear was found critical for the tested steel when sub-
jected to cyclic stresses. 
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6 Future work 

The present research work showed the drastic changes in contact sur-

face materials due to repeated dry sliding contact. It includes modifi-

cation of surface morphology, changes in the microstructure and phase 

transformations. Repeated dry sliding contact created a wear track 

damage in the contact surface as a result of successive material removal 

through delamination and displacement. In addition, surface damage 

was brought about as formation of a white etching layer, transfor-

mation of untempered martensite and surface grooves. The different 

matching damage mechanisms acted jointly contributing to a lower fa-

tigue strength. As a recommendation for future work, it would be of 

interest to isolate the contribution of these surface damages and study 

their influence on fatigue strength of metal alloys individually. Still, it 

is of interest to assess the combined effect of certain damage mecha-

nisms. 

Understanding the individual effect of the surface damages and with 

experimental assessment of their combined effect, occurred under re-

peated sliding contact, on fatigue will help to create a theoretical model 

that can be used to further study the combined effect of wear and fa-

tigue. The model may be used to estimate and predict the lifetime of 

metal alloys when subjected to a combination of repeated sliding con-

tact and cyclic mechanical stresses. It will help to develop and optimize 

metal alloys to meet the material requirements from demanding appli-

cations. 
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Wear of high strength steels and ductile iron 
and its effect on fatigue performance

Machinery components used in demanding applications where severe contact 
conditions results in premature component failure. Wear and fatigue are 
considered as the most common failure mechanisms for such components. In 
general, the service life of a component is estimated based on its fatigue strength. 
However, wear might also have a significant effect on the component’s life 
too. Sliding wear results in surface damages that can be critical for metal alloys 
when subjected to cyclic stresses. Therefore, knowledge about sliding wear of 
metal alloys is a key factor in component designing. In addition, understanding 
the influence of sliding wear on fatigue life of metals will help to predict the 
component’s service life. 

The present study was focused on wear mechanisms of high-strength steels and 
ductile cast irons occurred under repeated sliding contact. Further, this study 
investigated the influence of wear on fatigue performance of a high-strength steel 
when subjected to cyclic bending. 
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