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A B S T R A C T   

Experimental fatigue tests were performed for a S960 steel grade, including hot-dip galvanized (HDG) round base 
material specimens, and laser cut, and machined notched component-sized specimens made of t = 6 mm S960 
ultra-high-strength steel (UHSS) plates. Cracking after the HDG was found to have a major influence on fatigue 
strength and thus reducing the effect of surface quality on the fatigue performance. Design guidelines for notched 
HDG components are proposed, and HDG with UHSSs was found suitable for structures with geometrical notches. 
Multiparametric TCD-based 4R method application was introduced, and it was found to be applicable for the 
fatigue strength assessment of structural details with initial cracks.   

1. Introduction 

Plate structures typically contain cut edges with geometrical shapes, 
such as general curved shapes, cutouts and holes. By positioning weld-
ments and other critical connections at the lowly-stressed areas of 
structures and introducing novel methods to improve fatigue strength, e. 
g, post-weld treatments, these cut edges with the geometrical shapes can 
become critical from the fatigue viewpoint. High-strength and ultra- 
high-strength steels (HSSs/UHSSs) enable benefits in weight-critical 
applications, while highlights the need for the high fatigue strength 
capacity due to the increased magnitude of fatigue load actions. Steel 
grades with the yield strength of 890 MPa or higher are typically 
considered as UHSS. Hot-dip galvanized special use semi-trailers (e.g. 
for heavy machinery transport) with 25 years estimated service life are 
currently manufactured from a S700 HSS grade that has proven its 
reliability in the commercial use. However, S960 UHSS grades are 
commonly used in painted structures enabling higher payload as the 
structure is weight critical. Based on tests with a S960 steel grade, the 
trade-off between the corrosion protection and selection of UHSS steel 
grade for product design could be overcame. In comparison to stainless 
steels, hot-dip galvanized S960 steel grade offers a superior balance 
between the cost, corrosion protection and performance. Long service 
life of HDG products highlight the importance of accurate fatigue life 

assessment and proper design guidelines to manufacture high perfor-
mance products. UHSSs are typically sensitive to liquid metal assisted 
cracking and hydrogen embrittlement (HE) or liquid metal embrittle-
ment (LME). In this study, mild steels were excluded since no effect was 
found in the authors’ previous study [1] on the unnotched S420 speci-
mens. Those findings of studied UHSSs could be generalized to mild 
steels with the consideration of yield point cut off limit at the low cycle 
regime, as proposed in [1]. Liquid metal assisted cracking can occur with 
mild steel HDG structures as demonstrated by da Silveira et al. [2]. 

The fatigue strength of HDG structures has been studied, but only a 
limited number of studies has been reported. Studying the fatigue per-
formance of HDG components requires a high amount of experimental 
work since identical uncoated reference test series should be tested to 
enable a comparison. Rademacher [3] tested cut edges, longitudinal 
welds and base material specimen of S235–S700 steel grades in the 
uncoated and HDG condition with the typical finding of a slight decrease 
in fatigue performance. Ferraz & Rossi [4] studied fatigue performance 
of hot-dip galvanized mild steels by statistically re-analyzing existing 
fatigue data and proposed generally-one FAT class reduction in com-
parison to uncoated or painted structures. 

The design guidelines specifically for HDG details are limited. 
Therefore, current design codes and recommendations for the fatigue 
strength assessment of unnotched and notched cut edges are collected 
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into Table 1, which includes the lowest and highest recommended FAT 
classes for the cut edge details without HDG. Highly varying design 
recommendations for both unnotched and notched components cause 
inconvenience for the product design and structural analyses. Clear and 
consistent design guidelines are needed for HDG structures to avoid even 
more scattered field of FAT classes and requirements in case of HDG 
would be embedded on current design codes. The authors proposed 
stress concentration factor (SCF)-based fatigue strength assessment in 
[5]. SCFs are mentioned in present design guides. However, the nominal 
stress method is presented as a main method and FAT classes including 
additional safety factor needed for the nominal stress method are used 
also with the local stress approaches. The influence of LME should be 
studied and verified to introduce notch factor -based fatigue strength 
design guidelines. 

Theory of critical distances (TCD) approach by Taylor has been 
applied on fatigue performance assessment [12]. Braun et al [13] 
studied requirements for TCD method. Ahola et al. [14] and Braun et al. 
[15] applied the TCD method for assessing the fatigue strength of wel-
ded joints. Karakas et al. [16] studied the TCD method for welded joints 
in both as-welded and HFMI-treated conditions and proposed critical 
distance of 0.1 mm and 0.15 mm, respectively. Souto et al. [17] found 
the TCD method beneficial for assessing cold-formed Z-profiles’ fatigue 
performance, considering residual stresses due to the forming. 

The purpose of the current work is to revise the design guidelines for 
hot-dip galvanized structures. In this study, a hot-rolled (HR) S960 
UHSS grade was fatigue-tested with laser cut and machined edges. First, 
small-scale round base material (BM) fatigue specimens were experi-
mentally tested to evaluate decrease in the fatigue performance of plain 
material with varying surface roughness. Secondly, component-sized 
specimens were tested to obtain fatigue strength and to introduce 

design guidelines and best practices for the HDG structures manufac-
tured from UHSSs with geometrical notches. Microstructure was char-
acterized at the notched laser cut and machined surfaces, likewise the 
fractography studies performed for fatigue samples. A method to 
consider surface quality-induced stress concentrations was introduced 
together with multiparametric 4R method to assess fatigue performance 
considering local cyclic behavior as in Ref. [5]. With HDG applied, LME 
induced internal crack dominates the effect of surface quality as the 
depth of initial crack becomes significantly higher than surface quality 
combined with possible brittle intergranular crack propagation layer in 
laser cut edges (see Section 4.2). Consequently, based on obtained initial 
crack length for the different cut edges conditions, the finite element 
analyses (FEA) are carried to obtain fatigue notch factors as per TCD 
approach and a multiparametric method for assessing fatigue strength of 
uncoated and HDG-coated cut edges is introduced. 

2. Studied materials and experimental methods 

2.1. Specimen preparation 

The specimens were manufactured from a standardized commer-
cially available direct-quenched (DQ) S960 UHSS grade. The round 
specimens were manufactured from laser cut t = 10 mm billets by 
turning, and the component-sized notched specimens from t = 6 mm 
sheets from the same production batch to the un-notched specimens 
reported in Ref. [1] applied as a reference data. The material properties 
of the t = 6 mm base material are shown in Table 2 as nominal and 
material certificate indicated values. The mechanical properties for the 
notched component-sized are presented in Table 5. It is well-known that 
silicon content has a significant influence on the zinc layer thickness 

Table 1 
FAT classes for un-notched and notched cut edges without HDG. Nominal stress -based FAT classes if not otherwise stated.  

Design code Un-notched Requirements Notched Requirements 

IIW recommendations  
[6] 

FAT 100 MPa m = 3 Manual or mechanized cut edges in 
As cut -condition 

Hole: Not available 
Geometric notch: Applying SCFs 

Similar to un-notched cut edges 

FAT 140 MPa m =
3 
FAT 160 MPa m = 5 

Ground thermally cut edges 
HR surface with machined edges 

EC3 1–9 Current [7] FAT 125 MPa m = 3 Sheared or gas cut plates Hole: FAT 90 MPa m = 3 Net cross section. Manufacturing 
methods not specified. 

FAT 140 MPa m = 3 
FAT 160 MPa m = 3 

Ground thermally cut edges 
Rolled and extruded products. Sharp edges 
removed 

Geometric notch: FAT 125 MPa m 
= 5 together with SCF 

Thermally cut edge with deburring 

EC3 1–9 Final draft [8] FAT 125 MPa m = 5 Thermally cut edge with deburring Hole: FAT 50 MPa m = 3 
Geometric notch: FAT 125 MPa m 
= 5 together with SCF 

Thermally cut edge with deburring 

180 MPa m = 5 
160 MPa m = 5  

Plates with rolled edges 
Ground cut edges 

Hole: FAT 90 MPa m = 5 
Geometric notch: FAT 160 MPa m 
= 5 together with SCF 

Machined or drilled edge (net cross- 
section) 

EN 13,001 [9] 140 MPa m = 5 Thermally cut edges. Repair welding allowed Hole: 80 MPa m = 5 Holes may be punched 
315 MPa m = 5 fy > 900 machined and deburred edges Hole: 160 MPa m = 5 fy > 650 Thermally cut holes with Rz <

100 um and burr removed 
BS 7608 [10] Class C (FAT 160 

MPa m = 3.5) 
EN 9013 Range 2 surface quality. Thermally 
cut or sheared edge with deburring. 

Geometric notch: Class B together 
with SCF 

Thermal cutting  

Class B (FAT 185 
MPa m = 4) 

Cut edges ground Hole: Class D (FAT 125 MPa m = 3) 
or via SCF with class B  

Drilled hole with net cross section. 

SSAB Design Handbook 
[11] 

FAT 80 MPa m = 3 Machine controlled thermal cutting with no 
quality inspection or requirements 

Hole: FAT 80 MPa m = 3 Punched hole 

FAT 180 MPa m = 5 High quality HR strip material Hole: FAT 100 MPa m = 5 Drilled hole in HR plate  

Table 2 
Material properties and chemical composition.  

Material Strength [MPa] Chemical composition [wt. %] 
Yieldmin Tensile Cmax Simax Mnmax Pmax Smax Almin 

Nominal 960 980–1250  0.12  0.25  1.3  0.020  0.01  0.015 
Material certificate 983 1091  –  0.20  –  –  –  –  
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[18], and this study is focused on the S960 steel grade with the silicon 
content of 0.20 wt%. However, for a comparison to the fatigue strength 
of a quenched and tempered (Q&T) S1100 UHSS grade are presented in 
Discussion section. 

2.1.1. Base material fatigue test specimens 
Round base material (BM) specimens were tested with the varying 

surface qualities. Mechanical polishing was carried out for the speci-
mens with a silicon carbide grinding paper (Grit 1000). The specimens 
were manufactured from the laser-cut billets, and the manufacturing 
(turning) parameters are shown in Table 3. The objective was to 
determine the BM fatigue properties at the different surface quality 
conditions without the changes in the local microstructure and hardness 
induced by the laser cutting heat. The turned and polished round BM 
specimens (See Fig. 4) are used to evaluate the effect of surface quality of 
turning and relation of initial defects induced on HDG-process. Surface 
quality, defined as Ra value in Table 3, was measured parallel to loading. 
Fatigue tests were conducted with 50 kN servo-hydraulic test rig (1–3 
Hz) using stress ratio R = 0.1 and continued until failure occurred or 
run-out at 106 – 3•106 cycles interrupted the test. 

2.1.2. Component-sized laser cut and machined edge specimens 
Fiber laser reactive fusion cutting (FL O2) with oxygen as an assistant 

gas was used to cut specimens. Two different external notch geometries 
(R4 and R12) with a nominal net cross section width of 35 mm (Fig. 1a 
and 1b) were used to evaluate the effect of notch stress concentration, 
gradient and size factor on the fatigue strength, and to identify limita-
tions related to the use of the nominal stress method. In a similar way, 
two internal notch (hole) samples (Fig. 1c and 1d) were prepared. 
Specimen manufacturing process is presented more detailed in Ref. [5]. 
Table 4 illustrates SCFs (for net cross section) and number of fatigue test 
for each specimen types. Fatigue tests resulted 28 broken specimens and 
4 run-outs. 

Standard industrial hot-dip galvanizing for both small-scale and 
notched component-sized specimens was performed in a similar way 
than in ref. [1] with an exception to use dip time of 3 min instead of 

previously used 2 min to ensure corrosion protection in cut edges. The 
specimens were prepared to HDG with pickling in 16 % hydrochloric 
acid together with adequate amount of pickling inhibitor. Drying and 
pre-heating before zinc path dipping was performed in drying oven at 
temperature of 70 ◦C. The zinc path with > 99 wt% zinc content where 
temperature was 450–475 ◦C was used. 

Laser cutting was performed with 3 kW fiber laser with 2600 mm/ 
min cutting speed. FL O2 cut edge specimens in which the chemical 
composition changes locally due to the laser cutting, and zinc layer 
thickness thus reduces. A zinc layer thickness of 100 μm was measured 
from the laser cut specimens in this study whereas the one minute 
shorter bath time resulted in a 60 μm thick coating in the specimens 
reported in [1]. The fatigue testing was carried out using a servo- 
hydraulic fatigue test machine with the maximum force capacity of 
150 kN and using a constant amplitude (CA) loading with 1–3 Hz test 
frequency (Fig. 1f). Fatigue tests were continued until final rupture or 
determined as a run-out without failure after specimen reached 106 

cycles. 

2.2. Microstructural evaluation 

High power laser systems were used to cut unnotched specimens 
with cutting speed of 3000–10500 mm/min which results narrower heat 
affected zone (HAZ) than in the notched specimens cut and tested for 
this study. A nominal 2600 mm/min cutting speed with a power of 3 kW 
was applied in this work using a commercial (Prima Power) laser combi 

Table 3 
Cylindrical specimens manufacturing and surface quality.  

Specimen type Turned Polished 

Tool radius [mm] 0.4 –  
Feed [mm/rev] 0.3 0.15 – 
Rotation speed [RPM] 1500 1500 – 
Surface quality Ra [μm] 6 4 1  

R12 59

17.5

17.5

R4 43
17.5

17.5

35 43 35 59

R4

R4 R12

R12a b

c
d

e f

Fig. 1. Notch geometries for the (a,c) d = 8 mm and (b,d) d = 24 mm notch geometries, (e) lifting component-sized S960 specimens from the zinc path, and (f) HDG 
specimen fatigue test arrangement. 

Table 4 
Component-sized fatigue tests.  

Geometry SCF – net section Number of fatigue tests 
(Laser cut / Mechanically cut) 
Failure Run-out 

8 mm Notch  2.41 6 / 4 1 / 0 
8 mm Hole  2.49 5 / 3 0 / 1 
24 mm Notch  1.84 4 / 4 1 / 1 
24 mm Hole  2.19 2 / - 0 / - 
Total number of tests  – 17 / 11 2 / 2  

Table 5 
Tensile test results of uncoated and HDG specimens.  

Specimen Yield strength [MPa] Tensile strength [MPa]  
Uncoated HDG Uncoated HDG 

8 mm laser cut hole 1055 982 1134 1046 
24 mm laser cut hole 1025 996 1117 1047  

K. Lipiäinen et al.                                                                                                                                                                                                                               



International Journal of Fatigue 164 (2022) 107127

4

system for the sheet metal production. The cutting speed was monitored 
during cutting notch geometry, and no reduction in the cutting speed 
was observed. However, the width of HAZ increases in notched geom-
etries due to the longer interaction with the laser beam. HAZ at the 
bottom of the laser cut notches from uncoated specimens, is shown in 
Fig. 2a and 2b. 

Residual stresses were measured from the notched specimens before 
hot-dip galvanizing in [5]. In another study, Lipiäinen et al. [1] found 
residual stress relaxation in the unnotched S960 specimens measured 
from steel surface after removing zinc layer with electropolishing. HDG- 
induced cracking in laser cut specimens extends up to 300 μm depth 
from the cut surface. Thus, residual stresses obtained from cut surface 
would not influence on fatigue performance at the crack tip due to the 
residual stress gradient in the vicinity of the cut surface. On the other 
hand, measuring residual stresses from the crack tip, from where fatigue 
crack initiation and propagation start, would be experimentally unreli-
able. For the parametric model, introduced in Section 4.3, a neutral 
residual stress state was used as an input value. For assessing fatigue 
performance of the studied specimens, initial crack size is more impor-
tant than residual stresses. 

Hardness measurements and field emission scanning electron 
microscope-electron backscatter diffraction (FESEM-EBSD) character-
ization for the laser cut and machined HDG with 24 mm notch specimens 
was conducted to study the influence of HDG on the microstructure 
(Fig. 2). The hardness measurements were performed with Struers 
Durascan 70 device measuring the HV0.2 and HV3 hardness. The elec-
tron backscatter diffraction (EBSD) measurements and analysis were 
performed using the Oxford-HKL acquisition and analysis software. The 
FESEM (Jeol JSM-7900F) for the EBSD measurements was operated at 
20 kV, and the step size was 0.15 μm. 

Hardness measurement shows that the laser cutting results in an 
increase in the hardness, i.e., 450 HV near the edge (Fig. 2e). In the 
galvanized laser cut sample, the local hardness of coarse-grained HAZ 
(CGHAZ) decreases from 450 HV to 350HV compared to the uncoated 
specimen. Uncoated and HDG laser specimens experience the longer 
interaction of laser beam, and the hardness at the fine-grained HAZ 
(FGHAZ) therefore decreases to 300 HV. Base material hardness varies 
between 350 and 360 HV as it can be observed from all specimens after 
the 0.3 mm distance from the edge. In the machined and galvanized 
sample, the hardness profile is quite straight (Fig. 2d) which indicates 
that the relatively short time period in the 450 ◦C zinc bath does not 
have a major influence on the hardness or microstructural evolution, 
and the microstructure seems to be similar to the base material. GCHAZ 
and FGHAZ can be identified from the laser cut notch (Fig. 2c). Naja-
fabadi et al. [19] have been reported similar hardness reduction of 
UHSSs after HDG. In addition to microhardness measurements, the HV3 
hardness measurements further from the cut zone support the finding 
with a minor, approximately 10–20HV, hardness decrease after the 
HDG. 

3. Experimental results 

3.1. Quasistatic tensile test results 

Quasistatic tensile tests with the digital image correlation (DIC) 
system (a commercial Aramis system) were performed for the laser cut 
holes with diameters of 8 mm and 24 mm. Four test was carried out and 
the obtained yield and tensile strengths are given in Table 5. Specimen 
geometry had an influence on the elongation at fracture without influ-
ence of HDG. With 50 mm gauge length, 6 % and 8 % strains for the d = 8 

Fig. 2. HAZ shape and width at the bottom of the d = 24 mm notch (a, b), Microstructure (inverse pole figure with high-angle boundaries (>15◦, black)) (c,d), and 
hardness at centerline of d = 24 mm specimens (e). 
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and d = 24 mm geometries were obtained at the ultimate load, respec-
tively. Fig. 3 illustrates the stress–strain curves and DIC results at the 
ultimate loading and elongation points for HDG specimens with d = 8 
mm and d = 24 mm holes. HDG decreased both yield and tensile 
strengths and caused a sharp yield point. A decrease in the base material 
hardness can be also noticed in the slight decrease in the tensile 
strengths. The most important finding from these tests is that a high and 
predictable performance for the HDG perforated UHSSs structures can 
be obtained, which highlights that its effects on the fatigue resistance 
can be regarded as restricting aspect in product design. The tensile test 
results suggest that the fatigue performance is a key aspect in the 
product design when HDG is applied in structural components made of 
the studied UHSS grade. 

3.2. Fatigue test results 

3.2.1. Small-scale fatigue tests 
The fatigue tests on both turned and polished specimens revealed 

that the fatigue performance decrease after HDG, as shown in Fig. 4. The 
decrease was similar as with as-rolled surface failures in the previous 
study [1]. The results suggest that the influence of surface roughness on 
the fatigue performance is only minor, and LME has a more important 
role as an explanatory factor. The fatigue strength of the HDG turned BM 
specimens follows FAT classes of FAT 150 MPa (m = 3) and 250 MPa (m 
= 5) depending on the number of cycles. The polished HDG specimens 

showed a slightly higher fatigue performance than the turned HDG 
specimens. It can be concluded that HDG influences on the fatigue 
strength of both turned and polished specimens. In addition, surface 
roughness-induced local notch stress concentration effect on fatigue life 
can be identified at the lower stress ranges despite initial crack-like 
defects from the HDG process. BM specimens’ fatigue test results are 
given in Appendix Section Table A1. 

3.2.2. Component sized fatigue tests 
The fatigue test results of component-sized specimens (geometry and 

test arrangement shown in Fig. 1) were analyzed applying the nominal 
stresses (Fig. 5) and local stresses based on stress concentration factors 
obtained for the idealized geometry (Fig. 6). FAT classes 100 MPa m = 3 
and 375 MPa m = 5 are shown as the reference curves in Figs. 5 and 6 
and FAT50% values for each category are provided in Table 6. The fatigue 
performance after the HDG shows unexpected results with practically 
constant fatigue performance around FAT 100 MPa m = 3 despite the 
cutting method or geometry. The highest reduction in the fatigue per-
formance was found with d = 24 mm machined notches (Fig. 5d) 
whereas only a minor reduction was found with d = 8 mm laser cut 
specimens (Fig. 5a). 

The nominal stress approach includes built-in limitations when small 
specimens with low SCF are used to evaluate full-scale structures fatigue 
performance as the SCFs typically vary based on the notch dimensions. 
Optimistic design FAT classes could be obtained according to fatigue test 
results if the local stresses are not considered. SCFs given in Table 4 were 
used to determine local stresses shown in Fig. 6. Notch dimension has a 
significant influence on the fatigue performance when local stress ap-
proaches are used. This can be explained by LME-induced initial defects 
and geometrical notch stress gradient. With larger notch, the stress be-
comes higher at the crack tip even tough stress along the notch surface is 
lower. 

Initial HDG defects have only a minor influence on fatigue perfor-
mance at the low-cycle regime. The potential of HSS/UHSS grades could 
be utilized by using FAT 150 MPa m = 3 when shorter design lifetimes 
are targeted or FAT 160 MPa m = 3 if geometric shape is machined. A 
graphical example of utilizing two slope parameters is given in [1]. At 
the high cycle regime, a characteristic design curve FAT 200 MPa m = 5 
could be used for laser cut edges. Machined edges or drilled holes show 
higher fatigue performance, and FAT 225 MPa m = 5 could be recom-
mended as a design curve with the local stress approach. After consid-
ering local stresses, HDG machined specimens’ fatigue performance was 
similar to that of the HDG unnotched specimens. 

The HDG induced initial defects, together with SCFs, decreased slope 
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parameters; typically they were m = 2.2–3.0. The mean FAT values 
(with the survival probability of Ps = 50 %) with m = 3 are given in 
Table 6. It can be seen that the nominal stress method estimates higher 
fatigue performance for the d = 24 mm notch whereas the opposite 
behavior can be found when the local stresses are considered. 

The mean fatigue strength and free slope parameters with the local 
stress approaches for the laser and mechanical cut edges were 168 MPa 
m = 2.61 and 248 MPa m = 3.01, respectively. The characteristic FAT 
values (with Ps = 97.7 %) describe design curves for engineering design. 
Laser cut HDG specimens FATchar 71 MPa (nominal stress) and 152 MPa 
(local stress) were obtained. For a comparison, FATchar 86 MPa (nom.) 
and 171 MPa (loc.) were obtained for the mechanically cut specimens’ 
fatigue test results. It should be noted that the laboratory-scale speci-
mens have lower SCFs than full-scale structures when using the nominal 
stresses at the net cross-section. For that reason, the design recommen-
dation curves for nominal stress method are below the estimated char-
acteristic FAT values. 

Further analysis on the local stress-based fatigue assessments is 
presented in Section 4. However, the results suggest that the local stress- 
based fatigue strength assessment using the SCFs is more accurate than 
the nominal stress method and is valid for HDG cut edges. The fatigue 
test data of the HDG specimens is given in Appendix (Table A2). 

3.3. Fractography 

Fractography was used to study the effects of HDG, to characterize 
laser and mechanically cut specimens fatigue crack behavior, and to 
obtain initial crack length for further analysis using the TCD. Energy- 
dispersive X-ray spectroscopy (EDS) was used to evaluate the local 
chemical compositions and zinc inclusions. A zinc contaminated layer 
was found from both laser and mechanical cut specimens in the fracture 
surface examination. Fig. 7 shows two examples from laser cut specimen 
that zinc path induced crack extended through HAZ and transformed to 
a fatigue crack at base material. Moreover, liquid metal embrittlement- 
based cracks were found from all studied specimens. 

Depending on the crack shape and orientation in the specimen, LME- 
induced cracks may be difficult to identify. Identification LME crack is 
clear in case shown in Fig. 7b where a clear zinc-covered area transverse 
to the loading is visible where EDS indicate 75 % zinc content (25 % 
oxygen and iron) for highlighted area. However, EDS has limited ca-
pabilities on crack-like defects (Fig. 7a) and it can be used only as an 
indicative measurement. Fracture surfaces of the HDG specimens 
revealed plain grain boundaries whereas these are not typically present 
with uncoated specimens besides thin < 25 μm layer in laser cut edges. 
Fig. 7c shows an LME-induced crack that ends to highlighted dashed 
area single visible grain boundary at the 125 μm distance from me-
chanically cut edge. A fracture surface shown in Fig. 7a was polished to 
study crack propagation. Initial crack transition to fatigue crack is 
shown as an EBSD image in Fig. 7d–e. Fracture surface shows a mixed 
crack propagation as both inter and transgranular crack propagation can 
be identified. A closer view to the zinc layer with the combination of the 
fractography and EBSD microstructural evaluation is shown in Fig. 7f. 

Based on the fatigue test results and fractography, it can be 
concluded that these defects have significant influence on fatigue per-
formance. The fatigue performance was consistent in an individual test 
series which indicate similar length for HDG induced cracking in each 
case even though difference in crack orientation was found. Mechanical 
cut specimens showed crack propagation from the chamfered and un- 
treated cut sections. However, the scatter of fatigue test results was 
negligible (e.g. Tσ 1:1.05 for d = 24 mm HDG machined notch, see 
Fig. 5d) even though two failure modes were found. 

Based on the fractography of previous study [5] and the findings of 
the present study, it can be concluded that the initial crack length at the 
cut edge increases after HDG. Intergranular crack propagation with 
20–25 μm distance from the cut edge was found whereas initial cracks 
and zinc contamination up to 125 μm depth in the machined specimens 
and up to 250–300 μm distance were found from the laser cut specimens 

Table 6 
FAT50% values for nominal and local stress methods.  

Specimen Cutting method HDG 
FAT50% m = 3 
Nom. 
stress 

Local 
stress 

Notched 8 mm R = 0.1–0.4 Laser cut 87 210 
Notched 24 mm R = 0.1–0.4 Laser cut 97 178 
Notched 8 mm R = 0.1 Machined 109 263 
Notched 24 mm R = 0.1 Machined 115 212 
Hole 8 mm R = 0.1–0.4 Laser 87 217 
Hole 24 mm R = 0.1 Laser 84 184 
Hole 8 mm R = 0.1 Drilled 112 278 
Laser cut notched specimens R = 0.1–0.4 Laser 89 201 
Mechanical cut notched specimens R = 0.1 Machining 
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Fig. 6. Component-sized specimens fatigue test results. Un-coated data from [5] and un-notched data from [1].  
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due to the LME. Significantly faster cutting speed in the unnotched 
specimens in [1] caused narrower HAZ, and fractography revealed zinc- 
contaminated areas with the depth of 150 μm at the cut edge as shown in 
Fig. 10c with schematic TCD application. 

4. Fatigue strength assessment of uncoated and HDG cut edges 

The 4R method in conjunction with the local surface quality-induced 
notch stress was successfully applied in to assess fatigue strength of 
uncoated components. In the previous study by Lipiäinen et al. [5], the 
presence of initial cracks were not considered, and the notch stress 
evaluations were carried out for idealized and actual (including surface 
roughness) notch geometries. However, in the HDG specimens (see 
Section 3.2), surface roughness was not found as a decisive factor 
influencing fatigue performance, and thus the consideration of surface 
quality in fatigue assessments is not particularly meaningful in the HDG 
cut edges. Moreover, as presented in Section 3.3, initial LME cracks, up 
to length of 250–300 μm, were found at cut surface that expectedly 
reduced the fatigue strength capacity of HDG cut edges. To account for 
the initial cracks in fatigue assessment, local approaches considering the 
presence of initial cracks were employed in this study. As the first step, 
two-dimensional (2D) linear elastic fracture mechanics (LEFM) was 
applied to obtain fatigue strength based on crack growth analysis 
(Section 4.1). Secondly, the TCD was employed to determine the fatigue 
effective-stress in the vicinity of notch, and a TCD model, together with 
the mean stress correction by the 4R method, was established to predict 
the effect of initial cracks on the fatigue strength of uncoated and HDG 
cut edges. 

4.1. Two-dimensional linear-elastic fracture mechanics 

Linear-elastic fracture mechanics (LEFM) was applied with both the 
uncoated and HDG specimens for fatigue strength assessment based on 
the initial crack length induced by LME. The main purpose of LEFM 

analysis was to evaluate the suitability of stress-based fatigue strength 
assessment approaches, and the analysis shown in Fig. 8 is provided as a 
reference for stress-based methods introduced in Sections 4.2 and 4.3. 
Stress intensity factors (SIFs) were computed using 2D finite element 
(FE) models, employing the Franc2D software with plate element 
models with the quadratic element order. Fig. 8a presents the geomet-
rical details and boundary conditions of the models used in the analysis. 
Young’s modulus of 210 GPa and v = 0.3 were applied. A crack, with the 
depth of 0.01 mm was modeled (smallest initial crack depth), and the 
initial crack length corresponding to the findings of the SEM analyses 
(Table 7) were used in the fatigue assessments. The crack paths were 
obtained using the maximum tangential stress criterion (maximum 
principal stress direction), and the SIF values were determined based on 
the J-integral approach embedded in the Franc2D software. 

Crack growth and corresponding fatigue strength were obtained with 
one-stage Paris’ law model as follows: 

da
dN

= CΔK(a)m⇒N =

∫ af

ai

da
CΔK(a)m (1) 

and. 

FATLEFM =

(
N

2⋅106

)1
m

Δσ(1 MPa) (2) 

where a is the crack depth, N is the fatigue life, C is the crack 
propagation coefficient, ΔK is the SIF range, m is the slope exponent of 
Paris’ law, ai and af are the initial and final crack depths, respectively, 
and FATLEFM is the fatigue strength at two million cycles obtained using 
LEFM. The principal objective of LEFM study was to compare the 
experimentally obtained fatigue strengths to the computational results 
and, consequently, the crack growth parameters corresponding to the 
survival probability of Ps = 50 % were used, i.e. Cmean = 1.5•10-13 (units 
in millimeters and MPa) with the slope exponent of m = 3 were used 
[20]. These values also correspond to the values given in the IIW Rec-
ommendations [6]. The obtained SIF values for the unnotched 

Fig. 7. (a, d-f) LME induced crack growth in cyclic loading and examples of fracture surfaces representing (b) laser cut edge and (c) mechanically cut edge.  
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components, and d = 8 mm and d = 24 mm notches and holes are 
presented in Fig. 8b. Fig. 8c–g present the obtained LEFM fatigue 
strengths in comparison to the experimentally obtained fatigue capac-
ities with slope parameter m = 3. 

The continuous lines in Fig. 8b–8 g represent LEFM obtained FAT 
values in respect to the initial crack sizes. The experimental fatigue test 
results are plotted in Fig. 8b–8 g with the assumed initial crack sizes 
from 10 μm to 250 μm (see Table 7 for the assumed crack lengths), to 
enable comparison of the LEFM approach and experimental test results. 

In general, the LEFM approach gives conservative results, particu-
larly in the uncoated specimens. In addition, the LEFM results indicate 
that in the unnotched specimens, the initial crack size has a more sig-
nificant influence on the fatigue capacity than in the notched specimens 
due the geometrical notch and stress gradient. Based on the LEFM 
analysis, the utilization of stress-based methods for the studied notched 
HDG components is reasonable and beneficial for improving the accu-
racy of fatigue life evaluation. 

4.2. Theory of critical distances 

Two different concepts for the TCD evaluation of the fatigue- 
effective stress exist, namely the line method (LM, stress averaging 
concept) and point method (PM, stress at the critical distance). In both 
approaches, normalized stress distribution at the notch, σ(x) is obtained 
from which the fatigue notch factor can be determined. For the PM and 
LM, the fatigue notch factors are, respectively: 

Kf,PM = σ(atcd) (3)  

Kf,PM =
1
ρ*

∫ ρ*

0
σ(x)dx (4) 

where atcd is the critical distance, and ρ* is the microstructural 
support length. Usually, the TCD method refers to the critical distance L 
in the evaluation, and for the PM and LM, atcd = L/2 and ρ* = 2L are 
given. The stress distributions were computed using 2D linear plate 
element FE models in the Siemens FEMAP 2020.2 software (Fig. 9a). In 
the modeling, two alternative techniques and FE meshes were used: 
ideal geometry and actual geometry applying the surface roughness 
profile in the geometrical notch root. Before evaluating the fatigue notch 
factors, a mesh convergence study was carried out – the effect of no. of 
elements from the crack tip to the evaluation point (critical distance) on 
the PM results were evaluated. Fig. 9b presents the obtained stress dis-
tributions for different mesh densities and obtained normalized stresses 
at the critical distance of atcd = 0.05 mm. It can be seen that>2 elements 
provide sufficient accuracy (error<1 %) and based on the results, four 
elements were chosen corresponding to the element size of 0.05 mm / 4 
= 0.00125 mm was used in the final models. The crack depth for the FE 
models was obtained by assessing initial crack length based on the 
polished section inspection and fractography on the fatigue-tested 
specimens, as described in Fig. 10. The assessed crack length for the 
uncoated and HDG specimens are shown in Table 7. 

The comparison of the fatigue notch factors determined using the PM 
and LM are presented in Fig. 11a. It can be seen that with the crack shape 
(notch opening angle of 0◦), the PM and LM methods gives similar re-
sults. Consequently, due to the simplicity of the PM method, it was 
chosen for further analysis to evaluate the fatigue test data. The fatigue 

Table 7 
Crack length for FE-analysis.  

Specimen Uncoated HDG 

S960 Un-notched (HR 
surface failure) 

10 μm 100 μm 

S960 Machined notch Ideal surface 100 μm 
S960 Drilled Hole Ideal surface 100 μm 
S960 Laser cut edge 

Notched FL O2 

25 μm 250 μm 

S960 Laser cut edge 
Hole FL O2 

25 μm 250 μm 

S960 Laser cut edge 
Unnotched specimen  

FL O2 

HR surface failure 
10 μm 

FL O2 

150 μm 
(LME crack) 

FL N2 100 μm (initial crack 
at cut edge) 

FL N2 150 μm 
(LME crack)  
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Fig. 8. (a) Used model and boundary conditions, (b) obtained SIF values (for 1 MPa unit load in gross cross section, units in MPa and mm) and computed LEFM 
fatigue strengths as a function of the initial crack depth ai in comparison to the experimental fatigue test data for (c) unnotched specimens, (d, e) d = 8 mm notch and 
hole, and (f, g) d = 24 mm notch and hole. Experimental fatigue test data for the notched HDG specimens extracted from this study (see Fig. 5), and notched uncoated 
specimens from [5] and unnotched specimens from [1,21]. 
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notch factors for the ideal geometry and actual geometries, obtained by 
point-method, have been presented in Fig. 11b. Surface quality was 
found effect on crack initiation when uncoated notched laser cut spec-
imens were tested in [5]. However, the current results suggest that the 
difference in the fatigue notch factors can be identified when the applied 
critical distance is very small, i.e., atcd < 0.05 mm. With the studied steel 
materials and as the statistical analysis results later suggest (see Fig. 12), 
the critical distance is expectedly>0.05 mm and thus the consideration 

of actual geometry in the evaluation of fatigue notch factors can be 
neglected. In addition, modeling surface quality is practically unfavor-
able in the modeling approach since the local surface roughness statis-
tically varies and is not possible to determine it with non-destructive 
methods from the notch geometries with closed boundaries, such as 
holes. 

Fig. 10. Schematic presentation of initial cracks and critical distances in the SEM figures as per the TCD method with an examples of (a) uncoated notch specimen, 
(b) HDG drilled d = 8 mm specimen, (c) unnotched FL O2 cut edge and (d) unnotched machined specimen HR surf. failure shown together with EBSD micro-
stucture image. 
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Fig. 11. Comparisons of different modeling approaches: (a) PM and LM, and (b) ideal and actual notch geometries.  

Fig. 9. (a) finite element model for the TCD method and (b) results of mesh convergence study.  
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4.3. Multiparametric 4R method 

Local behavior has an influence on the fatigue performance of cut 
edges, particularly at high stress ranges causing local plasticity in 
notches, as shown in [5]. The method for obtaining effective stress has a 
significant influence on the accuracy and validity of fatigue strength 
assessments. Moreover, local material behavior should be included. 
Without considering the local material behavior, the critical distance is 
selected by minimizing the scatter of fatigue test data including un- 
notched and notched specimens. At the notch root and at the tip of 
LME-induced initial crack, the maximum local stress is significantly 
higher than the local material yield strength leading to local plasticity, 
particularly at the high local stress ranges. Along the varying distance 
(as a function of material, geometry and loading), the positive local 
stress ratios (Rlocal ≥ 0) are obtained. 

When critical distance is used as a basis for the fatigue strength 
assessment, the scatter might be decreased by selecting longer averaging 
length even though a consideration of the effects of local cyclic behavior 
in fatigue assessments would be more suitable. To consider the local 
cyclic behavior, the 4R method is applied for the fatigue strength 
assessment following the fatigue effective stress obtained by the PM 
method. The 4R method employs the mean stress-corrected fatigue- 
effective stress at the notch. The mean stress correction is carried out 
using the Smith-Watson-Topper (SWT) equation and using the local 

stress ratio, Rlocal, as a basis for the correction. Linear-elastic notch 
stresses, similar to the TCD method, is applied in the analysis but the 
elastic–plastic behavior is analytically obtained using the Neuber’s 
notch rule. The (maximum) linear-elastic fatigue-effective stress (as per 
the TCD method) is obtained as follows: 

σk = Kf(atcd)σnom =
Δσk

1 − R
(5) 

where R is the applied stress ratio of external loading. The material 
behavior at the notch root is described the Ramberg-Osgood (R-O) 
materials models (monotonic, and cyclic with the kinematic hardening 
rule): 

ε =
σ
E
+
(σ

H

)1
n (6)  

Δε =
Δσ
E

+
(Δσ

2H

)1
n (7) 

where σ and ε are the true stress and true strain values, E is the 
modulus of elasticity, H is the strength coefficient and n is the strain 
hardening exponent. In Eq. (7), the variables correspond to the range 
values. For the S960 UHSS grade with rather high yield strength to ul-
timate strength ratio, the following parameters can be approximated: H 
= 1.3fu, where fu is ultimate tensile strength [MPa] and n = 0.03 [5,22]. 
The linear-elastic notch stress can be converted to the elastic–plastic 
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behavior at the notch root with Neuber’s rule. In this evaluation, the 
residual stress state resulting from the plate edge cutting can be 
considered. For the monotonic and cyclic behavior, the Neuber’s rules 
can be written as follows: 

ε =
(σk + σres)

2

σE
(8)  

Δε =
Δσ2

k

ΔσE
(9) 

where σres is the residual stress. The mean-stress correction is con-
ducted for the linear-elastic stress range using the local stress ratio: 

Rlocal =
σmin

σmax
(10)  

Δσk,ref =
Δσk

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − Rlocal

√ (11) 

where Δσk,ref is the SWT mean stress-corrected stress applied in the 
S–N–curve. Δσk,ref is computed for each test result based on the linear- 
elastic notch stress range, applied stress ratio, residual stress in associ-
ation with the R-O curve. A critical step in the analysis is the determi-
nation of residual stress in the fatigue process volume. From the 
experimental viewpoint, residual stresses below cut edge surface are 
difficult to obtain. Initial crack length is expected to follow HAZ width 
and in several studies [23,24], high tensile residual stresses have been 
reported in transition from the HAZ to the BM. Negligibly small residual 
stress state (σres = 0) was used together with the TCD was applied in the 
study, due to uncertainties related to the influence of initial crack size 
and critical distance, as well as residual stress relaxation associated with 
the cyclic loading. Implementation of residual stresses to the introduced 
model would be rather simple since parameter is already present (see Eq. 
(8)). Again, the critical distance atcd was kept as an unknown variable, 
and it was obtained by minimizing the scatter of fatigue test data. In the 
S–N curve analysis, both uncoated and HDG specimens were included 
with the same critical distance. An exception was made with the un-
coated machined specimens that can regarded as outliers in the sug-
gested model, see Fig. 12. In these specimens, a high fatigue strength 
was obtained suggesting that these specimens were tested at the stress 
range close to the constant amplitude fatigue limit (CAFL), and the 
proposed model thus gives conservative assessment for the fatigue life. 

Scatter index Tσ was determined for the fatigue strength (survival 
probabilities of Ps = 10 % and Ps = 90 %) using the free slope parameter. 
The scatter ranges were calculated by including only the specimens with 
failure. For evaluating differences in the scatter of different approaches, 
the grey scatter bands were drawn in the data plots. The free slope 
section was drawn until 6•105 cycles, followed by constant amplitude 
fatigue limit to enable a comparison with the run-out tests. Future work 
should be conducted to study high-cycle fatigue strength, as well as run- 
out tests. S–N data plots and obtained fatigue strengths based on the 
introduced TCD application (Fig. 10) with the crack depth values shown 
in Table 7, are presented in Fig. 12. By modeling brittle layers and initial 
cracks and obtaining fatigue effective stress with the TCD method was 
found a proven method and reasonably low scatter range values were 
obtained. The minimum scatter was found with the critical distance of 
atcd = 0.04 mm and atcd = 0.075 mm for the 4R and TCD PM methods, 
respectively. If only the individual data series are included in the sta-
tistical analysis, the scatter of test results can be minimized (Fig. 12b), 
however, the acceptable results can be obtained including all data in the 
same statistical analysis (Fig. 12c and 12d). 

5. Discussion 

The laser cut specimens were tested in the as-cut condition whereas 
sharp edges were chamfered from the machined and drilled specimens. 
From the productivity point of view, laser cutting is more efficient and 
the study confirmed that a smooth surface quality does not offer any 
benefit over non-optimized cutting. Only reactive fusion cutting was 
used to manufacture the specimens in this work. It can be expected that 
fusion cutting with N2 as assistant gas would result in a similar fatigue 
performance after removing sharp burr at the bottom of the cut edge. 

Based on the conducted work on the authors’ HDG UHSS fatigue 
performance project [1], cut geometries are a key challenge for the 
product design due to its influence on the fatigue performance and the 
lack of proper design guidelines. Current design guidelines for cut edges 
are highly scattered (Table 1) showing both conservative and non- 
conservative recommendations based on the obtained results, and thus 
it is difficult to recommend modifications on the existing guidelines for 
HDG cut edges. Table 8 summarizes the findings with the unnotched and 
notched HDG specimens. Design guidelines for HDG structures should 
be further re-evaluated by also including previous studies with lower 
strength materials in statistical analysis. 

Current design codes and recommendations lack in detail categories 
including geometrical notches and holes for the fatigue strength 
assessment, as well as the effect of HDG has not been clarified. Final 
draft of EC3 1–9 includes high-frequency mechanical impact (HFMI) 
treatment to be used with welded structures, and simply forbids 
combining HFMI and HDG. The study regarding UHSS welded structures 
and post-weld treatment methods is under work. Furthermore, the 
design recommendations for HDG components would benefit from the 
additional fatigue test data with different manufacturing methods, ge-
ometries and steel grades. 

Initial cracks caused by HDG on laser cut edge were found to extend 
through HAZ to BM. It should be noted that EN ISO 14713–2 [25] rec-
ommends grinding thermally cut edges. In this study, an approximately 
0.3 mm wide HAZ was formed with fast laser cutting. Cutting method 
and plate thickness have an influence of the HAZ width. When the HAZ 
width increases, cut edges should most probably be ground to prevent 
excessive cracking of the cut edges. This may become concern when 
cutting thick plates with low-power laser, plasma and oxy-fuel cutting, 
especially considering LEFM estimated fatigue performance on un- 
notched specimens. 

Utilizing TCD methods enables fatigue strength assessment with a 
single master S–N curve for both uncoated and HDG specimens, as well 
as material and manufacturing methods effect via the local LME depth 
(Fig. 12c and 12d). By minimizing the scatter of test results, critical 
distances of 0.04 mm and 0.075 mm were obtained for the studied 
material when using the TCD PM and 4R method, respectively. 
Considering the base material strength and resulting increase in the 

Table 8 
Design FAT classes summarizing the results.  

Cutting method FAT class [MPa] 
Nominal stress Local stress 

Laser (O2 & N2) 
Un-notched edges 

125 MPa m = 3 
180 MPa m = 5 

Machined 
Un-notched edges 

150 MPa m = 3 
225 MPa m = 5 

Laser (O2 & N2) cut hole 56 MPa m = 3 150 MPa m = 3 
200 MPa m = 5 

Machined or drilled hole 63 MPa m = 3 175 MPa m = 3 
225 MPa m = 5  
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hardness due to the laser cutting, such low values for the critical dis-
tances are logical for the hard surface layer. Scatter values of Tσ = 1.58 
(TCD PM) and Tσ = 1.42 (4R method) were obtained which provided a 
substantial improvement compared to the local stress-based assessment 
(Fig. 12a) and can be regarded as acceptable results for the fatigue test 
data including various geometries, cutting technologies and coatings. 
However, to obtain further improvement in the accuracy of assessments, 
the changes in the microstructure and residual stresses as function of 
LME or other defect crack length could be considered in the further 
studies. In addition, the work dealt with the constant amplitude loads, 
and 4R method provides an approach to consider the changes in residual 
stresses under variable amplitude load spectra. 

In standard engineering practice, however, various FAT classes, 
specific to the coating and geometry, could be used with the local 
stresses obtained numerically or analytically (in a simple cases) for the 
idealized notch geometry. Advanced fatigue strength assessments from 
literature fatigue test data with consideration of microstructure and 
local material properties require high amount of detailed work and 
utilizing SEM to identify material characteristics and FEA to determine 
fatigue notch factors. Fatigue capacity Cref should be selected according 
to the corresponding critical distance. An increase critical distance de-
creases scatter between un-coated and HDG galvanized notched test 
series. However, an increase in the critical distance reduces difference 
between the uncoated laser cut and machined edges where initial crack 
is small compared to the LME-induced defects. An analysis on the fatigue 
performance evaluation is trade-off of number of included S–N data 
points and the information of detailed properties. A high number of 
reported fatigue data within past 20 years was analyzed in [21] when 
design guidelines for the unnotched cut edges were proposed whereas 
only studies conducted by the authors could be included in the detailed 
TCD analyses presented in this paper due to the lack of necessary in-
formation in the reported experimental studies. The model presented in 
this study could be utilized in welded structures to study e.g., effect of 
undercuts and micro-scale crack-like defects in the HFMI-treated areas 
at weld toe. 

In previous studies [5,21], the fatigue performance of S960 DQ and 
S1100 Q&T steel grades have been compared, considering machined 
edges. Surprisingly, similar fatigue performance was obtained even 
though S1100 steel grade is neither intended nor recommended to be 
used hot-dip galvanized components. The fatigue test results and frac-
ture surfaces of S1100 specimens are illustrated in Fig. 13. It can be seen 

that the fatigue crack propagates from HDG included initial crack from 
bottom of irregularity of HR surface. Even though S1100 steel grade 
would be suitable to HDG, the hardness peaks in cutting and welding 
processes may influence negatively on performance of structures via e. 
g., LME. 

HDG provides several benefits from techno-economical point of 
view. Bartch & Feldman [26] analyzed fatigue tests on the bolted con-
nections and found increase after HDG. Arguillaren et al. [27] estimated 
life-cycle carbon footprint (CF) in typical C3 environment [28] during 
usable service life. HDG and water-painted structures had a similar CF 
with while solvent-painted structures had significantly higher CF when 
the whole service lifetime was considered. Rossi et al. [29] compared 
HDG and painting investment and life-cycle costs for a bridge in the C4 
environment. They found that the investment cost of HDG is around 1.7 
times higher than painting, but after 20 years HDG life-cycle cost be-
comes lower than painted structure due to paint patch up and over-
coating. Paint is typically partly applied over HDG surface to improve 
visual outlook of commercial products which increases cost slightly. 
From fatigue point of view, the HDG may decrease performance slightly 
whereas corrosion influences on painted structures performance over 
service life. An example of a successful painting without a reduction in 
the fatigue strength was reported in [14], identifying several successful 
re-painted layers in demolished railway bridge without influence of 
corrosion to fatigue performance after 60 years of service. 

6. Conclusions 

Laser cut edges were found to be suitable for fatigue-loaded HDG 
structures with notched structural details. The benefit from mechanical 
cutting (machining and drilling) was found minor, compared to the laser 
cutting, as the LME-based initial cracks have a major influence on fa-
tigue performance, and they are also present in machined surfaces. It 
was found that circular holes in structures can be more critical than 
transverse welds in hot-dip galvanized UHSS structures. Geometric 
stress concentrations should be carefully assessed. Local stress method 
including SCF is proposed to be applied in fatigue strength assessment 
with FAT classes of 150 MPa and 175 MPa m = 3 for laser cut and 
machined or drilled shapes and holes, respectively. 

Modeling sharp crack-like defect and obtaining fatigue-effective 
stress at the critical distance was found valid for both un-coated and 
HDG specimens, as well as notched and unnotched edges. The intro-
duced TCD-based 4R method application reduced the scatter when 
different geometries and both uncoated and HDG specimens were 
considered. The introduced method includes local behavior, and it could 
be possible applied on variable amplitude loaded structures in future 
work. 
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Appendix. – Fatigue test results 

See Table A1 and Table A2. 

100

1000

10000 100000 1000000

N
om

in
al

 st
re

ss
 ra

ng
e 

[M
Pa

]

Fatigue life [cycles]

S1100 HDG

S1100 Un-coated

S960 HDG

Two Un-coated 
S1100 Specimens

250 MPa 
m = 5

150 MPa 
m = 3

375 MPa 
m = 5

200 μm 50 μm

In
iti

al
 c

ra
ck

s

Zinc layer
80-100 μm

Geometric 
notch

Zinc

Fig. 13. Comparison of un-notched S960 and S1100 in HDG condition. Frac-
tography illustrating crack initiation from S1100 HR surface. 
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Table A1 
Base material specimen fatigue test results with R = 0.1.  

Specimen Stress range 
[MPa] 

Fatigue life 
[cycles] 

Note 

Uncoated -Polished 900 38,703  
Uncoated -Polished 850 62,022  
Uncoated -Polished 825 3,000,000 Run-out 
Uncoated -Polished 775 2,000,000 Run-out 
Uncoated -Polished 700 2,000,000 Run-out 
Uncoated – Turned f = 0.3 875 45,647  
Uncoated – Turned f = 0.3 825 45,537  
Uncoated – Turned f = 0.3 775 48,087  
Uncoated – Turned f = 0.3 725 76,219  
Uncoated – Turned f = 0.3 675 89,172  
Uncoated – Turned f = 0.3 625 161,498  
HDG - Polished 850 13,394  
HDG - Polished 600 46,906  
HDG - Polished 550 279,595  
HDG - Polished 525 134,629  
HDG - Polished 450 1,000,000 Run-out 
HDG – Turned f = 0.15 650 41,272  
HDG – Turned f = 0.15 525 56,121  
HDG – Turned f = 0.15 450 205,169  
HDG – Turned f = 0.15 400 182,087  
HDG – Turned f = 0.3 800 17,540  
HDG – Turned f = 0.3 725 24,819  
HDG – Turned f = 0.3 575 49,598  
HDG – Turned f = 0.3 500 62,588  
HDG – Turned f = 0.3 425 129,744  
HDG – Turned f = 0.3 375 1,000,000 Run-out  

Table A2 
Component sized specimen fatigue test results.  

Cutting method Geometry Diameter 
[mm] 

R 
[-] 

Stress range 
[MPa] 

Fatigue life 
[cycles] 

Note 

Laser cut Notched 8  0.1 550 12,473  
Laser cut Notched 8  0.1 350 45,427  
Laser cut Notched 8  0.1 250 73,744  
Laser cut Notched 8  0.1 175 211,161  
Laser cut Notched 8  0.1 125 1,000,000  
Laser cut Notched 8  0.4 250 68,527  
Laser cut Notched 8  0.4 225 80,868  
Laser cut Notched 24  0.1 550 17,893  
Laser cut Notched 24  0.1 425 21,907  
Laser cut Notched 24  0.1 325 48,042  
Laser cut Notched 24  0.1 200 1,000,000 Run-out 
Laser cut Notched 24  0.4 300 48,280  
Laser cut Hole 8  0.1 575 11,354  
Laser cut Hole 8  0.1 300 67,016  
Laser cut Hole 8  0.1 175 211,161  
Laser cut Hole 8  0.1 150 300,082  
Laser cut Hole 8  0.4 225 80,868  
Laser cut Hole 24  0.1 400 23,291  
Laser cut Hole 24  0.1 225 81,861  
Machined Notched 8  0.1 450 24,256  
Machined Notched 8  0.1 325 57,015  
Machined Notched 8  0.1 200 193,121  
Machined Notched 8  0.1 175 352,164  
Machined UC Notched 8  0.1 525 40,800 Supplement for [5] 
Machined Notched 24  0.1 500 26,231  
Machined Notched 24  0.1 350 69,595  
Machined Notched 24  0.1 275 127,673  
Machined Notched 24  0.1 250 190,810  
Machined Notched 24  0.1 225 1,000,000 Run-out 
Machined UC Notched 24  0.1 425 692,041 Fretting failure Supplement for [5] 
Drilled Hole 8  0.1 575 14,392  
Drilled Hole 8  0.1 375 62,138  
Drilled Hole 8  0.1 225 209,086  
Drilled Hole 8  0.1 125 1,000,000 Run-out 
S1100 UC Un-notched –  0.1 600 120,876  
S1100 UC Un-notched –  0.1 600 123,833  
S1100 HDG Un-notched –  0.1 650 60,009  
S1100 HDG Un-notched –  0.1 500 103,642  
S1100 HDG Un-notched –  0.1 450 2,000,000 Run-out 
S1100 HDG Un-notched –  0.1 375 2,000,000 Run-out  
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