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Abstract
Thermal and mechanical cutting processes are commonly applied in manufacturing industries for making a specific size 
and shape of samples. The material properties of the heat-affected metal at the cut edge might be different from those of the 
parent metal. Hardness as a very important parameter for the assessment of material properties has been widely used in the 
design procedure. The Vickers hardness test is a versatile method to measure material hardness in practice. In this study, a 
comparison of cut-edge hardness between the thermal and mechanical cutting processes was performed on the structural 
steels S355 and S1100 by using the Vickers hardness test method with a small angle at cut edges to widen the heat-affected 
zone (HAZ). Based on the measurements, the influence of the Vickers test load on the magnitude and distribution of cut-edge 
hardness for laser-cut samples of steels S355 and S1100 was clarified. Furthermore, the effects of cutting processes on the 
hardness were illustrated. Finally, a comparison between the distribution characteristics of the cut-edge hardness of steels 
S355 and S1100 was made. For structural steel, it is recommended to apply the Vickers hardness testing method with a test 
load of 1 kpf and with a small angle at cut edges to widen the HAZ and to get reasonable results. The hardness distribution 
and the maximum for laser- and plasma-cut edges are similar, depending on the material, with a maximum of 450 HV1 for 
S355N and of 550 HV1 for S1100M.
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1  Introduction

Structural steel S355 has been widely used in the construc-
tion, bridge, and ship industry because of its predominant 
strength characteristics [1]. Over the recent decades, to meet 
the massive increase in the demand for fuel economy and 

environmental protection, lightweight materials such as 
ultra-high-strength steel S1100 have been developed and 
increasingly applied in manufacturing industries to reduce 
the production weight [2, 3]. For fabrication and assembly 
in the industry, cutting processes consisting of thermal and 
mechanical cutting are usually used for producing a specific 
shape and size of the components [4]. When structural steel 
is cut by using thermal cutting processes, a heat-affected 
zone (HAZ) is generated at the cut edge [5]. The microstruc-
ture of HAZ is different compared to that of the base metal 
(BM), which affects the magnitude and distribution of hard-
ness [6]. It is well known that hardness is commonly taken 
as a very important parameter to estimate the mechanical 
properties of materials such as fatigue strength and fracture 
toughness [7]. Therefore, it is necessary to know the magni-
tude and distribution of hardness at the cut edge of structural 
steel in the design procedure precisely.

Currently, four typical test methods, namely Rockwell, 
Brinell, Knoop, and Vickers hardness testing, are applied in 
practice [8]. Among these methods, Vickers hardness testing 
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is mainly used in practice because it is easy to apply and can 
be used for all kinds of metals. From the standpoint of pro-
cesses, the thermal cutting process is similar to the welding 
process [9]. Sokolov et al. [10] studied the magnitude and 
distribution of hardness in thick plate S355 steel weldments 
induced by laser welding. They found that the hardness 
in HAZ increases from 190–200 to 450–500 HV5 in BM. 
This is also seen in [11] by Dunder et al. for the steel P92. 
Waterschoot et al. [12] and Farabi et al. [13] investigated the 
magnitude and distribution of the microindentation hardness 
of laser-welded high-strength dual-phase (DP) steel joints. 
They pointed out that a softened zone with lower hardness 
in the outer HAZ exists, and the softening degree is related 
to the heat input and strength grade of BM. Boujelbene et al. 
[14] studied the influence of laser cutting parameters on the 
magnitude of microhardness in the HAZ of mid-hardened 
C45 steel. They showed that the mean magnitude of micro-
hardness in HAZ increases with increasing laser power and 
cutting speed. Lazarevie and Lazarevie [15] measured the 
hardness distribution in the HAZ of X6CrNiMoTi 17-12-2 
steel induced by plasma cutting. They found out that the 
microhardness in the HAZ increases compared to the BM 
hardness due to the change in the grain size.

Although tremendous research has investigated the mag-
nitude and distribution of hardness in cut steel plates com-
paring the influence of the quality and fatigue strength (e.g., 
[IIW19,IIW20]), there have been few works comparing the 
distribution characteristics of hardness in cut samples of dif-
ferent structural steel grades. Furthermore, it is still unclear 
whether the cutting processes influence the magnitude and 
distribution of the cut-edge hardness of structural steel. 
Besides, there has almost been no guidance on the deter-
mination of the Vickers test load for measuring hardness at 
cut edges [16].

In the current work, thermal (laser and plasma) and 
mechanical (by milling) cutting were utilized to produce 
specimens of steels S355 and S1100. The microstructure 
was characterized in terms of macrographs and micrographs, 
and the cut-edge hardness was measured and analyzed. This 
research shows a comparison of the test load at cut edges 
and a detailed characterization of the boundary layer in the 
case of hardness distribution for different cutting methods. It 
gives guidance to apply the Vickers hardness testing method 
with a small angle at cut edges to widen the HAZ and to get 
reasonable results with a test load of HV1.

2 � State of the art

2.1 � Vickers hardness testing

The Vickers hardness test is commonly applied to determine 
hardness in industry, which is an appropriate method for a 

broad range of materials. Figure 1 schematically illuminates 
the theory of Vickers hardness testing [17]. The surface of the 
material is indented by a diamond indenter with a load (F) for 
a few seconds (10 to 15 s). After the removal of the load, two 
diagonals of the indentation are left on the surface of the mate-
rial as seen in Fig. 1. The lengths of the two diagonals, d1 and 
d2 in Fig. 1, can be measured by using a microscope and their 
average (d) can be calculated by using Eq. 1. The value of the 
Vickers hardness at a point on the surface of the material can 
be determined by using Eq. 2.

(1)d =
d
1
+ d

2

2

(2)HV =
2F sin

136◦

2

d2

Fig. 1   Schematic illustration of the Vickers hardness test. From [17]
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where F is the load in kilograms-force; d is the mean value 
of d1 and d2 in millimeters. It is well known that the Vickers 
hardness test has a wide range of applied loads, which can 
be used to measure both the macro- and microhardness of 
materials as seen in Fig. 2 [18]. With the variation in the 
load F, the length of the diagonal is changed accordingly. 
Obviously, the length (d1, d2, and d) is proportional to the 
load F. From Fig. 2, it can be seen that the number of grains 
in the area of the indentation increases with the load F. If 
the material consists of a few different phases, the phase 
fractions at this area could also be changed with the load F.

2.2 � Cutting processes

To date, numerous cutting processes have been developed, 
which can be categorized into two groups. One includes 
thermal cutting techniques like beam cutting, arc cutting, 
and oxygen cutting [19], and the other group uses mechani-
cal cutting techniques like waterjet cutting, milling, and 
diamond-saw cutting [20].

In the present study, the commonly used thermal (laser 
and plasma) and mechanical (milling) cutting in manufac-
turing industries are briefly introduced as shown in Fig. 3. 
The laser cutting utilizes a focused high–power density laser 
beam to melt material in a localized area as seen in Fig. 3a 
[21]. A co-axial gas jet is applied to blow off the molten 
material and to create a kerf. The plasma cutting process 
utilizes a high-energy stream of plasma (ionized gas) as its 
heat source as shown in Fig. 3b [22], which is directed to 
heat and melt the workpiece with extremely high speed and 
temperature. Then, the compressed plasma and shield gas 
blows away the hot molten material, resulting in the sepa-
ration of the workpiece. In milling, a round tool is moved 
around the sheet to be machined, producing the final contour 
in several steps as seen in Fig. 3c [23].

From the above description, one can see that the pro-
cessing mechanism of thermal (laser and plasma) cutting 

is similar. The material is melted by using a heat source 
and then blown away to separate the workpiece by using the 
thermal cutting process. However, thermal and mechanical 
cutting are completely different in essence.

2.3 � Sub‑zones of the heat‑affected zone

The HAZ is generated at the cut edge induced by thermal 
cutting, which often consists of four zones: the coarse-
grained HAZ (CGHAZ), the fine-grained HAZ (FGHAZ), 
the inter-critical HAZ (ICHAZ), and the sub-critical HAZ 
(SCHAZ) adjacent to the BM [24]. The temperature ranges 
of these zones in structural steels are 1100 °C, melting tem-
perature (Tmelting); Ac3, 1100 °C; Ac1–Ac3; and 650 °C, Ac1 
[25]. The values of Ac1 and Ac3 can be determined by using 
Eqs. 3 and 4 as seen below:

Figure 4 shows schematically the variation in microstructure 
in the HAZ of structural steels [26]. From Fig. 4, it can be seen 
that the parent phase of BM in the CGHAZ and FGHAZ trans-
fers to austenite during heating. The finally generated micro-
structure during cooling is related to the cooling rate Δt8/5 and 
continuous-cooling-transformation (CCT) diagram. The Δt8/5 
time is the representative period in which the melt and HAZ 
cools down from 800 to 500 °C. The partial initial phase in 
the ICHAZ would transform during thermal processes. In the 
SCHAZ, the parent phase does not transform during heating. 
Nevertheless, the parent phase would be over-tempered dur-
ing cooling if it is the martensite or auto-tempered martensite. 
Otherwise, it would not be changed anymore. In other words, 
no SCHAZ exists for the heat-affected material where the par-
ent phase of BM is not martensite or auto-tempered martensite.

(3)
A
c1
= 723 − 10.7Mn − 16.9Ni + 29Si + 16.9Cr + 290As + 6.4W

(4)
A
c3

= 912 − 200

√

C − 15.2Ni + 44.7Si + 315Mo + 13.1W

− (30Mn + 11Cr + 20Cu − 700P − 400Al − 120As − 400Ti)

Fig. 2   Schematic indentation 
hardness of a polycrystalline 
material (Fa > Fb). From [17]
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Many studies showed that the width of HAZ is very nar-
row induced by thermal cutting processes [27, 28]. It can be 
expected that it is not easy to catch the distribution charac-
teristics of hardness at the cut edge by using the experimen-
tal method. To solve this problem, a method was used that a 
wider width of HAZ could be obtained by taking the cross 
section with a small angle such as 5 ° used in this study as 
shown in Fig. 5.

This research is intended to contribute to a wise applica-
tion of hardness measurement methods on thermal cutting 
edges in order to avoid the hardness distribution not being 
correctly determined. The following objectives are pursued 
in this work: What is the best test load for determining the 
hardness of thermal cutting edges and how do the hardness 
distributions differ over the sheet thickness and between dif-
ferent cutting processes?

3 � Experimental procedure

In this study, the structural steels S355NC and S1100M were 
investigated. The measured chemical compositions of both 
steels S355N and S1100M are listed in Tables 1 and 2, respec-
tively. In the current work, laser, plasma, and mechanical cut-
ting processes were used. The dimensions of the cut samples 
are shown in Fig. 6. Note that the sizes of the cut specimens of 
steels S355NC and S1100M are the same except for the plate 
thickness. The plate thickness of S355NC steel is 8 mm and 
that of S1100M steel is 7 mm. The applied cutting process 
parameters can be seen in Tables 3, 4, and 5. Initially, thermo-
couples were arranged on the bottom surface of the workpiece 
for measuring the Δt8/5 time. The locations of the thermocou-
ples can be seen in Table 6. After the thermal and mechanical 
cutting processes, the microstructures were observed by using 
an optical microscope. Furthermore, the hardness along line 
1, line 2, and line 3 as seen in Figs. 5 and 7 was measured. 
The measurements were carried out on a stationary universal 
hardness testing machine ZHV30 according to the Vickers 
method (DIN EN ISO 6507-1) with different test loads; see 
Fig. 8. In the present work, the experimental plan is summa-
rized as seen in Table 7.

4 � Experimental results and discussion

4.1 � Microstructures

Figure 9 shows the related macro- and micrographs at the 
transverse mid-cross section of mechanically cut specimens of 
steels S355NC and S1100M. Figure 9 illustrates in expectance Fig. 3   Schematic illustration of the cutting method
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Fig. 4   Schematic illumination 
of microstructural variation in 
the HAZ of structural steels. 
From [26]

Fig. 5   Schematic illustration of obtaining a wider width of HAZ. Refer to [29]

Table 1   Measured chemical 
composition of S355NC steel, 
wt%

Elements C Si Mn P S W Cu

Value 0.148 0.206 1.4 0.0118 0.0022 <0.005 0.0097
Elements Mo Ni Al Ti Cr As Fe
Value 0.0052 0.0185 0.0324 0.0011 0.0331 0.0148 Balance

Table 2   Measured chemical 
composition of S1100M steel, 
wt%

Elements C Si Mn P S W Cu

Value 0.175 0.269 1.43 0.0087 0.001 <0.005 0.443
Elements Mo Ni Al Ti Cr As Fe
Value 0.395 0.977 0.0479 0.0194 0.722 0.014 Balance
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that no HAZ is generated at the cut edge independent from the 
material, because the peak temperature at the cut edge during 
mechanical cutting is very low [30]. In Fig. 9, one can see that 
the initial phase of S355NC steel is ferrite-pearlite and that 
of S1100M steel is tempered martensite. Figures 10 and 11 
display the macro- and micrographs of laser- and plasma-cut 
specimens, respectively. Figures 10 and 11 show the HAZ is 
generated by laser and plasma cutting of steels S355NC and 
S1100M. Independent from the cutting process, the initial 

phase of the steel S355NC (ferrite-pearlite) transforms to mar-
tensite in HAZ, while that of S1100M (auto-tempered mar-
tensite) converts to martensite in HAZ. This is due to the very 
high cooling speed during thermal cutting as seen in Fig. 12. 
From Fig. 10, a very interesting phenomenon can be found that 
the width of HAZ at the top side is narrower than that at the 
bottom side in the laser-cut specimens of both steels S355NC 
and S1100M, which is obviously opposite to the width of HAZ 
along the plate thickness direction in the laser-welded joints. 
This is because the melted material at the top side is blown 
down by the protection gas through the bottom area during 
laser cutting, which causes the bottom heat-affected material 
to endure a longer high-temperature time. Comparing Fig. 10 
to Fig. 11, one can see that the width of HAZ is very homoge-
neous through the plate thickness direction in the plasma-cut 
samples of both steels S355NC and S1100M. This is due to the 
gas pressure (from compressed plasma and shield gas) which 

Fig. 6   a Layout and b sizes of cut specimens (unit: mm) of structural steels S355NC and S1100M

Table 3   Laser cutting process parameters

Parameters Materials Power (W) Cutting speed (m/min) Protection gas Gas pressure (MPa) Standoff distance (mm)

Values S355NC/S1100M 5000 2.65 O2 0.5 1

Table 4   Plasma cutting process parameters

Parameters Materials Plasma arc cur-
rent (A)

Plasma arc volt-
age (V)

Cutting speed 
(m/min)

Plasma gas (bar) Swirl gases (bar) Standoff distance 
(mm)

Values S355NC/
S1100M

60 131 2.2 8.0 O2 1.7 O2, 4.0 air 2

Table 5   Mechanical cutting process—milling parameters

Parameters Materials Rotation speed (1/
min)

Cutting speed (m/
min)

Feed rate (mm/min) Milling cutter 
diameter

Toothfeed (mm/tooth/
rotation)

Values S355NC/S1100M 2600 130 234 Ø 16 0.03

Table 6   Locations of thermocouples

Materials Number Distance to the 
cut edge (mm)

S355NC TC-1 0.27
S1100M TC-2 0.35
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is larger in plasma cutting (from protection gas) than in laser 
cutting as described in Section 2.2 (see Fig. 3).

4.2 � Magnitude and distribution of cut‑edge 
hardness

Referring to the description in Section 2.3, the HAZ of cut 
samples of S355 steel consists of CGHAZ, FGHAZ, and 
ICHAZ, while that of S1100 steel comprises CGHAZ, 

FGHAZ, ICHAZ, and SCHAZ. This is because the par-
ent phase of S355 base steel is ferrite-pearlite, while that 
of S1100 base steel is auto-tempered martensite as seen in 
Fig. 9.

4.2.1 � Vickers hardness test load

Figure 13 displays the measured magnitude and distribu-
tion of hardness along line 2 in cases of group A in Table 7. 
Figure 13 a shows that the measured magnitude of hardness 
in the HAZ of case 5-A is obviously smaller than those of 
cases 2-A to 4-A. This is because the width of HAZ created 
by thermal cutting is very narrow. Furthermore, the Vickers 
hardness test load affects the size of indentation, which influ-
ences the phase fractions in this area of indentation in the 
narrow HAZ (see Fig. 2). According to the above analysis 
as in Fig. 9a, the microstructure in CGHAZ and FGHAZ 
is the mixture of martensite and retained initial phase (fer-
rite-pearlite), while the phase fraction of ferrite-pearlite is 
small overall. With the increase of Vickers hardness test 
load resulting in the increased size of indentation, the per-
centage of the soft phase (ferrite-pearlite) at this area of 
indentation increases. Therefore, the measured hardness in 
the HAZ of case 5-A with the higher load (10 kgf) is lower 
compared to that, e.g., of case 3-A with the lower load (1 
kgf) in Vickers tests. Besides, through careful observation 
in Fig. 13a, it can be found that the difference in the meas-
ured hardness at the same location in the HAZ of case 3 and 
case 5 becomes small when the location of measurement is 
close to the cut edge because that part of the initial phase 
transfers to martensite in ICHAZ (see Section 2.3), while 
most of the initial phase converts to martensite in CGHAZ 
and FGHAZ. Furthermore, ICHAZ is near BM. Therefore, 
the influence of the variation in the Vickers test load on 
the magnitude of hardness becomes weak close to BM. In 
Fig. 13a, the magnitude of hardness in cases 1-A, 2-A, 3-A, 
and 4-A are nearly the same overall although the distribution 

Fig. 7   Measured hardness along line 1, line 2, and line 3 on the half cross section of a S355NC and b S1100M steel

Fig. 8   Universal hardness testing machine ZHV30
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of hardness along line 2 in case 1-A is not smooth. From 
Fig. 13a, it can be found that independent of the Vickers 
hardness test load, the measurements of hardness in the BM 
of case 1-A, case 2-A, case 3-A, case 4-A, and case 5-A are 

uniform. This is because no solid-state phase transformation 
(SSPT) occurs in BM. The change in the Vickers test load 
has almost no influence on the phase fractions in the area of 
indentation at BM. Therefore, the variation in the Vickers 

Table 7   Experimental plan Experimental cases Materials Cutting method Vickers 
hardness test 
load

Group A Group A.1 Case 1-A S355NC Laser HV0.1
Case 2-A HV0.5
Case 3-A HV1
Case 4-A HV5
Case 5-A HV10

Group A.2 Case I-A S1100M Laser HV0.1
Case II-A HV0.5
Case III-A HV1
Case IV-A HV5
Case V-A HV10

Group B Group B.1 Case 1-B S355NC Laser HV1
Case 2-B Plasma
Case 3-B Milling

Group B.2 Case I-B S1100M Laser HV1
Case II-B Plasma
Case III-B Milling

Fig. 9   Macro- and micrographs of mechanically cut specimens of a S355NC (F ferrite, P pearlite) and b S1100M (TM tempered martensite)
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test load does not influence the measured magnitude of hard-
ness in BM. Similar to Fig. 13a, the same phenomenon as 
described above can also be found in Fig. 13b. Neverthe-
less, the fluctuation of the measured hardness distribution 
along line 2 in the HAZ of case I-A (S1100M steel) is much 
stronger compared to that of case 1-A (S355NC steel). This 
is because the percentage of the retained initial phase in the 
HAZ of case I-A is higher than that of case 1-A as seen in 
Fig. 10. In Fig. 13b, the locations of the softened area in the 
HAZ of cases I-A, II-A, III-A, and IV-A are nearly the same, 
while that of case V-A is different.

4.2.2 � Locations of hardness measurements

Figure 14 compares the measured magnitude and distribu-
tion of hardness along line 1, line 2, and line 3 in case 1-B 
and case I-B. From Fig. 14a, one can see that the distribu-
tion characteristics of hardness along lines 1–3 are almost 
co-identical. In the HAZ of the cut edge, the magnitude 
of hardness increases and remains nearly unchanged. The 
maximum hardness along these lines in Fig. 14a is nearly the 
same, which is about 450 HV1. Furthermore, the increased 
rate of hardness along lines 1–3 in ICHAZ is also almost the 
same. In Fig. 14a, the only difference in the measured hard-
ness along lines 1–3 in case 1-B is the width of the hardness 

maximum. This is because the widths of HAZ along lines 
1–3 in case 1-B are different as seen in Fig. 10a. The same 
phenomenon in Fig. 14a (S355NC steel) can also be found 
in Fig. 14b (S1100M steel).

4.2.3 � Cutting processes

Figure 15 exhibits the measured magnitude and distribution 
of hardness along line 2 in cases of group B. From Fig. 15, it 
can be seen that the magnitude of hardness in the mechani-
cally cut specimens is almost constant. Due to the use of 
the method, no HAZ exists as seen in Fig. 9. In Fig. 15, the 
mean value of hardness of base steel S355NC in case 3-B is 
about 153 HV1 and that of base steel S1100M in case III-B 
is around 379 HV1. In Fig. 15a, the magnitude and distribu-
tion of the hardness of the laser- and plasma-cut samples of 
S355NC are nearly the same, which are completely different 
from those of mechanically cut samples. This is because 
the microstructures in the HAZ of the laser- and plasma-cut 
specimens of S355NC steel are nearly the same as shown 
in Figs. 10a, and 11a. No matter what material it is, the 
same phenomenon from Fig. 15a (S355NC steel) can also 
be found in Fig. 15b (S1100M steel). There is no difference 
between the results of plasma or laser cutting methods used 
as primary energy source. Rather, the process parameter 

Fig. 10   Macro- and micrographs of laser-cut specimens of a S355NC (M martensite, F ferrite, P pearlite) and b S1100M (M martensite, TM 
tempered martensite)
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cutting speed influences the duration of the local heat input. 
This also affects  the cooling rate, which determines the 
microstructure and the hardness. The focus of the study is on 
the hardness method and on the comparison between cutting 

methods. In further studies, the influence of single param-
eters can be investigated.

5 � Discussion

According to the described analysis, the Vickers test load 
obviously has an influence on the magnitude and distribu-
tion of hardness in the HAZ of thermally cut specimens of 
steels S355NC and S1100M. Consequently, the question 
arises as to which Vickers hardness test load is reasonable 
and should be applied in practice. To answer that question, 
it is necessary to illustrate that the aim for measuring hard-
ness is to know the maximum value of hardness to assess 
the mechanical properties and to determine the location 
of the softened area with low hardness since failure easily 
starts at this region in high-strength steel specimens. There-
fore, reliable measurements of hardness should display the 
accurate maximum value and the distribution to locate the 
softened area in HAZ. From Fig. 13, it can be concluded 
that independent of the steel grade, a Vickers hardness test 
load of 1 kgf or 0.5 kgf is the best choice, especially on 
cross sections without an angle < 10°, to expand the HAZ. 
To decrease the amount of indentations and the effort of the 

Fig. 11   Macro- and micrographs of plasma-cut specimens of a S355NC (M martensite, F ferrite, P pearlite) and b S1100M (M martensite, TM 
tempered martensite)

Fig. 12   Measured thermal cycles at TC-1 and TC-2 locations in laser-
cut samples of steels S355NC and S1100M
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experimental work, HV1 is recommended. Comparing to the 
measurements of hardness, the measured maximum hardness 
decreases if the Vickers test load is 5 kgf or higher. Never-
theless, the measured maximum hardness does change using 
an HV0.1 test load. Moreover, the distribution of hardness is 
not smooth, which could not show easily the location of the 
softened area in HAZ (SCHAZ) and the number of measure-
ments for HV0.1 and also for HV0.5 is time-consuming. To 
be cost efficient, HV1 is finally recommended comparing the 
number of tests to make for HV0.5 and HV0.1 in considera-
tion of the accuracy compared to HV5 and HV10. There is 
no negative impact on the environment of this research. The 
provided guidance to apply Vickers hardness testing method 
HV1 with a small angle at cut edges to widen the HAZ and 

to get reasonable results can be applied in practice and be 
considered for norms.

Based on the measurements of hardness as seen in 
Figs. 13, 14, and 15, one can see that the BM hardness of 
S355NC steel is about 153 HV1 and that of S1100M steel 
is about 379 HV1. Obviously, the hardness of S355NC BM 
is much lower compared to that of S1100M BM with a dif-
ference of about 200 HV1. This is because the parent phase 
of S355NC steel is ferrite-pearlite and that of S1100M steel 
is self-tempered martensite. Furthermore, the maximum 
hardness in the CGHAZ and FGHAZ of S355NC steel is 
about 450 HV1, while that of S1100M steel is about 550 
HV1. Many works illuminated that the microhardness is 
determined by grain size, carbon content, phase, and phase 

Fig. 13   Measured magnitude and distribution of hardness along line 2 for laser-cut samples of steels a S355NC and b S1100M

Fig. 14   Measured magnitude and distribution of hardness along lines 1–3 for laser-cut samples of steels a S355NC and b S1100M
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fraction [31]. Based on the measured chemical compositions 
of steels S355NC and S1100M as seen in Tables 1 and 2, the 
different carbon contents and therefore the carbon equivalent 
(CET) of S1100M steel are about 0.44, which is higher than 
that of S355NC steel (0.291). Despite the similar martensite 
phase in HAZ, the maximum hardness of S1100M is higher 
compared to that of S355NC.

From Figs. 14 and 15, it can be found that the distribution 
characteristics of hardness in the HAZ of steels S355NC and 
S1100M are quite different. For better analysis, Fig. 16 is 
provided. From Fig. 16a, one can see that the value of hard-
ness in the ICHAZ of S355NC steel increases from point a 
to point b due to the increasing fraction of the generated hard 

phase (martensite). Then, the hardness in the CGHAZ and 
FGHAZ of S355NC steel is nearly constant from point b to 
point c since the phase fraction becomes stable. In Fig. 16b, 
the hardness in the ICHAZ of S1100M steel also increases 
from point A to point B because of the generated hard phase 
(martensite). Nevertheless, the hardness in the CGHAZ and 
FGHAZ of S1100M steel decreases nearly linearly from 
point B to point C. A decreasing carbon content might be the 
reason. In fact, through careful observation of Figs. 15a and 
16a, the maximum hardness in the HAZ of S355NC steel 
also decreases slightly closing to the cut edge. In Fig. 16b, 
the magnitude of hardness in SCHAZ decreases from point 
A to point D due to the tempering effect of the parent phase 

Fig. 15   Measured magnitude and distribution of hardness along line 2 for laser-, plasma-cut, and milled samples of steels a S355NC and b 
S1100M

Fig. 16   Measured magnitude and distribution of hardness along line 2 for laser-cut samples of steels a S355NC and b S1100M
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(self-tempered martensite). In essence, the microstructure of 
BM and SCHAZ is tempered martensite, while the temper-
ing temperature and the endurance of tempering are different 
between BM and SCHAZ. Many research studies showed 
that the hardness decreases with tempering temperature 
overall [32]. From point D to point E, the magnitude of hard-
ness increases due to the weakening tempering effect back 
to the level of the base material.

6 � Conclusions

In the current work, the magnitude and distribution of hard-
ness in thermally and mechanically cut specimens of steels 
S355 and S1100 were measured and compared. The experi-
mental data indicates that:

•	 No HAZ is generated in the mechanically cut specimens, 
while the thermal cutting processes can generate HAZ at 
the cut edge.

•	 For structural steel, no matter what steel grade it is, it is 
recommended to measure hardness in the HAZ of ther-
mally cut specimens by using 1 kgf as the Vickers test 
load.

•	 A cross section with an angle of about 5° is proven to 
be a good method to enlarge the HAZ to determine the 
hardness distribution at the cut edges.

•	 A guidance is provided to measure the hardness distri-
bution of cut edges with reasonable effort in relation to 
the accuracy. The methodology is universal and can be 
applied for further investigations and in practice.

•	 The schematic hardness distributions of laser-cut speci-
mens in the thickness direction are almost the same. 
However, the width of the high magnitude of hardness on 
the top surface is smaller than that on the bottom surface 
of laser-cut specimens of both steels S355 and S1100 due 
to the changing width of HAZ on the top surface and on 
the bottom surface.

•	 The magnitude and distribution of hardness in the laser- 
and plasma-cut samples are quite similar, which are obvi-
ously different compared to those of the mechanically cut 
specimens.

•	 The characteristic hardness distribution of the ultra-high-
strength steel S1100 is different from that of the mild 
steel S355. A softened zone with lower hardness and a 
significant reduction of hardness adjacent to the cut edge 
can only be found in the thermally cut samples of S1100 
steel.

•	 The maximum hardness in each phase of thermally cut 
samples of S1100 steel is higher than that of S355 steel.
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