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Abstract

In this article was determined the influence of alloying ele-

ments on changes in the structure and properties of the selected

grade of fine grained steel. The main objective of research that

was carried out, was to provide independent results to the com-

pany which uses Hardox 400 and 450 steel in the construction

of semi-trailers. To this end, researches of selected mechani-

cal properties and fatigue tests were carried out. For this pur-

pose, samples were prepared for fatigue research on the device

Rotoflex for Hardox 400 and 450 and as reference samples for

S355J2 steel, which is also used in the construction of semi-

trailers by Wielton S.A.
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1 Introduction

Manufacturers, including in the ones of automotive industry,

are mainly interested in optimizing operating costs and increas-

ing production. So they pay attention to obtain the highest level

of durability of transport objects that are produced, by the search

for new construction solutions of products and the use of appro-

priate materials (materials with appropriate characteristics). The

research, that is conducted in collaboration with WIELON S.A.

company is aimed at understanding the fatigue properties of se-

lected types of steel (Hardox 400, Hardox 450, Domex 700MC,

Docol). To confirm the accuracy of carried out researches, ob-

tained results will be compared with the results of conventional

structural steel S355J2. Later during the research, obtained steel

characteristics will be the basis for determining the next uses

for the steel in the construction of semi-trailers designed in the

WIELTON S.A. (Ulewicz et al. [13]).

S355J2 steel is mainly used to produce general-purpose

welded elements. This material is used for parts of: machin-

ery in the building industry, construction components, carriages,

large diameter pipes, etc. S355J2 steel has good welding prop-

erties, which contributes to its wide range of technical uses. De-

pending on the needs and the product range, it is present in raw

or normalized form. In specific cases, the quenching and tem-

pering are applied (Borkowski et al. [3]). According to the man-

ufacturer information, Hardox steels are defined as "high-quality

abrasion-resistant steels". They are characterized by high resis-

tance to abrasive wear, the possibility of specialized machin-

ing tools, good weldability, excellent mechanical properties and

resistance to impact loads. Hardox steels are produced in six

types. Among the six types of materials most widely used in

the construction of tippers is Hardox 400 and 450. Other types,

such as Hardox 500, are used as working elements of buckets

in TUR-type loader. In 2005, was proposed change in the ma-

terial used for construction of the sides, bottom and arch trucks

cars used to transport ore (ZANAM-LEGMET Polkowice) of

Hardox 400 on Hardox 450 (Dudiński et al. [5]). The change

from Hardox 400 sheet to Hardox 450 one allows you to cre-

ate lighter construction of a trailer or to extend the period of its

operation and sometimes both of these elements occur together.
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After crossing the sheet 450 Hardox is possible to use in the de-

sign of thinner sheet metal, provided that this does not occur by

a significant decrease in fatigue strength, stability in the whole

structure. The hardness of steel Hardox 450 is greater than about

50 degrees Brinell. The feature of this steel type allows you to

extend the life of structural components up to 80% (Dima et al.

[4], Krynke et al. [6]).

2 Heat treatment – the influence of alloy addition

The characteristic features of Hardox steel are: fineness

in normalized state (after heat-treatment resulting in fine-

dispersion after-martensitic structures), very high strength prop-

erties and specially emphasized by the manufacturer good resis-

tance to abrasive wear.

Discussed characteristics of steel are achieved by precisely

balanced chemical composition and low content of harmful im-

purities of phosphorus and sulfur. Table 1 shows chemical com-

positions and Table 2 shows selected mechanical properties of

Hardox 400 and Hardox 450 steel.

Within the same brand Hardox steels have diversified carbon

and alloy additions contents (Cr, Ni, Mo). This diversification is

dependent on sheet thickness and cooling rate. In this way, with

constant content of boron (max 0.004% B) is regulated hard-

enability of these materials in order to achieve homogeneous

sheet structure. In addition to carbon content Hardox struc-

ture is determined by alloying additions: nickel, manganese,

chrome, molybdenum and aforementioned boron. Their influ-

ence on structures and properties of Hardox steel is varied and

their amounts are selected in such way that they strictly regulate

their hardness (Palček et al. [9]).

The study results showed that the yield strength in the trans-

verse direction and the longitudinal direction of rolling sheet ex-

ceeds the 1000 MPa. Figure 1 shows the results of tensile tests of

Hardox 400 and 450 in the longitudinal and transverse direction.

Fig. 1. Tensile test characteristic for Hardox 400 and 450 samples

The increase of Hardox steel hardenability is affected by

manganese among other things, but only in amounts not ex-

ceeding 1.6%. Manganese increases hardenability and can

cause decreease in the size of ferrite grains during hot rolling.

The increase of Hardox steel hardenability is also caused by

Tab. 2. Mechanical properties Hardox 400 and Hardox 450 steel

Steel
Hardness Rp0.2 Rm A5 KV−40

(HB) (MPa) (MPa) (%) (J)

Hardox 400 370 ÷ 430 1000 1250 10 45

Hardox 450 425 ÷ 475 1200 1400 10 40

Fig. 2. CTPc diagram for steel of chemical composition (0.16% C, 1.45%

Mn, 1.48% Cr, 0.81% Ni, 0.41% Mn without boron)

carbide-formed elements such as chromium and molybdenum,

that delay tempering processes. This is due to a lower rate of

chromium and molybdenum carbides coagulation than this of

cementite. In Hardox steels chromium and molybdenum are

used together which enhances the effect. The molybdenum con-

tents in range 0.25 ÷ 0.60% has a positive effect of secondary

hardness and prevents irreversible temper brittleness at temper-

ature of 250÷400◦C. Just as phosphorus, molybdenum increases

the tendency to temper brittleness. As boron and molybdenum

strongly increases the hardenability of hypoeutectoid steel. This

effect also depends on the grain size. The finer the grain and the

less content of carbon in the steel is this effect is stronger.

Operation of boron, delaying the release of ferrite and pearlite

reaction is particularly clear in the presence of molybdenum.

Figure 2 and 3 shows diagrams of CTPc for steel with similar

to Hardox steel chemical composition without boron and with

boron (Malkiewicz [7]).

Considering the roles of selected elements in chemical com-

position there can be determined that nickel (in amount up to

2.5%) slightly reduces the austenitizing temperature, does not

affect temper processes course and reduces the temperature of

steel transition into the brittle state.

Therefore, the values of impact energy for Hardox steel range

from 40J for Hardox 450 to 45J for Hardox 400 at −40◦C (for

samples in accordance with the direction of plastic working).

The effect of addition of boron and other elements such as boron,

niobium and titanium has significant impact on reducing car-

bon ratio CE (CEV) with simultaneous increase in mechanical

properties of Hardox steel. Significant role in Hardox steels has

molybdenum and boron. Figure 4 shows the influence of boron
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Tab. 1. Hardox steel chemical compositions taking into account thicknesses of metal plates specified by the manufacturer

Sheet thickness (mm) Maximum content (%)
CEV CET

C Si Mn P S Cr Ni Mo B

Hardox 400

3-10 0.150 0.700 1.600 0.025 0.010 0.300 0.250 0.250 0.004 0.33 0.23

10-20 0.150 0.700 1.600 0.025 0.010 0.500 0.250 0.250 0.004 0.37 0.27

20-32 0.180 0.700 1.600 0.025 0.010 1.000 0.250 0.250 0.004 0.48 0.29

32-45 0.220 0.700 1.600 0.025 0.010 1.400 0.500 0.600 0.004 0.57 0.31

45-51 0.220 0.700 1.600 0.025 0.010 1.400 0.500 0.600 0.004 0.57 0.38

51-80 0.270 0.700 1.600 0.025 0.010 1.400 1.000 0.600 0.004 0.73 0.48

80-130 0.320 0.700 1.600 0.025 0.010 1.400 1.500 0.600 0.004 0.73 0.48

Hardox 450

3-10 0.190 0.700 1.600 0.025 0.010 0.250 0.250 0.250 0.004 0.41 0.30

10-20 0.210 0.700 1.600 0.025 0.010 0.500 0.250 0.250 0.004 0.47 0.34

20-40 0.230 0.700 1.600 0.025 0.010 1.000 0.250 0.250 0.004 0.57 0.37

40-50 0.230 0.700 1.600 0.025 0.010 1.000 0.250 0.600 0.004 0.59 0.36

50-80 0.260 0.700 1.600 0.025 0.010 1.400 1.000 0.600 0.004 0.72 0.41

CEV = C + Mn
6

+ Cr+Mo+V
5

+ Cu+Ni
15

(IIW)

CET = C + Mn+Mo
10

+ Cr+Cu
20

+ Ni
40

(S EW088)

Fig. 3. CTPc diagram for steel of chemical composition (0.16% C, 1.45%

Mn, 1.48% Cr, 0.81% Ni, 0.41% Mo, 0.0017% B)

on the course of CTPi line for steel with chemical composition

similar to Hardox 400.

Authors of works (Pękalski et al. [10], Tillová et al. [11]) in-

dicate that boron bonds to austenite boron carbides M23(C,B)6.

Other elements (Nb and Ti) bond to stable carbides, nitrides

and carbonitrides limiting grain growth of austenite during steel

hardening process. Tempered martensite structure has better

mechanical properties as compared with the structure of bainite

tempered at the same temperature. Also, the ratio of yield stress

to ultimate strength in function of ductile-brittle transition tem-

perature is preferred in case of structures with after-martensitic

orientation (Tillová et al. [12]).

Observations of the samples of not etched Hardox 400 and

450 steels (manufactured in accordance with ISO 4967-1979)

showed the presence of a small amount of non-metallic inclu-

sions uniformly distributed mainly in the form of brittle silicates,

oxides, nitrides of titanium and sulphides (Fig. 5).

Metallographic analysis was carried out by means of an op-

tical microscope NEOPHOT 32. As a result of carried out

Fig. 4. The effect of addition of boron on the location of the CTPi graph lines

in steel with chemical composition: 0.16% C, 0.60% Mn, 1.92% Ni, 0.27% Mo,

close to Hardox 400 (Blicharski [1])

analysis of microstructure it was found that Hardox 400 steel

(Fig. 6) as well as Hardox 450 (Fig. 7) has a structure of tem-

pered martensite. Steels that have been tested are characterized

by coarsely acicular martensitic structure.

Fig. 5. Character of surface, Hardox 400 steel

Nonmetallic inclusions mostly in the form of sulfides, oxides,

silicates and nitrides evenly spaced cross-section specimen.
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Fig. 6. Microstructure of Hardox 400 steel, etching Mi1Fe

Fig. 7. Microstructure of Hardox 450 steel, etching Mi1Fe

3 Fatigue Properties

Fatigue tests were given to samples of S355J2 structural steel,

Hardox 400 and Hardox 450. Samples of the shape shown in

Figure 8 were used. The fatigue test was performed by means of

the Rotoflex device in a research laboratory of The Department

of Material Engineering at The University in Žilinia. This device

allows to load sample in such a way as the force of bending

moment has a constant value on the entire length of the working

sample. In the load cycle asymmetry coefficient was R = -1, with

load frequency of 40 Hz and temperature 20◦C± 3 ◦C (Nový et

al.[8], Palček et al. [9]). The operative portion of the test sample

was cooled by fans. Out of the results of the experiment, there

were constructed amplitude curves of the applied load on the

number of cycles up to a breaking moment of the sample σa =

f(Nf) (Fig. 9) for each steel.

Fig. 8. Shape and dimensions of specimens used on Rotoflex equipment

Carried out fatigue study showed that in the case of Hardox

400, fatigue limit was 490 MPa, the amplitude difference was

Fig. 9. Diagram of dependency between the load amplitude and number of

cycles of the tested steels

∆σa = 235 MPa. In case of Hardox 450 steel fatigue limit was

460 MPa, with N = 107 value of number of cycles. The re-

sults are close to each other, the difference is due to the higher

strength and hardness properties of Hardox 450 steel.

Comparative sample made of S355J2 steel showed clear fa-

tigue limit at level of σc = 290 MPa in terms of stress cycles

106 < N < 107. Carried out fatigue study showed that in the

case of Hardox 400, fatigue limit was 490 MPa, the amplitude

difference was ∆σa = 235 MPa. In case of Hardox 450 steel

fatigue limit was 460 MPa, with N = 107 value of number of cy-

cles. The results are close to each other, the difference is due to

the higher strength and hardness properties of Hardox 450 steel.

Comparative sample made of S355J2 steel showed clear fa-

tigue limit at level of σc = 290 MPa in terms of stress cycles

106 < N < 107.

4 Conclusion

Carried out research and experience of WIELTON S.A.

demonstrate the possibility of the use of fine-grained Hardox

400 and 450 steels in building of semi-trailers. The use of wear-

resistant materials, extends the life and also reduces the weight

of a trailer thanks to thinner sheets used for construction of trail-

ers. One of the key parameters is to ensure uniformity of prop-

erties throughout the cross-section of the sheet. Alloy elements

such as boron and molybdenum improve the hardening qualities

of Hardox steel. The study also showed that the SSAB company,

which is a manufacturer of Hardox steels, provides Hardox 400

type with the upper range of hardness 420÷430 HB. While Har-

dox 450, in the lower range of 425 ÷ 440 HB of hardness, there-

fore, in most cases, designers use Hardox 400 for economic rea-

sons.

Hardox 400 and 450 steels show better fatigue proprieties in

comparison with S355J2 steel.

In order to obtain complete fatigue characteristics of Hardox

steel, more fatigue research is needed, also in ultra-high cycle

range beyond the 107 conventional limit of cycles.
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