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ABSTRACT

The presented investigation work investigates thermal properties of the ultra-high hardness (UHH)
armour steel. Steel is distinguished with high hardness and strength. It is sold in the quenched or
tempered state, because achieving planned hardness which has to be between 590 HB and 640 HB.

In the frame of the investigation work the analysis of thermal properties of the steel was carried out
on the device Hot Disk TPS 2200, which works according to the method of transient plane source
(TPS) method. Measurements were carried out according to the standard I1SO 22007. In addition to
thermal properties we measured hardness and analyzed the microstructure of the steel.

The study aimed to determine thermal properties at ambient and at elevated temperatures. The
results have shown that thermal conductivity increases up to the temperature of 400 °C. Analyzed
steel can be classified as medium thermal conductive steel with an average value of thermal
conductivity of 27.17 W/mK at ambient temperature.



1. INTRODUCTION

The selection of the appropriate armoured material is crucial to ensure the adequate safety
and mobility transport systems. When selecting or developing the appropriate materials for
the armour it is necessary to achieve the best possible compromise between the required
mechanical properties of materials, minimizing the density and the final price of the product
[2].

With the appropriate production technology, which includes synthesis, hot forming, heat
treatment, etc. [3] ultra-high hardness low alloy steel of good functional properties at
affordable prices can be produced.

By improving the strength and toughness of the steel the required thickness and the weight of
the steel shell iarereduced. Such steels are competitive to other materials for the armour [4].
Steel SWEBOR Armour 600 can be used in most protection applications i.e. civil armoured
vehicles, CIT-vehicles, police cars, security doors and walls, bank counters, shoot catches,
etc.. Steel can be used as the base material for protection or as add-on armour for most
demanding applications. Regardless of higher hardness steel SWEBOR Armour 600 remains
easy to handle in the workshop with good bending and welding properties regardless of its
ultra-high hardness [5].

The development of steel armour plate is a complex process. Although guidelines are
indicating the chemical composition, alloying and heat treatment parameters, the correlation
between mechanical properties and ballistic protection is still unknown. In the initial stage of
development, it is necessary to define the main purpose of the use of steel, ie resistance to
penetration of firearms. An appropriate combination of the following mechanical properties
plays an important role in achieving this property: hardness, yield stress (Rpo.), tensile
strength (Rm), Rpo2 / Rm ratio (plastic deformation ability), impact and fracture toughness
and elongation (As). When exposed to missiles, the armor can absorb kinetic energy. This
means that the projectile can deflect or deform it. There are three ways of absorbing the
kinetic energy of a missile [3,6]:

* by elastic deformation of the material,

* by plastic deformation of the material, and/or

* by transferring the kinetic energy of the projectile to the target material.

The total energy absorbed by the projectile is the product of the energy absorbed per unit
volume and the volume involved in the deformation.

The response of materials and structures to intense loading is quite complex. Under load
conditions that cause vacuum stress, the materials behave elastically and Hook's law applies.
The behavior of the material in plastic deformations involves large deformations along with
localized heating. The influence of hardness in projectile penetration depends on the
deformation rate and the thickness of the plate. The modes of failure on the plates can be
divided into six mechanisms: penetration with brittle fracture, penetration with plastic
deformation, flexible, radial fracture, penetration with punching of the plug, penetration with
crushing of material on the back and penetration with twisting (folding) [6].

2. BASIC MATERIAL PROPERTIES

Steel SWEBOR Armour 600 is an ultra-high hardness (UHH) armour steel with extreme
hardness. Advance alloying system with silicon, nickel, chromium, molybdenum and boron
with carefully managed production from the melt, rolling to heat treatment sequence give the
steel the extreme combination of hardness, high strength, weldability and one of the most
advanced ballistic performance properties on the World market [5].

The basic material properties of the armour steel SWEBOR Armour 600 are still well known.
The chemical composition of the armour steel SWEBOR Armour 600 is represented in Table



1, mechanical properties are collected in Table 2, and microstructure is represented in Figure

1 [5].

Table 1. Chemical composition of steel SWEBOR Armour 600
Element Mass %
C 0.40
Si 0.80
Mn 0.60
Cr 1.30
Ni 3.00
B 0.004

0.015
S 0.003

Table 2. Mechanical properties of steel SWEBOR Armour 600

Hardness 590 — 640 HB
Yield strength Rpoo, 1550 MPa
Tensile strength Ry, 2100 MPa
Elongation As 7%
Impact toughness (at testing temperature -40 °C) 13]

Figure 1. Martensitic microstructure of steel SWEBOR Armour 600 (SEM).

3. THERMAL PROPERTIES

In the frame of the presented research one of the most advanced instruments for determining
thermal properties, Hot Disk TPS 2200, a product of Hot Disk AB company, Sweden (Figure
2) [7] was used.



The instrument can be used for determining thermal properties of various materials including
pure metals, alloys, minerals, ceramics, plastics, glasses, powders and viscous liquids with
thermal conductivity in the range from 0.01 to 500 W/mK, thermal diffusivity from 0.01 to
300 mm?/s, and heat capacity up to 5 MJ/m’K. Measurements can be performed in a
temperature interval between -50 °C up to 750 °C.

Figure 3. Measuring sensor sandwiched between two halves of a sample during measurement.

The hot disk measuring method is a transient plane source technique (TPS). Based on the
theory of TPS, the instrument utilizes a sensor element in the shape of a 10 pm thick double
spiral, made by etching from pure nickel foil. Spiral is mechanically strengthend and
electrically insulated on both sides by thin polyimide foil (Kapton ®Du Pont) for
measurements up to 300 °C or mica foil for measurements up to 750 °C.

Sensor acts both as a precise heat source and resistance thermometer for recording the time
dependent temperature increase. During measurement of solids, encapsulated Ni-sensor is
sandwiched between two halves of the sample and constant precise pre-set heating power is
released by the sensor, followed by 200 resistance recording in a pre-set measuring time,
from which the relation between time and temperature change is established. Based on time
dependent temperature increase of the sensor, the thermal properties of the tested material are
calculated [8]

4. EXPERIMENTAL WORK

Measurements and analysis of thermal properties of testing samples from the steel SWEBOR
Armour 600 (40 x 40 x 10 mm) were performed by standard ISO 22007-2 [9] in the
Laboratory for Thermotechnical Measurements, Faculty of Natural Sciences and
Engineering, University of Ljubljana. In Figure 4 are presented results of thermal properties
measurements with the instrument Hot Disk TP 2200.
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Figure 3. Results of thermal properties measurements.

In Table 3 are presented thermal conductivity and temperature conductivity of steel
SWEBOR Armour 600 at ambient temperature (approx. 23 °C), and elevated temperatures
(300 and 400 °C).

Table 3. Thermal conductivity and temperature conductivity

Temperature 23 °C 300 °C 400 °C
Thermal conductivity 27.17 W/mK | 33.18 W/mK | 36.37 W/mK
Temperature conductivity 7,55 mm?s | 851 mm?%*s | 8.87 mm?%/s

4. CONCLUSIONS

Steels from the group SWEBOR Armour are distinguished by good mechanical properties
and excellent armour properties even at small thicknesses.

The mechanical properties of steel are relatively well known, while data on thermal
properties were not available, so in the frame of this work its thermal properties were
determined.

Measurements of thermal properties were performed by with the standard ISO 22007-2 at
ambient and evaluated temperatures with the instrument Hot Disk TPS 2200.

The results have shown that thermal conductivity increases up to the temperature of 400 °C.
Analyzed steel can be classified as medium thermal conductive steel with an average value of
thermal conductivity of 27.17 W/mK at ambient temperature, and 36.37 W/mK at 400 °C.
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