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Abstract. In this paper are presented the results of the research on properties and behavior of hot-
forged bimetallic multi-layer material (C45-S235JR) compared to the properties and behavior of 
hot-forged multi-layer materials C45 and S235JR. The material was layered by successive manual 
hot forging to form 36-layers of the billets. Thus, it has been attempted to obtain superior 
materials in terms of properties, to withstand the demands they are subjected to. It has also been 
tried by stratification, obtaining results particularly relevant for resilience testing, where the 
different layer breakage occurs at higher strengths and has a high malleability. The microstructure 
of multi-layered materials was investigated in this paper and the mechanical properties were 
studied by tensile testing and Charpy impact testing. The Brinell micro-hardness has also been 
studied. 

Introduction 
Hot plastic deformation processes are the most common and used method for generating 

metallurgical metals [1, 2]. These processes are based on the characteristics of the metals obtained 
by high-temperature processing. By heating metals, we get less mechanical strength and increased 
malleability [3, 4]. Thus, raw materials can be processed with low material losses and low energy 
consumption in a form close to the finished piece. 

The need to obtain the most effective and safe materials leads to a reorientation of the research 
to the ancient techniques [5] and technologies applicable to modern areas, such as cycling and, in 
particular, the acrobatics on the bicycle. 

The main objective of the paper was to determine the characteristics [6 - 8] of the layered metal 
[9 - 11]. Another approach was to obtain bimetallic layered steel by forging [12]. This type of 
material combines the advantages of both materials and reduces the major inconvenience of each 
one taken separately. Often, the outer part of the piece is made of other metallic material to 
provide outstanding properties, as well as to reduce the cost price. This is possible due to the 
understanding of the function of the piece because the piece needs a certain mechanical strength 
[4, 13, 14], which does not mean that the whole piece will be made of that material but only that 
part inner or the outer part of the piece. The rest of the material can be a cheaper material also, in 
accordance with the requirements of the finished product. 

In this work was aimed at making multi-layered steel bars and sandwich bars (C45- S235JR-
C45). 

The mechanical and microstructural properties were determined as follows: the tensile testings, 
Brinell hardness measurement, Charpy impact testing and microstructures were performed. 
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Material and method 
The materials used are the C45 band according to SR EN 10083 and the S235JR steel band 

according to EN 10204/2004. The chemical composition according to the current standards is 
presented in Table 1. 

 
Table 1. Chemical composition 

 C Mn Si P S Cu Ni N Cr 

C45 0.45 0.7 ≤0.30 ≤0.035 ≤0.4     

S235JR 0.13 0.5 0.15 0.018 0.007 0.05 0.03 0.012 0.05 

The sandwich multi-layer resulted from manual hot forging. The billets were made of 36 layers. 
The materials that we have been used in the study (not only C45 but even S235JR) were came 

from commercial source, laminate bar of 30x30x100. These were hot forged on the supporting bar 
which has a handling purpose. The heating at about 1100 °C has been done within a coal forge. 
After the heating process the sample has been immersed into borax and are-put into the forge. 
When the sample reached the 1100 °C again then it has been manually forged in order to achieve 
the welding between layers. The process has been about 3 – 4 times repeated until it has been 
accomplished a product which has not any fissures; after that the material has been stretched and 
bent in order to obtain the 12 layers. 

The bent processes and the forges for the C45 multi-layer samples and for the S235JR multi-
layer samples have been another 2 times repeated in order to obtain some bars semi-finished 
products which have a square section of 36 layers. In order to achieve the sandwich shape product 
there have been together forged about 24 of C45 layers which have in the middle of them about 12 
layers of S235JR which have been accomplished in the same way. 

The material has been stretched through free forging process and cut into bars of 100mm length 
each; from these bars there have been done some specimens for traction, resilience and hardness 
tests. The multi-layers samples which belong to the same semi-finished product has been labeled 
with 1,2,3 numbers as: multi-layer C45_1, multi-layer C45_2, multi-layer C45_3 for the  
specimens obtained from the C45 multi-layer; multi-layer S235JR 1, multi-layer S235JR 2, multi-
layer S235JR 3 for the  specimens obtained from the S235JR multi-layer and sandwich 1, 
sandwich 2, sandwich 3 for the specimens obtained from the 24 layers of C45 which have in the 
middle 12 layers of S236JR. 

By bending, twelve-layer billets of the same material were made. In the final stage, three types 
of billets were made by layer overlays, such as 36-layer C45 steel specimen, 36-layer S235JR steel 
specimen and sandwich specimen 12 x C45 - 12 x S235JR - 12 times x C45. 

The borax was used to clean the oxides on the three sandwich packages, ensuring better 
bonding of the layers. 

The strength and tensile ductility, toughness, and brittle-to-ductile transition have been the 
main thrust for multi-layer investigations. The tensile testings were performed on a 200kN 
Heckert-EDZ-20S testing machine. Brinell hardness measurement was performed with a Amsler 
OTTO Wolpert-WERKE GMBA Hardness Tester Typ. Dia Testor 2 Rc-S type with Ø5 mm ball, 
the ductility were determinated using a 300N. Instrumented Charpy impact tests were performed 
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according to the standard ASTM A370 on impact testing machine, the microstructures were 
performed using a Jenoptik Prog Res C10 photodigital microscope.  

Results and test methods 
The Charpy test specimens (Fig. 1a) of dimensions 10x10 mm with a length of 55 mm and a U-

notch with a radius of 1 mm were made from billets. It can be noticed that the outer layers of 
carbon with higher carbon content (C45) have cracked and the inner layers are only strongly 
deformed (plastic deformation) (Fig. 1b).  

 

 

a) Initial samples of resilience b) The stratified C45 material 

 

 

c) The stratified S235JR material d) Sandwich material (C45 + S235JR +C45) 
Fig. 1. Charpy impact test samples. 

 
The obtained results (Fig. 2) of the impact tests are superior for the sandwich material (Fig. 1d) 

versus S235JR multi-layer material (Fig. 1c) or the C45 multi-layer material (Fig. 1a). Thus, 
assumptions were made that the tougher exterior of the sample (C45) and the softer interior 
(S235JR) represent a malleability characteristic that requires more energy compared to the single 
type of layered material (S235JR or C45). 

 
Fig. 2. Charpy impact test results. 
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When assessing the tenacity of a material, the macroscopic appearance of the breakage section 
must also be taken into account. This aspect generally has two distinct parts: an outer part with a 
crystalline, fibrous and matte appearance, corresponding to a fragile crack, and the other central 
part, grunt and shiny, corresponding to a plastic deformation (breaking tenacity). 

It can be seen from Fig. 2, for sandwich models (magenta) the resilience was obtained by 
15,7% higher than for S235JR steel specimens (green) and also by 49,3% higher than for 
specimens of C45 with 36 layers (red). 

From Figure 3 can be observed that sandwich specimens have an intermediate hardness 
between C45 multi-layer steel and S235JR multi-layer steel and have a better uniformity in results 
than the other samples, from 183 HB to 197 HB. 

 

 
Fig. 3. Brinell hardness test. 

 

 

a) Microstructures of multi-layer steel C45 
 

        b) Microstructures of multi-layer S235JR steel 
 

 

c) Microstructures of multi-layer sandwich material (C45 + S235JR +C45) 
 

Fig. 4. The microstructures of the samples 100x. 

A 

B C 
A 

A 

Layer C45 

Layer C45 

Layer C45 

Layer S235JR 

Layer S235JR 

Layer S235JR 

Layer S235JR 

Layer S235JR 

Layer S235JR 

Layer S235JR 

Layer C45 

Layer C45 



Powder Metallurgy and Advanced Materials – RoPM&AM 2017 Materials Research Forum LLC 
Materials Research Proceedings 8 (2018) 11-17  doi: http://dx.doi.org/10.21741/9781945291999-2 

 
 

15 

The forged specimens had a smooth and homogeneous structure, but due to many forging 
defects, such as decarburization, inclusions and complete welding failure, the results were not as 
homogeneous as we expected. 

 

  

a) Specimen 1 a) Specimen 2 

 

 

c) Specimen 3 d) Specimen of sandwich tensile test 

 

b) Sandwich c) Multi-layer S235JR d) Multi-layer C45 
Fig. 5. Tensile test. 

 
The impact test specimen needed an identification of position on the steel layers to perform 

resilience tests correctly and uniformly on all samples. Was prepared and studied the specimens to 
be observed under a metallographic microscope, the attack was performed with nital.  
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The specimens were study by optical microscopy (Fig. 4), the layers were observed and 
analyzed. The boundaries between the layers it was searched, so was managed to identify the 
overlapping planes. 

The ferrite-pearlite structure is dominating. The microstructures show the interface (A) between 
layers shows discontinuities and, in their proximity,, a slight decarburization (C) can be observed 
in the C45 steel layer below 50 micrometers. At the same time, in the case of this sample, it can be 
seen that in the C45 steel area at the bending interface (B) the presence of an excess of borax 
about 10 micrometers thick is observed. 

For sandwich samples: (Fig. 5) it can be seen that the force (14 kN) determined in the tensile 
testing is close to that of the S235JR steel samples. At tensile testing, all the sandwich samples had 
a ductile behavior. The sandwich specimens behaved like a medium ductility with ductile fracture 
type, which showed the separation of the forged layers in some cases. 

The C45 specimens (multi-layer C45_1,2, 3) had superior S235JR (multi-layer S235JR 1,2,3) 
characteristics with a shorter neck and force required to achieve higher fracture. The rupture is of 
the ductile fracture type and does not reveal the detachment of the forged layers. It can be seen in 
Figure 5 that sandwich 1,2,3 specimens show shorter cracks than the S235JR steel specimens, but 
the maximum forces are similar. 

Summary 
From the Charpy impact test results, it can be concluded that the sandwich material has 

superior characteristics, is more ductile than C45 multi-layer material. The C45 material steel 
layers (from sandwich) are more fragile and cracks, also and for the S235JR steel layers (from 
sandwich) have high ductility, so they deform and absorb more energy but do not fracture (it is 
there a plastic deformation without cracks deflection). The fact that the C45 steel layers are broken 
is a technological advantage. From the point of view of requesting a bicycle frame made of the 
bimetallic multi-layer material (sandwich), when at the exterior we have strongest layers from 
more fragile material (multi-layer C45) and the inner ductile (S235JR multi-layer) exhibits a higer 
malleability (about 15.3% to specimens S235JR multi-layer, and about 49,3% to specimens C45 
multi-layer). So that may be a warning to the user and it can avoid serious injuries caused by its 
totally break-down. 

The hardness analysis has revealed that the exterior layers of the sandwich, C45 multi-layer 
ones are harder and give better resistance. The sandwich specimens have an intermediate hardness 
between C45 multi-layer steel and S235JR multi-layer steel and have a better uniformity in results 
than the other samples, from 183 HB to 197 HB. 

The optical microstructures have helped to properly study the bounding of the layers and 
samples. 

It can be clearly noticed (Fig. 1) that the brittle-to-ductile transition of the C45 multi-layer from 
outside to the S235JR multi-layer inside. 

It can also be concluded that the other two layered materials show similarities in the test stress. 
A future research could be comparing the results obtained from testing C45 and S235JR with the 
layered materials of the same materials. 
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