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Abstract. In this study, unalloyed reinforcing steel (B500B) is merged with martensitic stainless 
steel (1.4021). The paper presents microstructural observation, hardness measurements, and tensile 
test results of this dissimilar joint as-welded. In this specific case, no heat treatment is demanded. 
The joint is a part of the pile foundation for railway traction lines. 
Introduction 
Joining dissimilar materials offers the potential to utilize the advantages of different materials and 
provide unique solutions to engineering requirements. The main reason for dissimilar joining is to 
combine good mechanical properties of one material and, for example, good corrosion resistance 
of the second material. But very often, the most important is an economic reason [1,2].  

Friction welding is well established as highly productive and one of the most economical 
methods in joining similar and dissimilar metals. The process is readily used by producers, 
especially since it enables joint creation in circumstances that exclude other welding methods.  

One complex combination of the dissimilar joint is between unalloyed and high alloyed 
martensitic steel [2]. Such a combination is not mentioned in PN-EN ISO 15620: 2019 [3] as 
weldable with a friction welding method. Not many 
publications concerning such a joint, but this is an 
application in railway infrastructure. The reinforcing steel, 
which offers good weldability, is merged with martensitic 
stainless steel that is not easily welded, often needs to be 
preheated, and uses special welding consumables. This 
joint is used in concrete piles that act as foundations and 
anchors for traction lines. The pile is manufactured of 
reinforced concrete where reinforcing is made of B500B 
ribbed steel and anchor of 1.4021 martensitic stainless steel. 
The joints are covered with the concrete and are not subject 
to shear stresses until the concrete cover is still. The 
alternate solution for this application is to combine 
reinforcing steel and stainless austenitic steel, but this kind 
of joint is well described in the literature. Therefore, this is 
not a subject of the paper. The only quality control of these 
joints is conducted according to Factory Production 
Control. The final pile’s quality guidelines do not provide 
for testing these joints, even at the stage of authorization for 
placing in service. Fig. 1. The joint after welding 
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Research Methodology 
Materials and Welding Parameters. The manufacturer company prepared the joints (Fig.1) 
according to approved welding technology using the ZT3-22 machine. Each joint was made 
between a ribbed reinforcing steel bar and martensitic steel 1.4021/X20Cr13 (AISI 420) anchor. 
The chemical composition of base materials and technological conditions are presented in Tables 
1, 2, and 3. The microstructure of the base materials is shown in Fig.2. 
 

Table  1. Chemical composition (% by mass) for B500B steel according to PN-EN 
10080:2007 [4], the base material 1 

 
Table  2. Chemical composition (% by mass) for martensitic stainless steel 1.4021/X20Cr13 

according to PN-EN 10088-3: 2015 [5], the base material 2. 

 

  
Fig. 2. Microstructure of base materials: reinforcing steel on the left  
and martensitic stainless steel on the right (description in the text). 

 
Table  3. Welding parameters.  

 

B500B steel C [%] N [%] S [%] P [%] Cu [%] Carbon equivalent 
Ceq 

Cast analysis ≤ 0,22 ≤ 0,012 ≤ 0,050 ≤ 0,050 ≤ 0,80 ≤ 0,50 
Product 
analysis ≤ 0,24 ≤ 0,013 ≤ 0,055 ≤ 0,055 ≤ 0,85 ≤ 0,52 

C [%] Mn [%] Si [%] P [%] S [%] Cr [%] Ni [%] Cu [%] 
0.16 - 0.25 <1.5 <1.0 <0.04 <0.03 12.0 - 14.0 - - 

Rotational 
speed V 
[rpm] 

Friction 
pressure Ft 
[kG/cm2] 

Forging 
pressure Fs 
[kG/cm2] 

Friction 
time tt [s] 

Forging 
time ts [s] Welded area [mm2] 

800 115 140 5 6 490 
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Microstructural observation, hardness, and tensile test. The metallographic investigations 
were carried out on polished and etched surfaces. 
Etching was executed using 4% Nital solution on the 
B500B steel side and then with Adler’s reagent to 
reveal the martensitic microstructure and plastic 
deformation lines. Keyence VHX-900F microscope 
was used to characterize microstructure. 

HV0.1 Vicker’s microhardness measurements were 
executed on polished surfaces across the weld. KB 
Prüftechnik GmbH automatic hardness tester type 
KB50BYZ-FA was used according to PN-EN ISO 
6507-1: 2018-05 [6] standard. Three lines were made 
on each of the samples, measuring 101 points at a 
distance of 0.2 mm, while the measuring lines were spaced 5 mm apart. The measuring scheme is 
presented in Fig.3.  

Instron Schenk Testing System LFV 4000-2500 was used on two types of samples: on round 
tensile specimens where the weld center was marked with red lacquer and on specimens without 
any special preparation just as they work.  

Results and Discussion. 
Microstructure and hardness. The microstructure of base material 1 - B500B steel comprises 
outer tempered martensite, an inner core of ferrite-pearlite (Fig. 2 on the left), and between a 
narrow bainitic transition zone. The maximum hardness is achieved near the ribs side (Fig. 9 left 
side of the A line), decreasing towards the center. The macrostructure presented in Fig.4 reveals a 
darker area of peripheries by the rebar side. In the core of the bar close to the weld line, grain 
refinement can be observed, and the grain size increases toward the distance of the weld line 
(Fig.5). Closer to the ribs side, grains growth appears instead of refinement, and near the weld, 
several secondary surfaces are part of a partially mixed region (Fig.6). The thermo-mechanically 
affected zone of the reinforcing steel side was presented in Fig.8. 

The microstructure of base material 2 – stainless steel consists of tempered martensite with 
carbide precipitations (Fig. 2 – right side). The weld line is very narrow, but the thermo-
mechanically affected zone (TMAZ) is about 400 μm near the center and broader on the peripheries 
(Fig. 4). Next to the flash, many partially mixed regions can be observed. In the core, there are 
many deformation lines and bands (the darker areas in Fig.7). 

 

 
Fig. 4. Macrostructure of the joint with asymmetrical flashes 

Fig. 3. Microhardness measurement scheme 
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Fig. 5. Microstructure of reinforcing steel in the axis of the specimen. 

The white region is an unetched martensite steel side. 

 
Fig. 6. Microstructure of reinforcing steel in the area closer to the edge of the specimen. 

 
Fig. 7. Thermo-mechanically affected zone 

(TMAZ) in the 1.4021 steel (on the right from 
weld) 

 
Fig. 8. Thermo-mechanically affected zone 
(TMAZ) on B500B reinforcing steel side. 

  

 
Fig. 9. Microhardness profiles 
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The hardness of the base materials cores exhibits similar values of about 260 HV01. The 
hardness increases rapidly near the weld line by the martensitic steel side. Line A presents 
measurement near the specimen’s outer side, and the highest value is 814 HV01. In line C, the 
highest measurement is 594 HV01, and in line B – 696 HV01. In the TMAZ of reinforcing steel, the 
hardness slightly increases, but close to the outer area, it decreases to the base material value. The 
difference in microhardness value between the center and outer region can be attributed to the 
supplied heat distribution, and therefore differences in microstructure arise [7]. The hardness 
increase in the area close to the weld is a common situation, and it can be explained by quenched 
martensite microstructure formation [1, 8]. In special quality applications such as the automotive 
industry, such a joint would need a post-weld treatment to lower the hardness in the weld. Another 
possibility is to use a transition layer [2, 9]. The hardness is the end value in the investigated joint, 
and technology does not demand a post-weld treatment or flash removal. 

 
Tensile test. The chosen tensile test specimens after fracture are presented in Fig.10. The welded 
joints represent a brittle fracture with no necking and plastic deformation. The microstructure 
observation and hardness measurements let us expect that the presented specimens are broken 
close to the weld in the thermo-mechanically affected zone of the stainless steel 1.4021. 

 

  
a b 

Fig. 10. The view of fractured sample numbers 2 (a) and 8 (b) (Table 4,5) 
Table  4. Tensile test samples as-welded with flashes 

Sample 
number 

Tested area of weld 
cross-section [mm2] 

Tensile force 
Fm [kN] 

Tensile strength 
Rm,[MPa] Fractured in 

1 

490 

332.50 678 base material BM1 

2 327.28 668 weld 

3 333.19 680 base material BM1 

4 328.15 670 base material BM1 

5 328.26 670 base material BM1 
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Table  5 Round polished tensile test samples without flashes 
Sample 
number 

Tested area of weld 
cross-section [mm2] 

Tensile force 
Fm [kN] 

Tensile strength 
Rm,[MPa] Fractured in 

6 
380 

240.82 630 weld 

7 253.10 666 weld 

8 245.70 647 weld 
 

Conclusions 
The rotary friction welding process successfully carried out dissimilar material joining B500B 
reinforcing to 1.4021 martensitic steel, and the microstructure and mechanical properties were 
studied. The summary of the observations is as follows: 
– the affected zone near the weld joint is not homogenous and presents several areas with different 

microstructure morphologies and mechanical properties. 
– the hardness measurements performed on the joint present the highest hardness at the thermo-

mechanically deformed zone of the stainless steel. It causes a reduction in ductility of the weld 
joint. 

– the observations confirm that, in this case, flash removal is not recommended. 
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