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Abstract 
 One serious concern, related to high strength steels, is their weldability. An interesting 
high strength steel group contains a carbide free bainitic microstructure. This special 
microstructure, consisting of ferrite plates and stabilized austenite, is achieved by austempering a 
steel containing suitable amounts of Si and / or Al. These elements will suppress the formation of 
carbides resulting in an ausferritic structure.  
 In this work, different pre- and post-weld treatments have been tested in order to avoid 
the formation of martensite in the weld and the heat affected zone of a medium carbon silicon- 
alloyed spring steel, 55Si7, in austempered condition. High power fibre-laser equipment has been 
used for the welding operation and furnace- and induction- heat treatments have been utilized to 
produce the pre- and post weld heating cycles. 
  The resulting microstructures were investigated by optical- and scanning electron 
microscopy and the microhardness values and profiles for the different microstructures were 
measured. 
 The most promising results were achieved by a combination of a pre- and post-weld heat 
treatment at 300oC and a heat treatment method based on the quenching and partitioning concept, 
resulting in hardness values as low as 500 and 430 HV, respectively. In comparison to this, 
welding without heat treatment resulted in a martensitic microstructure with hardness values of 
800 HV.  
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Introduction 
 Medium and high-carbon steels, alloyed with min. 1,5% silicon, can be heat treated to 
provide a microstructure, consisting of ferrite laths, embedded in residual, and carbon enriched, 
austenite. The process, known as austempering, is normally used with the aim of obtaining bainite 
in carbon steels. However, when the steel is alloyed with silicon, carbides do not precipitate and a 
special microstructure evolves which is either referred to as ausferrite or carbide-free bainite [1-3].   
It has been proven previously that carbide-free bainitic steel can be extremely fine-grained (this 
can be controlled by selecting the austempering temperature) and, as such, can attain very high 
strength values together with high ductility and fracture toughness [4,5]. In addition, such steel is 
also very wear resistant [6,7]. 
 The unique structure of carbide-free bainite will, however, not survive a welding 
temperature cycle. An important task is thus to find how this steel can be welded without losing 
the mechanical properties in the fusion zone (FZ) and the heat affected zone (HAZ) of the weld. 
 To the best of our knowledge, this is the first attempt to solve the problem of welding 
carbide-free bainitic steels. In addition to conventional pre- and post-weld heat treatments, a new 
idea following the special quench & partitioning technique, developed by Speer and co-workers 
for creating high strength steel structures, has been tested in this work in order to create a similar 
structure in the fusion and heat affected zones of the weld [8-10].  
 
  
Experimental 
The material used in the experiments was 55Si7, a conventional spring steel with a composition of 
0.55% C, 1.64% Si, 0.74% Mn, 0.25% Cr, 0.17% Ni, 0.03% Mo, 0.28% Cu, 0.03% P, 0.02% S, 



0.01% Al. The martensite start temperature Ms for the steel was calculated to 267 oC, according to 
the equation 1 [8]. 
 
Ms (oC) = 539 - 432C - 30.4Mn - 7.5Si + 30Al   (eq 1) 
 
Samples with the size of 75mm * 30mm * 10mm were cut out and heat treated by austenitizing at 
850 oC for 30 minutes before quenching in a salt bath furnace kept at 300 oC for 1 hour. The bead 
on plate welding experiments were performed using  an ytterbium fibre laser (YLR-15000). The 
power used was 4 kW, the welding speed was 1.5m/min, the focal spot was located 3 mm under 
the sample surface and helium (15 l/second) was used as shielding gas.  
 Preheating and post-weld heat treatments were performed either by a furnace or by 
induction coil heating. In the experiments performed by an induction coil a thermocouple was spot 
welded 2 mm beside the welding track on the surface of the samples in order to measure the 
temperature during the welding cycle. The induction coil fixture was moved manually before and 
after welding and the power was also adjusted manually in accordance to the temperature 
measured.  
 The different experiments performed are listed in table 1. Experiments A, B, C and D 
were performed in order to control different conventional routes with and without pre- (PH) and or 
post-weld (PWHT) heat treatments. Experiment E was performed with pre-heat treatment with 
help of induction coil. Experiments F, G and H were performed in order to test the quench & 
partitioning concept. 
 
Table 1. Welding experiments performed. Furnace and induction coil heating were used. PH = Pre-
Heating, PWHT = Post Weld Heat Treatment, Q&P = Quench & Partitioning test, QT = 
Quenching Temperature, PT = Partitioning Temperature, Pt = Partitioning time.  
Sample Heat treatment Description of treatment 
A None HT  
B Furnace PH & PWHT, 300oC, 1800 s 
C Furnace PH 300oC, 1800 s 
D Furnace PWHT 300oC, 1800 s 
E Induction PH 300oC, 300s 
F Induction Q&P, QT211 oC, PT 250oC, Pt 90 s 
G Induction  Q&P, QT211 oC, PT 320oC, Pt 90 s 
H Induction Q&P, QT211 oC, PT 350oC, Pt 90 s 
 
The quenching temperature in the Q&P experiments was chosen in order to give approximately 50 
% martensite in the steel. This temperature was calculated by equation 2 [8]. 
 
fm = 1- e-1.1*10

-2
*(Ms-QT)   eq 2 

 
Where fm is the fraction of austenite that transforms into martensite, Ms is the martensite start 
temperature and QT is the quenching temperature. A partitioning time of 90 seconds was chosen 
and three different partitioning temperatures were tested.  
 All investigated samples were cut perpendicular to the welding track and embedded in 
phenolic resin. They were ground from 80 to 1200 grit size and polished with diamond spray from 
9 μm to 1 μm and finally with silica suspension before etching with a mixture of 30 ml glycerol, 
10 ml nitric acid and 20 ml hydrofluoric acid. Microhardness measurements were done with a 
Matsuzawa MXT-CX tester and hardness profiles were measured 1.5 mm and 3 mm under the 
sample surface. The distance between each indent was 250 μm, the load was 500 g and the loading 
time was 15 seconds. Microstructural investigations were performed on an Olympus Vanox-T 
optical microscope and a Jeol JSM 6460 LV scanning electron microscope (SEM).          
 
 
Results 
 The microstructural investigation of the welded samples revealed that the weld and part 
of the heat affected zone (HAZ) in sample A consisted of martensite and that the base material was 



fine carbide free bainite consisting of ferrite laths surrounded by retained austenitic films see 
figure 1. In addition could some cracks and pores be identified in sample A. The different 
conventional pre- and post weld heat treatments lead to a decrease in microhardness in the HAZ 
and in the fusion zone. The most promising results were achieved with the combined pre- and 
post-weld heat treatment, sample B, with hardness values of 504 HV0.5 which is not much harder 
than the base material. The hardness values of the samples preheated (C) or post weld heat treated 
(D) alone decreased to between 600 and 700 HV in the fusion zone and the HAZ, see figure 2.  
 
 

 
Figure 1. Sample A. Overview of the weld and HAZ to the left with martensite as the bright 
microconstituent. The base structure with ferritic laths surrounded by thin retained austenite-films 
is shown to the right. 

 
Figure 2. Microhardness values of sample A, B, C and D in dependence of the distance to the weld 
centre, measured 1.5 mm under the sample surface. 
 
 The microstructures of the pre-, post- and pre-and post weld heat treated samples, B, C 
and D are shown in figure 3. (fig 16). The figure 3 a) and b) shows the microstructure of the heat 
affected zone and the fusion zone of sample B. It appears to be bainite which only differs to the 
base material in ferrite lath size and arrangement. In contrast to this, only small areas of bainitic 
and Widmannstätten ferrite can be found in sample C, figure 3 c) and d), while a large part of the 
microstructure appears lesser etched and is most likely martensite. Thus, it can be concluded that 
post-weld heat treatment can not only temper welds but also keep them over the martensite start 
temperature in preheated samples with retarded cooling rates which leads to a more complete 
bainitic transformation compared to simply preheated samples.  



 
Figure 3. Micrographs of the conventionally heat treated welds; a) sample B, HAZ; b) sample B, 
FZ; c) sample C, HAZ; d) sample C, FZ; 3500x. 
 
 In the experiments in which induction heating was used the temperature was measured 
using a thermocouple welded 2 mm:s from the weld centre. Figure 4 shows the time – temperature 
profiles of experiments F and G. 
 

 
Figure 4. Experimental time-temperature curves of the quenching and partitioning heat treatment 
tests a) Sample F, b) Sample G. The temperature was measured 2 mm:s from the weld centre. 
  
 Experiment E shows that induction heating is not only a more convenient alternative to 
furnace heating but also can lead to satisfactory hardness values and microstructures. The 
microstructure in the fusion zone of the induction preheated sample is similar to the one preheated 
in the furnace, see figure 5 and compare with figure 3 d. The heat effected zone shows even lower 
hardness value and larger bainite areas than sample C. 
 



 
Figure 5. Micrograph of the HAZ in sample E and hardness profiles of samples A, C and E. 
 
 The hardness values of the quenching and partitioning tests, samples F, G and H are 
shown in figure 6. The hardness values in the fusion zone (700 HV, 550 HV and 350 HV) are 
lowered with the increase of the partitioning temperature from 250 to 320 and 350 oC. The 
hardness values in the HAZ are affected in a similar way with a decrease from 450 HV to 420 HV 
and 380 HV.  

 
Figure 6. Microhardness values of sample A, F, G and H.  
 
 The microstructure of samples F and H are shown in figure 7. Sample H shows blocky 
shaped as well as lath-like microconstituents in the HAZ.  

 
Figure 7. Micrographs of the quench and partitioned samples: a) sample H, HAZ, 3500x; b) 
sample F, HAZ, 3500x. 
 
 The only sample that was partitioned at temperatures below the martensite start 
temperature showed a martensitic microstructure in the weld like that which could be found in 



sample A (compare figure 1 and 7 b). Apparently, the temperature was not sufficient for carbon 
partitioning in this experiment.  
 
 
Discussion 
 The tests with the idea of using quench and partitioning technique in order to get a 
suitable hardness in the fusion zone and HAZ gave promising results, see figure 6. It can be seen 
that the values in the fusion zone and in the heat affected zone are nearly the same as the values of 
the base material at a partitioning temperature of 350 °C. The temperature characteristics measured 
during the experiment count only for the particular spot where they were measured, i.e. 2 mm 
away from the weld centre which is within the HAZ. Thus, the heating and cooling cycles as well 
as the quenching and partitioning temperatures differ within the weld. Nevertheless, the 
experiments showed improvements in the complete weld.  
 A comparison of the hardness values of the quench and partitioned samples with the 
conventionally heat treated samples shows that it is possible to achieve lower hardness values with 
the Q&P treatment, see figure 2 and 6. In addition it should be noticed that the Q&P treatment is 
much faster compared to a traditional furnace treatment. 
 A comparison between the microstructure of sample H with the results achieved in first 
trials of applying the quenching and partitioning concept found in the literature [8] showed several 
similarities even if those experiments differed in many points to the present ones: The chemical 
compositions and the Ms temperatures of the steels used differed and the heat treatments were 
performed using a furnace, a salt bath and a tin bath. Furthermore, the sample in literature was 
annealed in the intercritical temperature region and all partitioning processes were performed 
below the Ms temperature (about 473 oC). Despite all differences, ferritic laths and bulky 
microconstituents which are most likely retained austenite could be found in both samples.
 The only sample that was partitioned at temperatures below the martensite start 
temperature showed a martensitic microstructure in the weld like what could be found in sample A 
(compare figure 1 with 7b). Apparently, the temperatures were not sufficient for carbon 
partitioning.  
 In this work has no other mechanical testing methods than microhardness testing been 
applied, hence it is hard to predict toughness or ductility values of the weldment. But in 
combination with the microstructure achieved consisting of fine ferritic laths and austenite it is 
believed that these properties will be superior to those achieved in structures created in 
conventionally performed welds.  
 In the future, more welding experiments following the quenching and partitioning concept 
with changing the parameters should be done in order to get a better understanding of this concept 
and to improve welds in steels with a certain carbon and silicon content. It would be especially 
interesting to vary the initial quenching temperature in several steps to clarify the difference to 
conventional post-weld heat treatment. In addition, shorter times for the post-weld treatment 
should be tested to get better process applicability in praxis. 
 
 
Conclusions 
 The conclusions that can be stated from the here presented work are  

• The normal laser beam welding process of this steel leads to a martensitic microstructure 
in the FZ and the HAZ with high hardness values. 

• The lowest hardness values were achieved by the combination of both pre-heat and post-
heat treatments.  

• Induction heating is a convenient and appropriate substitution for furnace heating when it 
comes to local pre- and post-weld heat treatment. 

• The application of the quenching and partitioning (Q&P) process to a weld of 55Si7 steel 
results in hardness values, which can be effectively controlled by small changes in the 
partitioning temperature applied. The process enables to achieve a structure to be similar 
to the original structure of the carbide free bainite.  
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