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1. Introduction

  Friction welding is a solid state welding process which 
is being used widely in recent years due to its prom-
inent gains and advantages on low production time, low 
heat input, and ease of manufacture and, the selection of 
welding conditions compared to other welding methods. 
The joining of ferrous and nonferrous materials either 
in similar or dissimilar combinations, which are not 
able to join by using fusion welding methods, can be 
successfully joined by friction welding method1,2). In 
this process, two materials were joined by the frictional 
heat generated by relative motion of the rubbing of two 
contact surfaces under axial force. The required heat for 
producing the joints mostly depending on the proper se-
lection of welding conditions. In this process, the im-
portant welding conditions of friction pressure, upset 
pressure and burn-off length need to be decide based on the 
type of substrates were selected for joining. However, 

the prior experience is needed to understand the range 
of welding conditions. The quality of the joints were 
mainly depending on proper selection of the friction 
welding parameters.
  Many manufacturing industries are interested to weld 
dissimilar combinations of austenitic stainless steels 
(SS) to carbon steels (CS) due to their widespread ap-
plications, especially in the power plants and ballistic 
armour tanks, where the inner walls were made with 
soft materials and are covered by hard and tough mate-
rials3-5). The mechanical and corrosion properties of dis-
similar friction welding combinations of advanced ma-
terials are still needed an immense number of research 
and development for specific applications. However, 
the welding of dissimilar materials encountered with 
various metallurgical drawbacks, which are detrimental 
to the weld strength of fusion welded joints6-9). The fric-
tion welding of dissimilar material combinations were 
studied extensively on experimental and theoretical 
analysis. Moreover, the effect of friction welding pa-
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rameters on joint properties of various steels are inves-
tigated in the previous literature studies. Among them, 
some studies were reported that for producing of high 
strength welds between high speed steel (R6M5) and 
carbon steel (SAE 1045), the optimum friction welding 
conditions were identified experimentally10). Sahin11) 

has been investigated that the friction welded joint in-
terface properties of similar combination of austenitic 
stainless steel (AISI 304SS). The tensile strength of 
welds were gradually increased with increasing of fric-
tion time and started to reduce after reaching its optimal 
value of 9 seconds. Meshram et al12), were reported that 
the effect of burn-off length on various dissimilar 
combinations. It was observed that, central region of the 
weld interface was effected with the formation of inter-
mixing layers. They also observed that, the range of 
burn-off length between 3 mm and 5 mm was revealed 
a good amount of ductility for the friction welded 
joints. The fractured surfaces of the welds produced at 
below 3 mm of burn-off length was revealed an extent 
of faceted fracture which was different from the ductile 
nature of fracture. Moreover, the effect of friction time 
which is relevant to the burn-off length was studied by 
various researchers on austenitic stainless steel to tita-
nium alloys and reported that, most of the burrs were 
formed on titanium side compared to the stainless 
steel13-15). Whereas, the friction welding between two 
hard materials of steel to other type of steels was re-
vealed a different characteristics under the effect of 
burn-off length which plays a vital role on the joint 
interface. Li et al16) have been investigated the influence 
of friction time, axial shortening and weld shape for the 
SAE 1045 steel. It was observed that, the amount of 
burn-off length was depending on the combined effect 
of friction time and friction pressure, which were con-
sidered as significant parameters for achieving highest 
tensile strength. Consequently, some of the studies were 
reported that the influence of friction pressure and fric-
tion time on strength of the welds between medium car-
bon steel and high carbon steel. It was reported that the 
fracture occurred at the base metal when the friction 
time varied from 0.7 to 3 seconds at the two different 
friction pressures of 30 MPa and 90 MPa17). 
  Friction welding of hard materials such as high tensile 
and wear resistant steels to the austenitic stainless steels, 
the plasticity formation is one of the issue. Therefore, 
the amount of formation of weld flash during welding is 
quite different from the friction welding of ordinary 
steels. The most commonly used dissimilar material 
combinations of AISI 4140 high tensile steel to AISI 
304 austenitic stainless steel material properties have 
large difference in their ductility. The friction welding 
of these combinations were revealed that the required 

burn-off length values are very high and were started 
from 5 mm to 12 mm. Therefore, to obtain the required 
weld flash with sufficient intermixing regions at joint 
interface were determined by the proper selection of 
range of burn-off length values. The resultant of the 
chemical analysis of the welds which are made at 
burn-off length of 5 mm and 12 mm were revealed a 
large amount of difference in Ni and Cr contents, which 
are caused due to the improper mixing regions18). Lee19) 

et al, have been investigated the effect of friction time 
on tensile strength of the joints and they reported that 
small amount of friction time were enough to achieve 
the highest tensile strength for low and medium carbon 
steel combinations of SKH51 to SM45C steels.
  Paventhan et al20) have been investigated that the opti-
mization of welding conditions for the friction welding 
combinations of austenitic stainless steel to carbon 
steels with varying the friction time and friction pres-
sure parameters. They were concluded that friction time 
(burn-off length) have most eminent effect on strength 
of the joints. Whereas, these combination of dissimilar 
steels with austenitic stainless steels have negative met-
allurgical reactions with the formation of delta ferrite 
and chromium carbide precipitates along the grain 
boundaries, thus the sensitization effects can be found 
for the welds produced by fusion welding methods3. 
However, these metallurgical issues are anticipating to 
minimize by using friction welding method. Moreover, 
to the best of this author’s knowledge, there is no stud-
ies reported on the formation of secondary phases which 
are detrimental to the strength of friction welds between 
stainless steel to other type of steels21-23). In the present 
study, friction welding of austenitic stainless steel to 
medium carbon steel were joined to achieve the highest 
tensile strength. The crucial applications of this dissim-
ilar combination are involved in automotive parts such 
as wheel spindle, engine valves and drive extension 
rods. The accuracy in their total length is very important 
for utilising these parts in the end components. In order 
to obtain the required dimensions with sufficient strength 
for the parts, the proper selection of welding parameters 
are highly required. Hence, the influence of burn-off 
length has been investigated on the mechanical and 
metallurgical properties of the joints. The formation of 
intermixing layers and grain structure was characterized 
at joint interface. The fatigue strength of the joints is al-
so evaluated and investigated the fracture morphologies 
of the failure surfaces.

2. Materials and Methods

  In this study, austenitic stainless steel (AISI316L) and 
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carbon steel (SAE1045) materials with the dimensions 
of 16 mm in diameter and 100 mm in length rods were 
used. The chemical composition of the substrates are 
provided in Table 1. The mechanical properties of the 
materials are tested at room temperature, and are given 
in Table 2. The faying surfaces of the substrates were 
machined and followed by polished with 1200 grit em-
ery paper before performing the welds, in order to ob-
tain an accuracy in the weld strength. The weld surfaces 
were polished to get the required surface roughness, 
which has more significant effect on the enhancing of 
joints strength. Prior to friction welding, all the samples 
were thoroughly cleaned with alcohol to remove the oil, 
grease and dirt, etc. A continuous drive friction welding 
machine with a capacity of 200 kN of ETA make was 
used to make the friction welds. The process parameters 
have more significant effect in the friction welding 
process to obtain the sound welds between dissimilar 
materials. The process parameters such as burn-off length, 
friction pressure, upset force, upset time, and spindle 
speed have direct relation to the formation of joint and 
on its strength. To achieve the higher tensile strength of 
the welds, a new set of welding parameters were in-
tended after the several experimental trails of the welds 
with varying the burn-off length from 1 mm to 6 mm, 
and other parameters were kept as constant with a fric-
tion pressure of 110 MPa, upset pressure of 240 MPa, 
upset time of 5 sec and the rotational speed of 1500 rpm.
  Friction welded joints were cut into cross sections for 
metallographic sample preparations. To characterise the 
microstructural features, samples were polished as per 
the standard metallographic procedures. To evaluate the 
mechanical properties of the joints, tensile and fatigue 
test samples were prepared as per the ASTM E8 and 
ASTM E466 standards respectively, and are depicted in 
Fig. 1. The tensile tests were performed on the universal 
testing machine of TFUC-400 model. The nano-indentation 
tester (Hysitron, TI950 TriboIndenter) was used to de-
termine the hardness of the joints. The joint interface 
microstructural observations were characterised by opti-

cal microscope, scanning electron microscope (SEM) 
and electron backscattered diffraction analysis (EBSD). 
To reveal the microstructural features of the welds, pol-
ished surfaces were etched with 2% nitol solution on 
the carbon steel side and an aqua-regia solution on 
stainless steel side were used.

3. Results and Discussion

3.1 Macro and microstructural analysis

  The macrostructure of the friction welded joint which 
was produced between carbon steel (CS) and stainless 
steel (SS), is illustrated in Fig. 2. The appearance of the 
weld cross section from CS side to SS side were re-
vealed a large difference in the formation of burrs of the 
weld flash, which is extruded and plastically deformed 
from the rubbing surfaces during welding. The differ-
ence in this weld flash is one of the typical character-
istic of the dissimilar friction welds2,24-27). The amount 
of plastic deformation on material flow is observed to 
be more on the CS side compared to the SS side, it was 
happened due to the low tensile strength of the carbon 
steel at elevated temperatures is around 132 MPa at 600 
℃27. The material properties at high temperatures are 
different for CS and SS, are presented in Fig. 3. The dif-
ference in decreasing of young’s modulus of both the 
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Fig. 1 Dimensions of the test specimens used in this 
study as per the ASTM standards for (a) tensile 
and (b) fatigue test

Materials C Si Mn Cu P S Ni Cr Mo N Fe

SAE1045 0.45 0.28 0.70 0.12 0.01 0.01 0.04 0.10 - - balance

AISI316L 0.03 0.85 1.6 - 0.045 0.03 13.9 17.68 3.4 0.1 balance

Table 2 Mechanical properties of the materials

Materials Tensile strength (MPa) Yield strength (MPa) Elongation (%) Hardness (Hv)

AISI316L 715 592 39 219

SAE1045 724 619 41.5 205

Table 1  Chemical composition (wt.%) of the materials used in the present study
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steels at high temperatures lead to the difference in for-
mation of weld flash. The microstructure of CS/SS joint 
interface shows a region of approximately 800 ㎛ com-
prising of fine dynamic recrystallized zone (DRX) 
grains on the CS side adjacent to the weld interface, is 
shown in Fig. 4. Whereas, grain refinement on SS side 
is quite different from the CS side and its width is ob-
served about 100 ㎛, due to its high resistance to de-
formation at elevated temperatures (as shown in Fig. 3). 
Fig. 4 shows the optical micrograph of joint interface 
with the regions of base metal (BM), thermo mechan-
ically affected zone (TMAZ) and DRX, on CS and SS 

sides. The dark etched region up to the marked line 
from weld centre on CS side is indicated as a grain re-
finement due to dynamic recrystallization effect and the 
plastically deformed grains in TMAZ region (approximately 
600 ㎛) are clearly indicated in Fig. 4. In the same Fig, 
right side to the weld centre the marked region on SS 
side shows the width of DRX zone (approximately 100 ㎛) 
and the presence of TMAZ is very small and its width is 
identified about 40 ㎛. The reason for presence of DRX 
regions and its characteristics are mainly owing to the 
heavy plastic deformation during friction welding can 
be occur at elevated temperatures close to the melting 
point of the substrates. Under this deformation, large 
number of dislocations have been induced in the material. 
Once the density of these dislocations changes, they 
have a tendency to form sub grain structures. Therefore, 
these low angle grains deform to make high angle 
grains, which is formed as region of very fine equi-axed 
grains compared to the base metals and other zones, is 
known as DRX region28). In order to differentiate the 
DRX region with the unaffected microstructure regions 
of the base metal microstructures of CS and SS are il-
lustrated in Fig. 5. Moreover, it is observed that the 
width of DRX zone is gradually increasing with the in-
creases of burn-off length. This is due to the raise of 
heat generation with the increasing rate of material 
burning rate and heat dissipation towards the base metal 
from the centre of weld interface. The further analysis 
of joint interface were characterized with the optical 
and SEM microstructures, are exhibited in Fig. 6. Fig. 
6(a) shows the optical image with the presence of fine 
grains (DRX) on the carbon steel side and joint inter-
face with the intermixing region of both substrates. 
Whereas, there is no large deformed regions and fine 
grains were observed on stainless steel side due to its 
high tensile strengths at elevated temperatures over the 
carbon steel. As mentioned earlier, there is a small 
amount of DRX and TMAZ regions exists on the SS 
side, which can be seen clearly from the Fig. 4. The 
higher magnification view of the SEM image of mixed 
region at interface is shown in Fig. 6(b), which is con-
sisting of several sublayers. The interface between the 
CS matrix and mixed region represents as smooth and 
planar in nature, whereas the interface of intermixing 
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Fig. 2 Macrostructure of the friction welded joints shows 
the formation of weld flash of carbon steel (CS) 
and stainless steel (SS) and the width of dynamic 
recrystallization zone on CS side
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region to the SS matrix showed a ragged region with 
the presence of multi sublayers. This is because of the 

higher hardenability and lower plasticity nature of the 
austenitic stainless steel even at high temperatures. It is 
also observed that, these variations are changing with 
the increasing of burn-off length. 
  Fig. 7 represents the increasing of width of intermix-
ing region with the increasing of burn-off length. The 
optimal value of 4 mm burn-off length is determined 
based on the highest strength of the joints. It is identi-
fied that the width of mixed region is about 62 ㎛ for 
the optimized welding condition. The width of the mixed 
region beyond this value resulted in reduction of 
strength of the joints. It is identified from the micro-
structural observations that the changes in metallurgical 
properties of the joints are determined by the effect of 
burn-off length. These metallurgical changes of the 
welds between two dissimilar properties of the different 
materials of soft (SAE 1045) and hard (AISI 316L) ma-
terials with different chemical compositions show rela-
tion with the formation of mechanical properties. Fig. 7 
shows the correlation between metallurgical changes in 
the joint interface with the formation of intermixing re-
gions at different burn-off length rates. The details of 
the effect of intermixing region (metallurgical changes 
due to burn-off length) on the mechanical properties are 
given in next section. The width of mixed regions main-
ly consists of hard and soft sublayers, which are formed 
by the mixing of two substrates showed much influence 
on the mechanical properties of the joints. The presence 
of hard and soft sublayers in the width of intermixed re-
gion which are formed beyond the optimal value acts as 
a failure sites, thus reduction in strength of the joints. In 
order to confirm the intermixing region effect on joint 
properties, EBSD analysis has been carried out to study 
the texture evaluation and the formation of grains. Fig. 
8 demonstrates the intermixed region of image quality 
and unique grain mapping analysis. It is clearly seen 
that the formation of hard and soft layers in mixed re-
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Fig. 5 Microstructures of the base materials (a) carbon steel 
and (b) stainless steel
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Fig. 6 Microstructures of the joints showing weld inter-
face with the several widths of mixed region (a) 
optical microstructures and enlarged view of se-
lected area of (b) SEM microstructure
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gion, which are resembles as white and dark regions in 
Fig. 8(a). Fig. 8(b) exhibits the evidence for the for-
mation of fine grains in the mixed region and DRX re-
gion at the weld interface due to severe plastic deforma-
tion at high temperatures. It is also observed that the 
size of the grains of hard and soft layers distributed dif-
ferently with the fine and large grains respectively. It is 
determined that the average grain size of DRX regions 
adjacent to the joint interface is about 14 ㎛ on CS side 
and 14.8 ㎛ on SS side. The average grain size of the 
CS and SS base metals (base metal microstructures are 
shown in Fig. 5) is about 36 ㎛ and 30 ㎛, respectively. 
Whereas, grain size of the mixed region is observed to 

below 12 ㎛, which is finer than the base metal and 
DRX regions. The average grain size of DRX region on 
CS and SS side is almost same on both sides of the in-
terface, is owing to the formation of refined grain struc-
ture in the DRX zone. The refined grain structure at the 
joint interface observed to be resulted in enhancing of 
mechanical properties29-32).

3.2 Mechanical Properties 

  In order to evaluate the quality and integrity of the 
joints mechanical properties are evaluated using micro-
hardness and tensile tests. Vicker’s microhardness val-
ues were obtained from the nano indention tester which 
is conducted on across the cross section of the joints. 
The maximum hardness of the joints obtained at joint 
interface where the hard and soft regions are existed in 
the mixed zone. The hardness values of both the layers 
are higher than the base metal and DRX zones. The 
nano indentation impressions (diagonal shape on the 
microstructure) on the mixed layers are illustrated in 
Fig. 9. To avoid the effect of strains induced by indenter 
for another layer of hardness value taken from the three 
times above the indentation in Y-axis direction. The 
hardness distributions of weld zones (expect mixed re-
gion) were determined in horizontal X-axis direction 
(see Fig. 9 and 10). The hardness distribution varying 
within the mixed region from 362 Hv to 286 Hv, this is 
due to the formation of hard and soft regions (see Fig. 
8a and 9). Fig. 10 represents the variations in hardness 
distribution along the interface of welded joint with dif-
ferent zones. It is observed that the hardness of TMAZ 
and DRX regions are also showed higher hardness than 
the base metal. The changes in the grain structure due to 
severe plastic deformation during friction welding re-
sulted in the increasing of hardness values. As men-
tioned in earlier section about the DRX region with the 
fine equi-axed grains, the hardness distribution plot is 
also confirmed as an evident and makes the relation be-
tween metallurgical changes to the mechanical properties. 
The strength of the joints were evaluated for the joints 

20 µm

CS SS

(a) 

(b) 

Fig. 8 EBSD analysis of the joint interface to determine 
the change of gran size and its distribution with 
burn-off length (a) gray scale image quality map 
and (b) grain boundaries with unique grain colour 
map 
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Fig. 9 Nano indentations on the intermixing layers (a) hard layer and (b) soft layer 
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produced at different burn-off lengths using tensile test. 
As revealed in microstructural and EBSD analysis, the 
refined grain structure in the interface and DRX zone, 
are also confirmed by the microhardness distributions 
that the hardness of the DRX zone is higher than the 
base metal hardness. It is observed that the strength of 
joints gradually increased with increasing of burn-off 
length upto the optimum level, and starts to decrease af-
ter reaching its optimum value of 4 mm bun-off length. 
Fig. 11 presents the tensile strength of the joints with 
different burn-off lengths, maximum strength of 709 MPa 
obtained at the burn-off length of 4 mm. It is also re-
vealed that, strength of the joints are starting to de-
crease with further increasing of burn-off length. The 
fracture occurred in the base metal near to the weld 
zone for the joints tested at 4 mm burn-off length. 
Whereas, the joints produced at other burn-off length 
values were resulted in the occurrence of fracture in 
weld zone. The fracture initiated at side surface of the 
joints and propagated towards the centre of the weld 
zone. The fracture morphologies and crack direction are 

discussed in fractography section. As discussed earlier, 
microstructural changes with the formation of mixed 
layers in the joint interface could be one of the reason 
for reduction in joint strength33-38). The correlated val-
ues of width of mixed region to the tensile strength and 
width of mixed region to the burn-off length confirms 
the effect burn-off length on the joint properties. The 
correlation plot between burn-off length and tensile 
strength indicates the effect of welding parameter such 
as burn- off length on strength of the joints. It is a fact 
that many studies were reported only the influence of 
welding conditions on the mechanical properties of the 
joints. It is worth to notice that the reasons behind this 
with proper evidences is demanded to complete under-
standing of the joint characteristics. The present study 
intend to find the evidences for understanding the rela-
tion between welding parameters and joint strength with 
the characterization of metallurgical properties. The for-
mation of metallurgical properties also decide the 
strength of the joints. Whereas these metallurgical prop-
erties are mainly controlled by the material chemistry 
and welding parameters. Therefore, the effect of burn- 
off length on width of the intermixing zone (shown in 
Fig. 7) and tensile strength (shown in Fig. 11) are 
evaluated. The joints strength under cyclic loads were 
evaluated by using fatigue test as per the standard (see 
Fig. 1). The fatigue tests were conducted using a sinus-
oidal load of frequency 20 Hz and load ratio R = -1, 
considering as fatigue strength, the complete specimens 
fracture at stress amplitude of 235 MPa and 1 × 106 
load cycles. The microstructural and mechanical prop-
erties of the joints were suggesting that the optimum 
value of burn-off length could be about 4 mm for this 
combination of welds. The fracture surfaces of the ten-
sile and fatigue tests were characterised with the SEM 
to investigate the failure modes and nature of failure, 
are depicted in Fig. 12. Fig. 12 (a) and (b), indicates the 
fracture initiation zones and crack directions of the ten-
sile and fatigue tested samples, respectively. It is ob-
served that, fracture initiation for the tensile tested sam-
ples occurred at centre of the weld zone which is in-
dicated in the Fig. 12 (a), and propagates towards to 
side surface of the specimen. Whereas, the fracture ini-
tiation for the fatigue tested samples occurred at side 
surface of the specimen and crack propagated towards 
centre region of the weld zone (see Fig. 12b). The frac-
ture morphology of the tensile and fatigue tested sam-
ples shows the ductile nature of the failures with the 
presence of small dimples on the surfaces. The further 
analysis of fracture surfaces were revealed that the pres-
ence of shearing edges on tensile fracture surfaces, 
where the difference in visibility of the SEM image as 
shown in Fig. 12(c). The presence of shearing edges on 
fracture surfaces are due to the formation of mixed hard 
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and soft sublayers in the intermixed zone. Whereas, the 
significance of presence of shearing edges in the fatigue 
tested samples is comparatively low and, are difficult to 
identify from the fracture morphology surfaces (see Fig. 
12d). The effect of burn-off length in friction welding is 
one of the significant welding parameter where to de-
termine the pro- perties of the joints. The material loss 
in friction welding is one of the concerning issue for the 
final components, the present study contributes the sig-
nificance of material loss in welds for a required strengths. 
The changes in metallurgical and mechanical properties 
of joints were evaluated under different burn-off lengths 
and determined the optimum value of 4 mm burn-off 
lengths for the friction welding combination of carbon 
steel to stainless steel to attain the quality joints. 

4. Conclusions

  The dissimilar combinations of carbon steel to stain-
less steel are successfully joined using friction welding 
process. From this investigation, following important 
conclusions are derived. 
  1) Tensile strength of friction welded dissimilar joints 
of CS and SS is maximum of 709 MPa at burn-off 
length of 4 mm.
  2) The maximum hardness values are identified at 
weld interface and its values varied from 362 Hv to 286 Hv. 
  3) The width of intermixed region for the joints ob-
tained at 4 mm burn-off length is about 62㎛ which is 
optimized based on the strength of the joints. 

  4) EBSD analysis confirms the presence of refined 
fine grains and sublayers in intermixed zone with the 
grain size is about 12 ㎛, which is finer than the other 
zones.  
  5) The strength of friction welds and width of inter-
mixed zone both are increases with increasing of burn- 
off length upto 4 mm.
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