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INTRODUCTION
  
 Production of nodular cast iron in the world is 
constantly growing. Wide range of usage of this 
material is related to low production cost, good 
mechanical and ductile properties. Possibility of 
thermal treatment is additional advantage of this 
material. Applying an adequate thermal treatment 
regime gives the superior characteristics to the 
nodular castings that are in many cases substitution 
for expensive steel parts and other materials 
Avdusinovic, 2009).The surface of these
usually hardened by frame hardening, induction
hardening, electron-beam hardening
hardening. The surface hardening is indispensable in 
order to extend their lifetime(Tsujikawa, M.,
However, it is very difficult to use these
for ferrite-based cast iron which has a low carbon 
content in the matrix. The low carbon content leads 
toa deficient hardness and thickness of the hardened 
layer. (Hong, J.H., 1985). Recently, much attention 
has been paid to a new surface hardening method 
called Friction Stir Processing (Mishra, R.S. and 
M.W. Mahoney, 2007). FSP is a solid
which can tailor the microstructure by severe plastic 
deformation and frictional heat. The principal of FSP 
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A B S T R A C T  
Friction stir processing (FSP) is a new research area derived from friction stir welding 
(FSW) technology that gained advancement in December 1991. It is truly a novel 
method for altering the microstructure of materials through grain refinement
study FSP is applied to specimens made of  nodular cast iron ASTM
with dimensions (150mm *40mm*5mm) to analyze the effects of different processing 
parameters (rotational speed 800,1000,1250 rpm, translation speed of 50,108,170 
mm/min  and applied loads 1,2,3 ton ) on the microstructure and  hardness of nodular 
cast iron which has  demanding applications within various  industrial applications. The 
processing tool is pin-less (Ø= 20mm), made of tungsten Carbide material.The effects 
of these (FSP) parameters on the specimens were studied through the microstructure 
analysisand Vickers hardness tests to be compared with the as cast specimens. The 
results show that great refinements of grainsize(15-25um) were obtained and high 
hardness (700HV) was achieved compared with the ferriticspecimens (190HV), also 
there was alarge increase of hardness in the processed zone (PZ) across the process path 
and thickness of specimens. The hardness increase depends on the size of thepearliteand 
martensiteformations created within the matrix of the fully ferrite structure.
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deformation and frictional heat. The principal of FSP 

is the same as that of Friction Stir Welding (FSW) 
(Thomas, W.M., 1991). It can modify the various 
properties of the material surfac
heat and high strain generated by pressing a 
cylindrical tool against the base materials with a high 
rotating speed(Sharma, S.R., 
The friction stir processing was successfully 
performed on the surface of cast 
processing parameters resulting in a very fine
pearlite and martensite structures and
hardness of the FSP specimens
1999).The Friction Stir Processing (FSP) was applied 
to the surface hardening of nodular
perlite matrix was used to investigate the validity of 
this method. As a result, it has been clarified that a 
Vickers hardness of about 700HV is obtained with 
original hardness of (200-230HV) 
possibility of martensitic transformation 
FSPgenerates the heat very locally, and a very high 
cooling rate is constantly obtained
2008;Koichi Imagawa1, 2012)
graphite cast iron  was treated with friction stir 
process(FSP) to harden the surface 
significant increase in the micro hardness
1000HVcompared to as rec
215HV, yielding a primarily 
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accompanyingbainitic phase transformation and 
resulted in significant improvement in erosion 
resistance (Tun-Wen Cheng, 2012).Pearlite-based 
graphite cast iron (FC300) plate was used and the 
effect of the tool geometry on the applied tool load 
was investigated for forming the hardened layer by 
the FSP with a lower applied tool load. As a result, 
the applied tool load could be reduced by 36%using a 
concave tool [13]. 
 
Experimental Procedure: 
 Ferretic nodular cast iron specimens with 
dimensions (150mm*40mm*5mm) were used. Table 
1 shows the chemical compositions. The processing  
tool is a 25mm diameter pin less cylindrical tool 
made of tungsten carbide ( Fig.1) , the travelling 

speed was varied as 50 ,107and 180 mm/min ,while 
the  rotating speed  was varied as 800,1000 and 1250 
rpm , also the applied load on specimens was varied 
as 1,2 and 3 tons. After performing the FSP, Samples 
for metallographic were prepared using emery paper 
of different grades 220, 320, 400, 600, 800 ,1000 and 
1200 respectively and then polished with 1 μm 
diamond paste.  Sectional specimens were taken 
from the processed zone of the FSP plates for 
microstructural and hardness. The microstructure 
was determined quantitatively using an optical 
microscope. The hardness of the matrix was 
measured on  central upper surface (FSP), lower 
surface (base metal)  and a cross thickness section (0-
4.5 mm depth) using a Vickers testing machine. 

 
Table 1:Chemical composition of nodular cast iron studied. 

Element Materials %C %Si %Mn %P %S %Fe 
Nominal chemical composition 2-4 2-2.5 0.3-0.9 ≤ 0.06 ≤ 0.02 Rem 
Actual chemical composition 3.51 2.43 0.76 0.035 0.009 Rem 

 

 
 
Fig. 1:The schematic diagram of FSP tool used in this research work. 
 

RESULTS AND DISCUSSION 
 
 The matrix of the as cast nodular iron is a fully 
ferrite as shown infigure(2)with mechanical 
properties as hardness 190HV,0.2% Yield stress 310 
MPa,Ultimate strength 512MPa and 
elongation12%.Figures (3-5) show the microstructure 
of the samples processed at different process 
parameters. The FSP resulted in very fine 
microstructures and different matrix forms with 
average grain size of (15-25μm) compared with the 
as cast specimens average grain size (40μm). Pearlite 
and martensitezones were formed with increasing 
applied load, it is noticeable close to process surface 
and caused the remarkable increase in the hardness 
(fig.3). On the other hand, in the sample processed at 
1250 rpm, 50mm/min and applied load 3 ton gave 
the optimumcondition as shown in figure (3-c).The 
ferrite/pearlite and bulls eye structure were formed 
with increasing rotational speed and applied load 
accompanied with the high heat input .The surface 
hardening layer possesses a unique macroscopic 
appearance and changes with process parameters for 
microstructure refinement, grain sizes, matrix phases, 

phase zone depths. The microstructure zones of 
FSPedspecimen (optimum) as indicated in figure (6), 
can be defined with three different regions 
respectively. (1) The FSPed surface layer which 
contains deformed graphite nodules due to high 
temperature stirring flow is defined as TMAZ with 
pearlite/ martensite structure and refined or crashed 
graphite is  also observed in figures(3- a,b,c),This 
generated structure has a fine and very hard 
microstructure which reaches600-700 HV.(2) The 
microstructure is pearlite and also contains deformed 
graphite nodules is defined as HAZ where the matrix 
structure is similar to TMAZand hardness increase 
500HV – 600 HV (3) The region is pearlite and 
contains chunk-like phases surrounding the graphite 
nodules also known as a hard eye structure towards 
base metal and hardness increase 300 HV-500 HV . 
 The effects of the main process parameters (a) 
the applied load (b) rotating speed and (c) 
translational speed of the tool on the Vickers 
hardness of the modified region are shown in 
figure(7). Very fine microstructure was formed and 
caused the remarkable increase in the hardness with 
increasing the applied loads, rotational speed and 
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reducing the translational speed. The hardness 
increases in the central region (551 HV, 595.HV and 
632 HV) with  increasing applied load (1,2 and 3 ton) 
at constant rotational and translational speedsof 
(1250rpm,50mm/min) respectively marking the 
optimum condition at load 3 ton. The percentage 
increase was (190%, 213% and 232%) compared to 
as cast hardness (190HV) .This high increase was 
due to the high heat input and high cooling rate. The 
hardness on the advancing side is always higher than 
the equivalent on the retarding side of the processed 
zone and also higher on distance 2mm on the 
advancing side than that on central process path and 
reached 700HV in the advancing side at 2mm from 
center at the optimum condition. This increase was 
due to the coincidence of tool rotation with the metal 
flow in the advancing side whereas opposing it in 
retarding side. The hardness decreases away from the 

process path towards the advancing and retarding 
sides of specimens. The FSP caused also noticeable 
increase in hardness across the specimen’s thickness 
towards base metal. It is highest values were at 
center and decrease across thickness towards the base 
metal. The depth of the modified region increased by 
the increment of the applied load and rotation speed 
at low translation speed and pointed the condition 
which provided the maximal heat input. The 
hardness increased from306HV at base metal to 
632HV at FSPed surface as shown in figure (8-a). 
The hardness increase across central thickness was 
found to be high and comparatively steady in the area 
from base to surface in depth with applied load of 3 
ton. The applied load was observed to cause the 
major improvement of both refinement and hardness 
compared with other parameters. 

 

 
 

Fig. 2:Microstructure of studiednodular cast iron (fully ferrite). 
 

 

 

 
 
Fig. 3:The effect of applied load (a- 1 ton, b-2 ton, c-3 ton) on microstructure refinement with Ur=1250 rpm, 
      Ut=50mm/min. 
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Fig. 4:The effect of rotational speed (a-800rpm, b-1000rpm) on microstructure with Ut=50mm/min, P= 3 ton. 
 

 
 
Fig. 5: The effect of translational speed (a- 180mm/min, b-107mm/min) on microstructure with Ur=1250 rpm, 
       P= 3 ton. 

 

 
 
Fig. 6: Microstructure zones of FSPed specimen with P=3 ton, Ur=1250rpm, Ut=50mm/min (optimum 
      conditions). 
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Fig. 7:FSPed Surface hardness variations with (a) applied load, Ur=1250 rpm, Ut =50mm/min, (b) rotational 

speed, P=3 ton, Ut =50mm/min (c) translational speed, P= 3 ton, Ur=1250 rpm. 
 

 
 
Fig. 8:Hardness variation across thickness with (a) applied load, Ur=1250 rpm, Ut=50mm/min, (b) rotational 

speed, P=3 ton, Ut=50mm/min (c) translational speed, P= 3 ton, Ur=1250 rpm. 
 
Conclusions: 
 The Friction Stir Processing was used to 
investigate the improvements on surface hardening 
offerritenodularcast iron. The following conclusions 
werepointed out:- 
(1) FSP is a very useful new technology for the 
surface hardening of ferrite nodular cast iron and 
resulted in surface hardened layer (190 HV as cast to 
319 HV-700 HV  for optimum condition in the PZ ) 
depending on the size and position of 
pearlite/martensite formation close to surface layer. 
(2)  FSP altered the microstructure of the material 
and resulted in a very fine and a fully-consolidated 
grain equiaxed microstructure at the surface layer 
and less towards the base metal. 
(3)  The Ferrite nodular cast iron microstructure was 
transformed to different forms of pearlite, bull’s eye, 
ferrite/pearlite and martensite forms across the 
thickness of the processed specimens depending on 

the process parameters, thus resulting in hardness 
increment at different zones across the thickness.The 
depth of the transformed zones increased with 
increasing the applied load, rotational speed and 
reducing the translational speed. 
(4) The maximum optimum condition to 
improvement of microstructure and hardness was 
obtained with increasing the applied load and 
rotational speed and reducing the translational speed, 
concluding that the applied load parameter had the 
major contribution to this improvement compared 
with the other two process parameters. 
(5) The improvement of hardness and refinement of 
microstructure was observed to cover the whole 
thickness of the specimens resulting in hardness 
increment at base metal (231 HV – 305 HV) 
compared to as cast (190 HV). 
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