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ABSTRACT 

The surface roughnesses of the annealed and inter-
critically heated sample were evaluated after turning 
operation on the lathe and correlated with the mechanical 
properties and microstructure. The turning were performed 
on center lathe with speed of 480 RPM and feed rate of 0.63 
mm per revolution and the surface roughness were measured 
on the optical profilometer. The specimen with higher 
ductility showed a lower surface roughness than the specimen 
with lower ductility. Phase morphology also affects the 
surface roughness. 
 
Keywords— Inter-critical heat treatment, Microstructure, 
Mild steel, Machining, Surface roughness. 
 
 

I.  INTRODUCTION 
 
In automobile industries advanced high-strength 

and ultra high-strength steel are the requirement as these 
are helpful in reducing weight, increasing performance and 
also in simplifying production method.  As a type of AHS 
material dual phase (DP) steel contains ferrite with hard 
dispersed martensite islands. So the DP steel contains both 
ductility and strength as the combination of the properties 
of both phase and hence good for structural component [1]. 

Inter-critical heat treatment is the best way for 
producing strength and ductility in the material by 
producing DP steel. Heat treatment is done by heating and 
cooling the sample in solid state to produce certain 
microstructure and desired mechanical properties 
(hardness, ultimate tensile strength, yield strength and 
elongation). Heating is also used to increase the strength of 
materials by altering some certain manufacturability 
objectives especially after the materials might have 
undergo major stresses like forging and welding [2]. 

Intermediate quenching of low carbon steels 
yielded a material with a ferrite-Martensite (needle like) 
microstructure. Low carbon steel shows higher value of 
tensile strength and hardness in dual phase [3]. Generally  
stress-strain curve in dual phase does not show the sharp 
yild point this may be attributed to the motion of free 
dislocation produced during the transformation of austenite 
to martensite in the proeutectoid ferrite [4]. Bhagavathi et 
al. (2010) conclude that with increase in volume fraction 
of martensite the UTS of the dual-phase steel increases 
with the increase in soaking time, ductility decreases and 
hardness increases in plain carbon steel. [5] 

Surface roughness of the machined surfaces of the 
material is affected by the hardness of the material. As the 
phase change occurs in the inter-critical heating causes the  
change into the hardness hence may affect the surface 
roughness of machined surface. 

In present study effects of inter-critical heating on 
mild steel have been discussed and compared with the 
annealed sample. Various tests have been perform to 
notice the changes occur in mechanical properties and 
machining parameter of a mild steel converted into a dual 
phase steel after inter-critical heat treatment. 
 

II.  EXPERIMENTAL PROCEDURES 
 
Sample preparation 

Commercial grade Mild Steel containing C (0.16 
wt. %), Mn (0.5742 wt. %), P (0.0688 wt. %), S (0.04 wt. 
%), Si (0.207 wt. %), Cr (0.0107 wt. %), Ni (0.005 wt. %), 
Cu (0.006 wt. %) and Al (0.005 wt. %) was used in the 
present investigation.  

The procured material was available in the form 
of rod of 15mm diameter. Further for conducting heat 
treatment and to study hardness and micro structure 
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cylindrical samples of dia 15mm and length 30mm 
prepared. Specimen for tensile testing were prepared on 
centre lathe of gauge diameter of 11 mm whereas gauge 
length was 60 mm, fillet radius was kept 0.7 mm as shown 
in fig.1.  

 

 
Figure 1: Tensile Specimen 

 
Samples of SEM analysis were prepared by 

grinding, polishing with SiC emery paper to maximum 
2000 grade followed by cloth polishing using diamond 
paste of size 5 micron. After polishing, the samples were 
etched with 2% nital (2% nitric acid and 98% methanol) 
for 10 sec.   
Heat Treatment 
Annealing: 
Heating of samples were done using the muffle furnace. 
Annealing of the steel samples were performed at 950°C 
with soaking time of 30 minute [6]. Then the samples were 
left in the furnace for 24 hours to get cooled up to the room 
temperature so that the residual stresses in the material 
arecompletely removed and a uniform microstructure gets 
developed in the material. 
Intercritical heating:  
Heating is done at 750°C with holding time of 30 minute. 
Water quenching was carried out to convert the austenite 
into martensite microstructure. Inter-critical heating 
produces dual phase structure in steel viz ferrite and 
martensite. 
Mechanical characterization 
Tensile tests were carried out on universal testing machine 
(UTM) with a maximum load capacity of 400KN. Tensile 
load was applied gradually on the material and ultimate 
tensile strength and percentage elongation is calculated 
from the observed samples after test (refer figure 2). 
Hardness test conducted on Brinell hardness tester. A 
hardened steel ball of 10 mm diameter was indented on 
samples. Diameter of indentation was measured. Value of 
Brinell hardness number was calculated using the formula 
[6]. 
Microstructure Observations 
Samples were analysed under SEM. SEM tests were 
carried out on QUANTA 200, JEOL.  
Surface Roughness Measurement 
Turning was performed on centre lathe, the diameter of the 
specimen was reduced to 13.5 mm using turning operation 
which was initially 15 mm. A single point cutting tool of 
HSS was use in the operation. Cutting speed was 480 RPM 
whereas feed was 0.63 mm per revolution. Specifications 
of the cutting tool is as follows –  
12°, 12°, 10°, 30°, 15°, 0.8 

The specimen obtained after turning were used 
for surface roughness measurement on BRUKER optical 
profilometer. Optical profiling uses the wave properties of 
light to compare the optical path difference between a test 
surface and a reference surface. Rz value are calculated by 
measuring the vertical distance from the highest peak to 
the lowest valley within five sampling length, then 
averaging the distance 
 

III.  RESULTS AND DISCUSSION 
 
Mechanical properties 
Brinell hardness test result shows that the hardness of 
inter-critical sample is 247 BHN more than 100% higher 
as compared to annealed sample which is having 117 BHN 
which is due to high content of the Martensite [6]. 
Tensile Test result shows the variation of strength and 
ductility in terms of %strain at failure for both the samples 
viz annealed and Inter-critacally heated at 750°C. Figure 2 
shows the tensile specimen after the test showing the 
extension in the length of different specimens.  
 

 
Figure 2: Tensile specimen after the test a) Annealed b) 

Intercritical heat-treated at 750°C 
 

 
Figure 3: UTS and % elongation of annealed steel and 

Inter-critical Heated steel 
 

Ultimate tensile strength and percent elongation 
are shown in figure 3. Maximum tensile strength for 
annealed sample is found to be 340 MPa while the percent 
strain at failure about 25%.In Inter-critical heat treated 
samples strength has been increased about 1.24 times than 
the annealed samples i.e. 475 MPA while percent 
elongation has been decreased to about 17%. 
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Table 1: Mechanical properties 
Sample UTS 

(MPa) 
%Elon
gation 

Brinell Hardness 
(BHN) 

Annealed 340 30 117 
Inter-critical 
at 750°C 

420 25 247 

 
Microstructure Observation 
Microstructures were obtained using the scanning electron 
microscope. Figure 4 a shows the microstructure of 
annealed sample ferrite and pearlite is observed. 

     
Figure 4: SEM Microstructure (a) annealed (b) Inter-

critical heat treatment 
 

Figure 4 b shows the microstructures of inter-
critical heat treated specimen at 750°C. It shows a dual 
phase steel in which black spot shows the ferrite and white 
spot shows the Martensite. The area covered by black 
spots of ferrite is more because of the heat treating 
temperature close to A1 line. 
Surface Roughness 
               Surface roughness is measured on optical 
profilometer for annealed and inter-critically heated 
samples. The 3-D diagrams of surface roughness measured 
are shown in figure 6a and 6b. In the surface profile under 
annealed condition found less variation as compared to the 
Inter-critical Heat treated sample. 

 
Figure 6a): 3-D diagram of the variation of surface 

roughness of Annealed Sample 

 
Figure 6b): 3-D diagram of the variation of surface 

roughness of Inter-critically heated Sample 
 

From the above figures the surface roughness is 
found more in Intercritical heat-treated condition with 

value of Rz=1095 µm as compared to the annealed 
condition with value of Rz= 431.299 µm. Surface 
roughness is more in inter-critical heat treated condition 
because of formation of martensite. 
 

IV.  CONCLUSION 
 
 After inter-critical heat treatment the dual phase 
has been developed and conclusions are drawn as follows. 

• Inter-critical heat treated steel shows more 
strength than annealed due to dual phase 
formation. The ultimate tensile strength is more in 
dual phase steel as compared to annealed sample 
as increase in martensite percentage increases the 
tensile strength. 

• Hardness value of the inter-critical heat treated 
sample at 850°C is most as the martensite phase 
content is more so as less in annealed sample. 

• SEM results shows that Martensite is distributed 
with ferrite phase in dual phase steel. Pearlite is 
formed in annealing condition.  

• The machined surface roughness after turning  is 
observed higher in inter-critical heat treated 
sample as compared to annealed sample. This is 
due to martensite formation in Intercritical heat 
treated samples 
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