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Abstract 

Results regarding the microstructural and thermal analysis of etched low carbon steel 
samples collected from the local steel industry are presented. The effect of varying 
etching time or concentration of the etchant was also investigated. The microstructural 
analysis was carried out using scanning electron microscope (SEM). Differential thermal 
analyzer (DTA), thermo-gravimetric analyzer (TGA) and thermo dilatometric analyzer 
(TDA) were used for thermal analysis. Mechanical properties of the samples were 
determined using Universal Testing Machine (UTM). The mechanical properties indicated 
that the specimen was in the range of low carbon steel (probably AISI 1015) i.e. highly 
ductile, malleable and soft. DTA indicated the phase transformation temperatures to 
magnetic and then to non-magnetic FCC phase to be 727°C to 770°C and 910°C 
consistent with previous studies. For SEM imaging, constant composition etchant for 45 
seconds and altered composition etchant for 8% nitric acid in ethanol were found to be 
best for the examined samples.  

1. Introduction 

Steel is very suitable material due to its 
vast applications. Steel offers good 
formability due to its low yield strength, 
low cost, ease in fabrication, good 
strength, toughness and nice weldability. 
Among the different strengthening 
mechanisms, grain refinement is the only 
method by which both strength and 
toughness can be improved 
simultaneously. Steel contains a small 
amount of carbon that produces better 
plastic deformation characteristics in 
drawing-quality steels. Low carbon steel 
is widely used for structural applications, 
automotive and aircraft industries; 
however, its pure corrosion resistance at 
normal atmosphere is a matter of serious 
concern1-3.  

Ferrous metals contain mainly iron with 
small proportions of other elements. 

These alloying elements have specific 
effects on metal properties and enhance 
the characteristics of the resultant alloy. 
Common steel alloying elements are 
nickel, chromium, molybdenum, 
vanadium, tungsten, manganese, boron, 
aluminum and phosphorous. Technically, 
carbon should not be considered as an 
alloying element of steel, because 
carbon-free steel does not exist, which is 
called just iron4-5, 7. Carbon steel is 
usually classified on the basis of the 
carbon content present and termed as 
low, medium and high carbon steels. 
These classifications are 0.06 % to 0.30 
% for Low, 0.30 % to 0.60 % for Medium 
and 0.60 % to 1.2 % for High carbon 
steel. If the carbon content in iron is 
greater than the range mentioned above 
then it is termed as cast iron and the one 
with lower carbon-content is the wrought 
iron4-5. Carbon and other alloying 
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elements act as hardening agents and 
prevent the sliding of dislocations in the 
iron crystal lattice. By varying the amount 
of alloying elements in the steel the 
characteristics like hardness, ductility and 
tensile strength of the resulting steel can 
be controlled. Steel with increased carbon 
content is harder and stronger than pure 
iron but is more brittle6, 8-9. 

Alloy with higher carbon content is named 
as cast iron because of its lower melting 
point and castability, while  steel is 
distinguished from wrought iron by its 
increased rust resistance and better 
weldability5. Almost all ferrous alloys are 
magnetic, malleable, have high tensile 
strength, easy weldability and poor 
corrosion resistance. These alloys are 
corrosive because of their high iron 
content. Steel alloys are traditionally used 
in applications where strength and 
stiffness are of much greater importance 
than weight reduction. Steel alloys can be 
found anywhere in buildings, bridges, 
ships and home appliances. An allotropic 
change taking place in iron is influenced 
by alloying element and most important of 
them is carbon, because of its small 
atomic size which fits into interstitial 
points into clusters of iron atoms and 
strengthens steel9. It also causes major 
problems for welding, particularly if it 
exceeds 0.25% as it creates a hard 
microstructure. Plain carbon steel is 
usually iron with less than 1.0% of carbon 
by weight plus small amounts of 
manganese, phosphorus, sulfur and 
silicon. The weldability and other 
characteristics of these steels are 
primarily a result of carbon content, 
although the alloying and residual 
elements do have a minor influence. Low 
carbon steel is also called mild steel and 
has less than 0.30% carbon by weight. It 

can be machined and weld nicely and is 
more ductile than high-carbon steel. Such 
type of steel is used in automobile body 
panels, tin plate, and wires products6-8. 

Various type of steel grades according to 
their composition and properties have 
been developed by a number of standard 
development organizations (SDO) such 
as European (EN), American Society for 
Testing and Materials (ASTM) and 
American Iron and Steel Institute (AISI) 
steel grades, International ISO etc. The 
(SAE) developed a system of 
nomenclature for identification of various 
chemical composition standards for steel 
specifications which symbolize certain 
standards as to machining, heat treating, 
and carburizing performance. The first 
digit of four or five numeral designation 
indicates the type to which steel belongs, 
e.g. 1 designate for carbon steel, 2 a 
nickel steel, 3 a nickel chromium steel, 
etc. In the case of simple alloy steels, the 
second digit indicates the approximate 
percentage of the predominant alloying 
element. e.g. major alloying metals in 
steel, such as manganese, nickel-
chromium, and chrome-molybdenum. The 
last two or three digits usually indicate the 
approximate average of the carbon 
content range in percent5, 7-8.  

2. Experimental 

Low carbon steel samples were collected 
from local industry in the form of sheets. 
For SEM analysis, twelve pieces were 
cut, polished and etched using Nital as 
etchant containing 1-14 % Nitric acid in 
Ethanol. The samples were etched in two 
ways i.e. some samples were etched for 
15, 30, 45, 60 and 90s in Nital containing 
3% nitric acid while others were etched 
for a fixed interval of 60s in Nital 
containing 4%, 7%, 9%, 12% and 14% 
Nitric acid in Ethanol. A JEM-5910 (JEOL) 
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SEM equipped with energy dispersive X-
ray electron spectrometer (EDS) was 
used for recording secondary electron 
images and chemical analysis of the 
samples.  

Mechanical properties of the samples 
were determined using a M500-100kN, 
Testometric UTM. Thermogravimetric and 
Differential Thermal Analyses (TG/DTA) 
of samples were carried using a Diamond 
TG/DTA, (Perken Elmer) in the 
temperature range 30 to 1200oC at 10oC 
per minuteat CRL, University of 
Peshawar, Pakistan. Thermal expansion 
was measured using Thermo 
Dilatometeric Analyzer (TDA), on Orton 
Dilatometer, 2010STD in the Material 
Research Laboratory (MRL), University of 
Peshawar, Pakistan.  

 

3. Results and discussion 

The apparent density of the specimen 
was ~7.56 g/cm3. The results of tensile 
test of the samples are given in Table 1. 

Table 1.  Mechanical properties of Carbon 
Steel sample. 

Area 

(mm2)

Elongation 

Break (mm)

Load 

Break 
(N) 

Young’s 

Modulus 

(N/mm2) 

Elongation 

Peak 
(mm) 

Energy 

Break 

(Nm) 

Load 
Peak 

(N) 

Strain 

Break 

(%) 

19.0 21.748 2526.0 10489 19.723 138.43 7859.0 17.931

The specimens were observed to sustain 
an applied force up to 7800 N and the 
elongation was ~21.748 mm; therefore, 
the calculated tensile strength was 410 
MPa and the yield strength was 294 MPa. 
The force versus elongation plot is shown 

in Figure 1. From the above results it was 
concluded that the specimen was in the 
range of low carbon steel (AISI 1015), 
which is highly ductile, malleable and 
soft4-5. 

The TG curve (Figure 2) did not show 
wt% loss at temperatures up to ~ 850°C; 
however, temperatures above ~850°C, 
the sample gained extra weight, probably 
because of the chemical reaction with 
nitrogen used as purging gas which may 
form nitrides. 

The gradual downwards sloping of the 
DTA curve (Figure 3) with increasing 
temperature up to 500°C indicated 
endothermic reaction in the sample. 
According to the lever rule low carbon 
steel (AISI 1015) contains 97.4% Ferrite 
(α) and 2.6% cementite (FeC3). In SEM 
images, only Ferrite could be observed 
due to its relatively higher concentration 
in the examined sample which had two-
phase BCC crystal structure. At 
temperatures higher than 500°C, the DTA 
curve revealed exothermic behavior. A 
small peak was observed at 727°C, 
beyond which ‘α+ FeC3’ converted to ‘α+ 
γ iron’ (two phases) and became 

magnetic up to 770°C (Curie 
temperature), while still retaining BCC 
crystal structure. Above 770oC, the 
sample restored its non-magnetic 
property. A rapid upwards sloping was 
also observed in DTA curve at 910°C, 
which indicated that beyond this 
temperature ‘α+ γ ’ iron had undergone a 

phase transition from BCC structure to a 
single phase  γ -iron  with FCC structure, 

called austenite5-6. 
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Figure 1. Elongation versus applied force curve for tensile test. 

The DTA curve shown in Figure 4 was 
almost linear up to 600°C; beyond which 
the curve revealed contraction of the 
specimen till 723°C, probably due to 
alignment of magnetic domains up to 
770°C (Curie temperature). Above the 
Curie temperature, the expansion of the 
specimen started up to 910°C. Beyond 
this temperature the sample started to 
contract again, probably due to the 

transformation of the BCC structure to 
FCC structure (γ -iron)5. 

Secondary electron microscope images 
were recorded from the specimens 
etched by varying the time intervals in an 
etchant of fixed composition or by varying 
the etchant composition for a fixed time 
interval.  
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Figure 2. Thermogravimetric (TG) curve for low carbon steel sample. 

 

Figure 3. Differential Thermal Analysis (DTA) curve for low carbon steel sample. 

The average grain size calculated from 
the SEM images was approximately 14 -
16 µm. Figure 5a-d shows the 
microstructure of samples etched for 30s, 
45s, 45s and 60s in 3% HNO3 in ethanol. 
Samples etched for 45s (Figure 5b-c) 
revealed the granular structure; however, 
for high resolution imaging, the best result 
could be obtained for samples etched for 
60s in the same etchant (Figure 5d & 6a). 

The sample appeared over-etched for 
time intervals longer than 60s. Figure 6b-
d shows the microstructure of samples 
etched for 60s with altered composition of 
the etchant. The best images could be 
recorded for samples etched in 8% nitric 
acid in ethanol for 60s. Here again for 
relatively higher resolution imaging, the 
best etchant was 14% HNO3 in ethanol. 
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Figure 4. Graph of specimen differential Coefficient of expansion against the temperature. 

   

   

Figure 5, SEM images of Low Carbon Steel etched for a) 30s, b) 45s, c) 45 and d) 60s in 
3ml HNO3. 

 

 

(a) (b) 

(c) (d) 
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Figure 6. SEM image of Low Carbon Steel etched for 
ethanol, c) 14% HNO3 in ethanol

Conclusions 

From the characterization of the steel 
sample it is concluded that the specimen 
is highly ductile, malleable and soft. 
According to (AISI) American I
Steel Institute, this steel has grade 
number (1015). For etchant having 3% 
nitric acid in ethanol the best etching time 
is 45s, in which different grains 
clearly resolved. For 60s etching time by 
changing the etchant concentration, the 
best result could be achieved 
nitric acid in ethanol for grain morphology 
and 14 % nitric acid in ethanol for the 
structure within the grains. SEM analysis 
of as-received samples show
had only Ferritic structure. 

 

(a) 

(c) 
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SEM image of Low Carbon Steel etched for 60s in a) 3ml HNO
in ethanol and d) 14% HNO3 in ethanol. 

From the characterization of the steel 
sample it is concluded that the specimen 
is highly ductile, malleable and soft. 
According to (AISI) American Iron and 
Steel Institute, this steel has grade 

For etchant having 3% 
nitric acid in ethanol the best etching time 
is 45s, in which different grains could be 

etching time by 
changing the etchant concentration, the 

chieved using 8% 
nitric acid in ethanol for grain morphology 
and 14 % nitric acid in ethanol for the 
structure within the grains. SEM analysis 

received samples showed that they 
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