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Abstract: The samples of AISI 1018 Low carbon steel were heated to austenite zone then 
cooled in different mediums with different cooling rates. Mechanical tests show increase in 
hardness, yield strength, tensile strength, modulus of elasticity, and yield/tensile ratio as 
cooling rate is increase. Ductility has inverse proportionality to cooling rate. The resulting 
microstructures show decreasing in grains sizes accompanying to cooling rate increase. 
The relations between mechanical properties and grains size are opposites of relations 
between mechanical properties with cooling rates. Hardness, yield strength, tensile 
strength, modulus of elasticity, and yield/tensile ratio increase as grains size decreases, 
while ductility decreases.                                                          
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INTRODUCTION 

It is obviously clear that iron alloys are the most used through all known metallic and nonmetallic 
engineering materials. Their widespread use is accounted for by many reasons including overall cost and 
availability, but the main reason still the versatility, where thier properties –mainly mechanical ones– can be 
changed through a wide range [1]. This versatility is attributed to chemical compositions modification and/or 
subsequent heat-treatments and in some times mechanical treatments, which can change the presence, 
number, shape, size, and distribution of phases through steel structure. Any alteration of microstructure will 
strongly affect steels properties [2-4]. It’s possible to modify microstructure without changing composition 
through application of heat treatment techniques which may introduce new structures. But, in some cases it’s 
undesirable to change phase and/or composition, or as the case in all pure metals and some of alloys like 
mild steel where it is unpractical or difficult to alter the presence of phases [5-7]. Here, the useful way to alter 
the properties using heat treatment is through changing the shape, size and distribution of present phase(s). 
Among them (shape, size and distribution), controlling grain size is the most efficient, which can greatly 
affect properties of the part through refining or coarsening of grains. In general, grain size has inverse 
proportionality with strength and hardness; otherwise, it has direct proportionality with ductility [8,9,10]. This 
proportionality was described generally by Hall-Petch relationship [11]. Controlling grains size can be 
reached by controlling cooling rate of specified part in heat treatment using different mediums for cooling 
[8,9,12]. Many efforts were dedicated to describe the relation between grain size and the intended property 
for ferrous and nonferrous alloys [10,13,14]. 
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1. EXPERIMENTAL PROCEDURES 

AISI 1018 Low carbon steel specimens with mechanical properties shown in table 1 were prepared to 
heat treatment processes. After, they were divided into groups and heated in electrical resistance furnace to 
a temperature of 910° C, and held at this temperature for about two hours to ensure heat homogeneity and 
totally phase change. Then, they were cooled in different cooling mediums including ice cooled water (0.5° 
C), tap water (32° C), machine oil (32° C), still air (32° C), and in the heating furnace (turned off and closed). 
The approximate cooling rates were: icy water 120° C/sec, tap water 80° C/sec, machine oil 30° C/sec, still 
air 1.25° C/sec, and closed furnace 0.125° C/sec. The specimens then were ready to be conducted in tensile 
test, hardness test, and microstructure examination to evaluate properties evolution in accordance with 
structural changes and attendant cooling rates. 

Table 1: Properties of as received AISI 1018 Steel. 

 

2. RESULTS AND DISCUSSION  

2.1. HARDNESS TESTS 

          Vickers Hardness results of icy water quenched, water quenched, oil quenched, air cooled, furnace 
cooled, and as received specimens are ordered descendingly in table 2. Hardness tests were conducted in 
three regions for each specimen; centre, edge, and middle between them to evaluate hardness change with 
depth from surface. It can be easily shown that hardness value is greater for a faster cooling medium and 
vice versa, and hardness for as received specimen is bigger than that for still air and closed furnace 
mediums, but smaller than other mediums. For each individual specimen the hardness values increase as 
moving from centre toward the outer surface consistently with increasing cooling rates for regions inside the 
sample, where the rate of cooling is higher at surface and being lower as the region is approaching the 
centre of specimen. The difference between hardness of outer surface and inner regions is not at same 
consistent pattern, difference is bigger for icy cooled medium and nearly equal (no difference) for closed 
furnace. The reason is that for coldest quenching medium the cooling rates at surface is much higher than 
inner regions, but, for less cooling mediums the difference will be smaller, and even equal or near equal for 
very slow cooling medium as the case with closed furnace. Figure 1 represents relation between cooling 
medium and specimen hardness. 

Table 2: Hardness of specimens with cooling mediums for different regions in each specimen. E: edge, M: 
middle, C: centre. 

Cooling 
medium 

Icy water Tap water Oil As received 

(not treated) 

Still air Closed 
furnace 

Hardness 

HV 

E M C E M C E M C E M C E M C E M C 

292 265 259 242 225 220 228 215 209 186 176 170 154 148 144 120 117 117 

 

2.2. TENSILE TESTS 

         Results of tensile tests for the specimens are represented in table 3. Yield strength, tensile strength, 
and young modulus also strongly depend on cooling rates, in the same way hardness results do. Again, it 
can be shown that values of yield strength, tensile strength, and modulus of elasticity are higher for a faster 
cooling medium and vice versa, the values of these properties for as received specimen are bigger than that 
for still air and closed furnace mediums, but smaller than other mediums (Figure 2) . For stiffness which is 

Yield Strength 
Mpa 

Tensile 
Strength MPa 

Modulus of Elasticity 
Gpa 

Hardness HV 
Kg/mm

2
 

Ductility % Average Grain 
Size um 

473 616 237 170 18 7.2 
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identified by modulus of elasticity (Figure 3), it is evident that it follows the same approach as hardness and 
strength did, depending on cooling rate and accordingly cooling medium. As cooling is faster as stiffness 
value is bigger.  

 
Figure 1: Relation between cooling medium and specimen hardness at edge (E), 

middle (M), and centre (C), in different cooling mediums. 
 

Table 3: Yield strength, tensile strength, young modulus, yield/tensile strength ratio, and 
ductility of specimens with different cooling mediums. 

Cooling medium → Icy 
water 

Tap 
water 

Oil As received 

(not treated) 

Still 
air 

Closed 
furnace 

Property ↓ 

Yield strength Mpa 806 553 513 473 316 271 

Tensile strength Mpa 830 674 637 616 438 397 

Young modulus Gpa 403 277 257 237 158 136 

Yield/Tensile 0.971 0.82 0.805 0.768 0.721 0.683 

Ductility % 7.7 13.6 14 18.3 25 42 

 

          In opposite direction ductility goes with inverse proportionality to cooling rate and attendant cooling 
medium (Figure 4). The ductility of as received (not treated) specimen is smaller than that for closed furnace 
and still air mediums, but is bigger than other mediums. The maximum ductility is for furnace cooled sample, 
and minimum one is for icy water quenched sample. When notice values of yield/strength ratio (Figure 5), 
we can recognize that the behavior is the same of hardness, yield, and tensile strength. This factor (Y/T) is 
so important for deformation manufacturing processes employing cold working techniques. When value of 
yield strength is near to that of tensile strength, it means there is little range of plastic deformation. Herein, 
using this concept we can deduce what sample is more capable to be used in cold working and what one is 
less useful or even useless. 
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2.3. MICROSTRUCTURE EXAMINATION 

          The microstructure is examined and analyzed to determine grains size of phases. Typically, in low 
carbon steel the existing phases are ferrite as a major and pearlite as a minor. Using photos obtained from 
optical microscopy and applying line intercepts method, the grain size is determined for every specimen. 
Grains sizes are given in table 4. The microstructure photos of icy water quenched, water quenched, oil  

 
            Figure 2: Cooling medium – yield and tensile strength relationship. 

 

 
      Figure 3: Cooling medium – young modulus relationship. 
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Figure 4: Cooling medium – ductility relationship. 

 

Figure 5: Cooling medium – Y/T ratio relationship. 

Table 4: Grains sizes of specimens according to cooling mediums. 

 
 

 

 

 

Cooling 
medium 

Icy water Tap water Oil As received 
(not treated) 

Still air Closed furnace 

Grains sizes 
(micrometers) 

4.3 5.4 6.5 7.2 10.7 17 
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quenched, non-treated, air cooled, and closed furnace cooled specimens are given respectively in A, B, C, 
D, E, and F in figure 6. The real width of each photo is 227 micrometers. Pearlite and ferrite fractions are not 
the same in all specimens even though they were cut from the same bar, since we can see that as cooling 
rate increases the pearlite content increases in expense of ferrite (even little), this is because that the non 
equilibrium conditions encourage pearlite nucleation. The size of grains already inversely proportionates to 
cooling rate and its corresponding cooling medium, as demonstrated in figure 7. 

 

Figure 6: Icy water quenched(A), water quenched(B), oil quenched(C), non-treated(D), air cooled(E), and 
closed furnace cooled(F). 
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Figure 7: Cooling medium – grains size relationship. 

          The mean of hardness (Figure 8), yield strength, and tensile strength (Figure 9) proportionate 
inversely to grains size, and also the modulus of elasticity does (Figure 10). To explain this we need to 
remember that the main mechanism for strengthening metals and alloys is by hindering dislocations 
movement, and grain boundaries are one of obstacles that impede this motion. On the other hand it is well 
known that the total area of grains boundaries increases as grains sizes decrease, and as a consequent the 
movement of dislocations will be inhibited (partially), leading to apparent improvements on strength and 
hardness of the alloy, also the increasing of pearlite fraction with increasing cooling rate leads to increase in 
strength and hardness (pearlite is stronger than ferrite). Also decreasing grains sizes lead to decreasing 
ductility (Figure 11). It also can be explained. Simply, fine grained crystal has more hinderence to 
dislocations in the form of grain boundaries, and the available volume for dislocations movements is greatly 
reduced leading to ductility reduction, with regard to that increasing pearlite fraction also helps in decreasing 
ductility (pearlite is less ductile than ferrite). At opposite direction, as the size of grain is bigger as the slip 

 
Figure 8: Grains size – mean hardness relationship. 
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            Figure 9: Grains size – yield strength, tensile strength relationship. 

 

 
       Figure 10: Grains size – young modulus relationship. 

planes are continued through long distances permitting the dislocations to move and metal to deform more 
with less disrupting (less dislocations pileup at grain boundaries) leading to more ductility, also with regard to 
increasing ferrite fraction that helps in increasing ductility. According to increase strength and decrease 
ductility with decreasing grain size, it’s reasonable that (yield strength / tensile strength) ratio will increase as 
grain size decreases (Figure 12). 
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Figure 11: Grains size – ductility relationship. 

 
Figure 12: Grains size – Y/T ratio relationship. 

CONCLUSIONS 

1. Hardness of treated part increases or decreases as the cooling medium has more or less cooling 
rate (compared with other mediums). 

2. In one specimen the hardness of the outer surface is higher than inner regions. And as the cooling 
being faster as the difference being bigger. 
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3. Yield strength, tensile strength, and stiffness proportionate directly with cooling rates. But ductility 
has invers proportionality to cooling rates. 

4. Yield strength / tensile strength ratio increases as the cooling rate increases, indicating decreasing in 
cold working ability. 

5. As cooling rate increases as the resulting structure has finer grain size, and vice versa. 

6. Hardness, yield strength, tensile strength, and stiffness increase with decreasing grains sizes. 

7. Increasing grains sizes will decrease ductility. 
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