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ABSTRACT
In a quest for the development of a quenching medium with good economics like water, but having 
less severity of quench and yet producing appreciable hardening, the potential of agitated water-
based eggshell powder as a quenching medium for hardening medium carbon steel (SAE-AISI 1045) 
was investigated. 25wt% eggshell powder was added to water to form the water-based eggshell 
powder quenchant. The water-based eggshell powder quenchant was used in un-agitated and 
agitated conditions in hardening medium carbon steel. The hardening characteristics of the medium 
carbon steel quenched in water-based eggshell powder quenchant were compared to those obtained 
with water and engine oil (SAE40) as quenchants. The quenched steel samples in agitated water-
based eggshell powder quenchant showed higher tensile strength and hardness values compared to 
water and engine oil (SAE 40); and produced toughness values in between that of engine oil (SAE 40) 
and water. The microstructures of the quenched samples revealed complete transformation of the 
austenite into martensite.
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INTRODUCTION
In metallurgy, quenching may be defined 
as “the controlled extraction of heat” from 
any part (Mackenzie, 2005). Quenching is 
a crucial process within the broader field of 
heat treatment of steels. The essential 
elements of any heat treatments are the 
controlled heating and cooling cycles.  
Quenching is used to induce hardness in 
steel parts to make them perform as desired 
in service. It constitutes an important 
manufacturing technology in the market 
sector such as railway, automotive, 
aerospace etc. It involves heating steel to 
some temperature above the upper critical 
temperature, in order to convert it partially 
or completely to austenite, holding it long 
enough to ensure the desired austeniti-

zation, after which rapid cooling is carried 
out from the austenitizing temperature to 
room temperature usually in a cooling 
media at a rate equal to or faster than the 
critical cooling rate (Totten et al., 1993) to 
obtain a hard metastable micro-structure 
known as martensite in steel (Hassan and 
Yusuf, 2005); which accounts for the 
increase in the hardness of steel 
(Muhammed, 2007).                 

Plain-carbon steels and cast irons 
can be heated above upper critical tem-
perature to austenitizing temperature, and 
held at this temperature for a specified 
soaking time, then rapidly quenched in a 
suitable quenching medium at a rate equal 
to or greater than the critical cooling rate 
(Oghenevweta et al., 2013). This cooling 



rate that produces a fully martensitic 
structure is the critical cooling rate (CCR). 
The martensite structure is a body-centered 
tetragonal (BCT), which is a distorted form 
of a body-centered cubic (BCC) structure, 
and hence may be regarded as a super-
saturated solution of carbon in á-iron. The 
martensite structure has a considerable 
amount of internal stress (Hassan and 
Aigbodion, 2011), which is responsible for 
the rapidly quenched steel being extremely 
hard and too brittle for most applications 
(Fadare, 2011). To relieve the internal 
stress, the metal is tempered. Tempering is 
accomplished by heating martensitic steel 
to a temperature range of 200oC-650oC, 
followed by cooling in air to reduce the 
brittleness of hardened steel; this improves 
the toughness and relieves internal stress, 
without significantly lowering its hardness 
and strength. 

Any medium that is used for 
extracting heat from the heated steel part is 
called a quenchant, and the most 
commonly used liquid quenchants are 
water, oil, brine, and polymer quenchant. 
The two primary functions of a liquid 
quenchant is to facilitate the hardening of 
steel by controlling heat transfer during 
quenching and also to minimize the 
formation of undesirable thermal and 
transformation gradients which may lead 
to increase in distortion and cracking 
(Totten and Howes, 1997). Water, though 
abundant and low cost, has the drawback of 
inducing crack or dimensional changes on 
the quenched component due to its high 
cooling rate. Oil has the problem of not 
inducing enough hardness. Polymer 
quenchant, though can provide severity 
between those of water and oil, has the 
problem of varying concentration during 
the quenching process and it is also more 
expensive. Brine, produces more 
quenching severity than water, and has the 
problem of corrosive attack on the 

components and the equipment used for 
the quenching.   

Water is one of the most widely 
used quenching medium (Ester, 2013). 
This can be attributed to its low cost, 
availability, ease of handling, relatively no 
pollution problem, since it can be disposed 
off easily.  The layer of scale formed on the 
surface during heating of the work piece is 
broken up by water quenching, thus 
eliminating any further surface cleaning. 
Water has the drawback of inducing crack 
or dimensional changes on the quenched 
component due to its high cooling rate in 
the temperature range of martensite 
formation. Hence, the suitability of water 
as a cooling medium diminished since its 
greatest cooling efficiency occurs at 
300oC i.e. the temperature at which 
martensite formation starts in many steels 
(Hassan et al., 2011).

Dissolved salts increase the cool-
ing power of water; and by adding 10% 
sodium hydroxide to water or water 
soluble oil, its cooling capacity is 
increased very considerably and at the 
same time its greatest heat extraction now 
occurs at 500oC (Oghenevweta et al, 
2013). There is a need for the development 
of a quenching medium with good 
economics like water having less severity 
of quench and yet producing appreciable 
hardening. Eggshells are waste materials 
from hatch-eries, homes and fast food 
industries (Phil and Zhilong, 2009) and 
can be readily collected in enormous 
quantities. Eggshell waste disposal 
contributes to environ-mental pollution. 
Challenges associated with disposal of 
eggshells include cost, availability of 
disposal sites, odours, flies and 
abrasiveness (Phil and Zhilong, 2009). 
This aviculture by product, poultry 
(chicken) eggshell contains about 95% 
calcium carbonate in the form of calcite as 
its main component.
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One of the technical challenges of 
quenching known is the choice of a 
quenching medium that will yield the 
desired as-quenched properties, such as 
hardness with minimum induced 
distortion. It has also been discovered that 
Nigeria produces an estimate of about 10 
million tonnes of eggs annually (Hassan 
and Aigbodion, 2015). Therefore, there is 
the need to take advantage of this 
abundance and availability of eggshell, by 
harnessing its economic value, and 
stopping its wastage. The main aim of this 
study is to investigate the suitability of 
using agitated water-based eggshell 
powder quenchant for the hardening 
process of medium carbon steel to produce 
severity lower than that of water but better 
than oil.

EXPERIMENTAL PROCEDURES 
MATERIALS AND EQUIPMENT
Chicken eggshells used for this work were 
collected from the local tea sellers in Hausa 
Market, Warri, Delta State, Nigeria. The 

quenching media used for this work are 
water and engine oil (SAE 40). This study 
was carried out with medium carbon steel 
(AISI-SAE1045). The chemical compo-
sition of medium carbon steel shown in 
Table 1 was obtained from the National 
Metallurgical Development Centre, Jos. 
         The equipment used for austenitizing 
the medium carbon steel samples was an 
e lec t r ic  furnace  wi th  opera t ing  
temperature up to 1200C. The tensile tests 
were carried out on Enerpac universal 
materials testing machine, Rockwell 
hardness-testing machine was used for the 
hardness test, and Charpy Impact-testing 
machine was used for the impact test. 
Polishing machine, etchant and metallur-
gical microscope with an in-built camera 
were used to examine the microstructure. 
A tank which served as the container for 
the quenching medium during the 
hardening process, a k-type thermocouple 
and an Arrow 600 variable speed impeller 
type agitator unit were also used.
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     Table 1: The Chemical Composition of the Medium Carbon Steel (AISI-SAE1045) Sample. 

Elements  C  Mn  Si  Ni  Cr  Mo  Al  P  S  Ti  
Wt%  0.4

5  

0.84  0.29  0.0
5  

0.0
8  

<0.005  0.012  0.037  0.046  0.0025

Elements  Cu  Co  Nb  V  W  Pb  Sn  Zn  Fe
Wt%  0.073  0.015  <0.005  0.007  <0.001  <0.005  <0.005  0.0016  97.81

 

EXPERIMENTAL  TEST  
Quenching of medium carbon steel sample 
of diameter 12.5mm and gauge length of 
50mm in both the agitated and non-agitated 
water-based eggshell powder quenchant 
was carried out to obtain as-quenched 
samples whose mechanical properties were 
then tested to assess the potential of water-
based eggshell powder as a quenching 

medium for steel. The steel samples were 
initially normalized, followed by 
austenitizing at 930oC for 15 minutes and 
then quenching in both the agitated and 
non-agitated water-based eggshell powder 
quenchant. Water and Engine oil (SAE 40) 
were used for comparative study. 

Preparation of the eggshell test 
samples involved separating the mem-
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branes from the eggshells by hand. The 
eggshells were boiled in hot water for 5-10 
minutes to kill pathogens, and air dried for 
2 days. The dried lump sizes were ground 
into powdered form with the use of a 
pulverizer and sieved with a mesh sieve. 
The particle sizes retained in 45ìm mesh 
size were used. The percentage of eggshell 
powder used ranged from 5 to 25v/V% 
(Table 2) and were thoroughly mixed in the 

corresponding volume percentage of water 
and the mixed blend poured into five steel 
buckets. 1000cm3 of water without 
eggshell dissolution (100% water) was 
poured into another bucket to serve as the 
control. In all, six quenching media were 
prepared and their specific latent heats of 
vaporization were determined. The 
medium which had the highest specific 
latent heat of vaporization was used. 

   Table 2: Various Volumes and Masses used for the Specific Latent Heat of Vaporization

v/V%  5  10  15  20  25  
Volume of Water Added (cm 3)  950  900  850  800  750
Volume of Eggshell Powder(cm3)  50  100  150  200  250
Mass(g) of eggshell powder  54.5  109  163.5  218  272.5

NORMALIZING
15 samples of the medium carbon steel 
were machined and examined for tensile 
test; hardness test and impact test, and were 
placed in a crucible and heated in the 
electric muffle furnace to a temperature of 
930oC. Soaking was done at this tempe-
rature for 90 minutes. The samples were 
covered with cast iron chips during the 
heating to prevent decarburization.  The 
samples were then brought out of the 
furnace and left to cool in air.

HARDENING BY QUENCHING                      
The samples were heated to the 
austenitizing temperature of 930oC and 
held at this temperature for 2 hours for 
homogenization to occur. Two pieces each 
of the tensile, impact, hardness test 
samples from the medium carbon steel 
were quenched in the agitated and non-
agitated water-based eggshell powder 
quenchants, water and engine oil (SAE 
40). Four liters of each of the quenching 

media at ambient temperature (27oC) was 
used for the quenching process.

DETERMINATION OF THE MICRO-
STRUCTURE
The micro-structural examination was 
carried out as follows; mounting, grinding, 
polishing, etching and microscopic 
viewing using a metallurgical microscope. 
The as-quenched specimens in the various 
quenching media were mounted on 
Bakelite powder before grinding. 
Grinding of the samples was carried out 
manually on a water lubricated grinding 
machine using silicon carbide abrasive 
paper of grades 240, 320, 400 and 600 grit 
sizes. Polishing was carried out on a 
rotating disc covered with polishing cloth 
impregnated with 1ì alumina solution 
polishing agent. The disc rotated at a speed 
of 100-400rpm. The final polishing was 
carried out with 0.5-micron alumina 
polishing solution until the surface of the 
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samples became scratch free and mirror 
like. The specimens were then etched with 
0.5% Nital solution. After etching, the 
samples were washed in running water and 
alcohol and then dried in hot air. The etched 
samples were then placed on the sample 
stage of a metallurgical microscope and the 
microstructures obtained were recorded 
with the aid of the in-built camera.

MECHANICAL PROPERTIES TEST
The hardness values of the hardened 
samples were determined according to the 
provisions of the American Society of 
Testing and Materials (ASTM E18-79) 
using the Rockwell hardness tester on “C” 
scale (Frank Welltest Rockwell Hardness 
Tester, model 38506) with 1.56mm steel 
ball indenter, minor load of 10kg, major 
load of 150kg and hardness value of 
95HRC as the standard block. Tensile test 
was carried out on the quenched hardened 
samples. The test was conducted on 
Enerpac universal materials testing 
machine of 100KN capacity with a strain 
rate of 0.002s-1. The test pieces were 
machined to the standard shape and 
dimensions as specified by the American 

Society for Testing and Materials (Annual 
Books of ASTM Standards, 1990). The 
impact test of the quenched hardened 
samples was conducted using a fully 
instrumented Avery Denison test machine. 
Charpy impact tests were conducted on 
notched samples. Standard cylinder 
impact test samples measuring 75 x 10 x 10 
mm with notch depth of 2 mm and a notch 
tip radius of 0.02 mm at angle of 45o were 
used.

RESULTS AND DISCUSSION 
MICRO-STRUCTURAL ANALYSIS    
The cooling rate of the quenchant has 
effect on the microstructure and hence the 
mechanical properties of the medium 
carbon steel. The microstructures of the 
medium carbon steel are shown in Figures 
1-6. Figure 1 is for the As-cast medium 
carbon steel and it shows the presence of 
pearlite (dark) and ferrite structure 
(white). This supports the fact that the steel 
used in the research is a medium carbon 
steel. 

In Figure 2 the structure of the 
normalized medium carbon steel is shown. 

Fig 1: As-cast medium carbon steel: (X250)
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The as normalized structure revealed a 
structure of grain boundary ferrite and 
pearlite. For the as-quenched samples in 
water-based eggshell powder quenchant 

(agitated), the microstructure of the 
medium carbon steel shows the full 
formation of martensite structure as seen in 
Figure 3. 

Fig 2: Normalized Medium Carbon Steel (x250).

Fig 3: Medium carbon steel quenched in agitated water-based eggshells 
powder quenchant. (X250).

The microstructure revealed complete 
transformation of the austenite into 
martensite. Whilst the sample quenched in 
water-based eggshell powder quenchant 
without agitation did not show full 

martensite the microstructure revealed that 
there is some retained austenite in the 
martensite as shown in Figure 4.

60        An Investigation of the Hardening Characteristics of Medium Carbon Steel Quenched.....



Journal of Civil and Environmental Systems Engineering - UNIBEN

Figure 5 shows the microstructure of 
martensite with little untransformed 
austenite for medium carbon steel 
quenched in water. The microstructure was 
as a result of high severity of quenching 
which occurred at martensite formation 
temperature. The micrograph of the sample 

quenched in engine oil (SAE40) as shown 
in Figure 6. reveals that martensite is 
present with retained austenite and banite 
structure. The structure was formed as a 
result of the low severity of the medium 
compared with all other media tested

Fig 4:  Medium carbon steel quenched in unagitated water-based 
eggshells powder quenchant. (X250).

Fig 5: Medium carbon steel quenched in water. (X250).
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MECHANICAL PROPERTIES OF AS-
QUENCHED MEDIUM CARBON 
STEEL   
From the results (Table 3) obtained for the 
medium carbon steel, the yield and tensile 

strength values of the samples increased 
after quenching in all the media. The 
quenched steel samples in agitated water-
based eggshell quenchant showed a higher 
tensile strength compared to water.

Fig 6: Medium carbon steel quenched in Engine oil (SAE 40). (X250).

Table 3: Mechanical properties of medium carbon steels in the various conditions.

Quenched 
Samples  

Yield 
load(N)  

 
 

Yield  
Strength  
N/mm2

 

Max. 
load(N)  

 
 

Tensile  
Strength  
N/mm2

 

% 
Elongation  

Hardness  
(HRC)  

Impact 
Energy(J)

 

As-
received

 

47283.41
 
385.25

 
49963.38

 
407.10

 
20.21

 
48.35

 
42.10

Engine Oil 
(SAE40)

 

49838.20
 
406.08

 
53661.28

 
437.23

 
15.35

 
50.01

 
39.17

Water
 

51315.86
 
418.12

 
55243.23

 
450.12

 
10.01

 
59.34

 
 

21.01

Agitated 
eggshell 
quenchant

 

52381.16

 

 

426.80

 

 

57179.91

 

 

465.90

 

 

10.34

 

 

62.34

 

25.17

 Un-
agitated 
eggshell 
quenchants

50438.35

 

 

410.97

 

54163.20

 

 

441.32

 

12.56

 

52.09

 

28.10
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This is attributable to the fact that agitated 
water-based eggshell quenchant has a 
higher cooling rate than water. Samples 
quenched in un-agitated water-based 
eggshell quenchant and engine oil (SAE 
40) gave lower tensile strength value than 
those quenched in the water. Tensile 
strength of 465.10N/mm2 and 441.32 
N/mm2 were obtained for the agitated and 
unagatited eggshell solution respectively. 
These showed an increase from the as - 
received condition which gave a tensile 
strength value of 407.10N/mm2. Water 
quenched samples have tensile strength 
value of 450.12N/mm2 and oil quenched 
samples gave the least tensile strength 
value of 437.10N/mm2. The samples 
quenched in agitated eggshell solution 
have the highest strengths of all the heat 
treatment studies, this may be attributed to 
the fine structure formed as shown in 
Figure 3 which may act as a barrier to the 
movement of dislocation along the grain 
boundary and hence the increase in 
strength. The mechanical properties of the 
samples quenched in the agitated eggshell 
solution showed that agitation improved 
the severity of quench of the eggshell 
solution. Agitation increased the yield and 
tensile strength values of the medium 
carbon steel to 426.80N/mm2 and 
465.10N/mm2 respectively. The hardness 
values of the quenched steel samples for 
medium carbon steel showed a similar 
trend with the tensile strength values 
obtained. For all the media, the hardness 
values of the quenched steel increased after 
quenching. The hardness of the medium 
carbon steel sample as-cast received was 
48.35HRC. The hardness obtained from 
the medium carbon steel after quenching in 
the un-agitated and agitated water-based 
eggshell quenchant increased to 52.09 and 
62.34HRC respectively. The steel sample 

quenched in agitated water-based eggshell 
quenchant produced the highest hardness 
value and SAE 40 Oil produced the least 
after quenching. Agitated water-based 
eggshell quenchant sample developed 
hardness of 62.34HRC and SAE 40 Oil 
produced a value of 50.01HRC and the 
water quenched sample had a hardness 
value of 59.09HRC, the results are in 
agreement with the work of Salihu et al. 
(2013) who reported Neem seed oil and 
watermelon seed oil as quenching media 
for thermal processing of steel. The 
increase of the hardness values of the 
samples after quenching could be 
attributed to increase in dislocation 
density. Increase in dislocation density 
strain hardens the steel and provides 
heterogeneous nucleation sites for 
precipitation, thereby accelerating the 
hardening response (Hassan et al., 2009). 
Thus, dislocations cause increase of the 
hardness in steel after quenching heat 
treatment.  It is thought that the higher the 
severity of quench, the higher the density 
of the dislocation, and as a result, the 
higher the hardness of the steel (Zhao and 
Yi, 1996). The high hardness values 
obtained in these results can be attributed 
to the various microstructures obtained. 
Agitated water-based eggshell quenchant 
developed hardness values higher than that 
of water and engine oil (SAE 40).

The impact energy of the as-
received condition, agitated and un-
agitated water-based eggshell quenchant, 
water and engine oil (SAE 40) quenched 
are 42.10, 25.17, 28.10, 21.01 and 39.17J 
respectively. The percentage elongation of 
the as-received condition, agitated and un-
agitatedwater-based eggshell quenchant, 
water and engine oil (SAE 40) quenched 
are 20.21, 10.34, 12.34, 10.01 and 15.35% 
respectively. The hardening process by 
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quenching in all the liquid media reduced 
the impact strength and percentage 
elongation of the medium steel. The as-
received sample gave the highest impact 
strength value, and the samples quenched 
in water gave the least impact strength. 
Samples quenched in the un-agitated 
water-based eggshell quenchant and 
engine oil (SAE40) produced the highest 
impact strength. The lower impact energy 
of water quenched samples could be 
attributed to the transformation and 
thermal stresses after water quenching. 
These results are in line with the 
microstructure observed for water, engine 
oil (SAE 40) and water-based eggshell 
quenchant .  Water-based eggshel l  
quenched samples produced toughness in 
between that of engine oil (SAE 40) and 
water.

CONCLUSIONS 
The potential of using water-based 
eggshell powder solution as a quenchant in 
medium carbon steel was invesigated. It 
was found that 25wt% eggshell powder to 
water can successfully form a suitable 
water-based eggshell quenchant. The 
microstructure of samples quenched in 
agitated water-based eggshell powder 
quenchant revealed complete transforma-
tion of the austenite into martensite. The 
quenched steel samples in agitated water-
based eggshell powder quenchant showed 
higher tensile strength and hardness values 
compared to water and engine oil (SAE 
40); and produced toughness values in 
between that of engine oil (SAE 40) and 
water. It was found that the hardening 
process of medium carbon steel using 
water based eggshell quenchant produced 
severity lower than water but better than oil 
giving desirable as-quenched properties. 
Use of water-based eggshell powder 

quenchant for quenching steel will ensure 
that the economic value of eggshells 
available in abundance especially in 
Nigeria is harnessed and its disposal 
problem is reduced. 
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