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ORIGINAL RESEARCH

Abstract— This study describes the design, fabrication, and testing of an end-quench apparatus for Jominy hardenability testing of steel
according to ASTM A255-10 standards. This design aims to improve on previous designs which are heavy resulting in difficulty in mobility of
the apparatus, inadequate water circulation, less compact of the entire system and unreliable power supply. This apparatus design
incorporates a quenching chamber, frame, reservoir, drainage tanks, quenchant channel, pump, and battery. Material selection prioritized
performance and cost-effectiveness. Each component was built to standard specifications, assembled, and painted for corrosion resistance.
Testing employed a Leeb testing machine and three identical steel specimens quenched with water, 3.5% brine, and 5% brine. Hardness
measurements were taken at designated distances from the quenched ends. The specimen quenched with 3.5% brine exhibited the highest
hardenability, with hardness values decreasing with depth for all specimens. The apparatus achieved an estimated efficiency of 77.5%.
Notably, the design incorporates a DC power source to mitigate potential disruptions during quenching caused by power failures.
Keywords— hardness, hardenability, Jominy specimen, quenchants, quench test,

1 INTRODUCTION

etals are widely employed in manufacturing a wide
Mrange of engineering applications, including
construction components, automotive components, and
aeronautical structures, (Muhammad, et al., 2018 &
kumar, 2012). Achievement of the requisite hardness
profile across diverse applications necessitates the
selection of a material with appropriate hardenability.
Hardenability is a critical property of steel that governs
the depth of the zone exhibiting enhanced hardness
following quenching from the austenitizing temperature.
(Yekinni, et al., 2014; Landgraf, et al., 2021 and Colla, et al.,
2023). In-depth understanding of steel hardenability is
paramount for selecting optimal alloy-steel combinations.
This knowledge facilitates the mitigation of thermal
stresses and distortions that may arise during and after
the heat treatment processes employed in manufacturing
components. Furthermore, it is crucial to recognize the
influence of section size on hardenability (Yekinni, ef al.,
2014). It is imperative to distinguish between hardness
and hardenability of steel. Hardness represents a
material's resistance to permanent deformation, such as
scratching or indentation. Conversely, hardenability
reflects the steel's inherent potential to achieve increased
hardness through quenching processes. The Jominy end
quench test serves as a well-established technique for
evaluating the hardenability of steel and other materials.
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Steel's unique properties and versatility have driven its
ever-increasing demand in the face of technological
advancements and ever-evolving human needs. This
enduring material has demonstrably exerted a profound
influence on the course of human history (Ikumapayi, et
al., 2018 & Akinlabi, et al. 2020) The Jominy end quench
test, developed by metallurgists Walter E. Jominy and A.
L. Boegehold, is a standardized experimental method for
evaluating the hardenability of materials. This technique
is based on the principle that during the quenching of a
heated specimen, the region in direct contact with the
quenching medium (typically water) experiences a rapid
temperature decrease,
towards a more uniform temperature distribution
throughout the material as the distance from the quench
interface increases. (Akinlabi, et al. 2020; Kandpal, et al.,
2011 & Yazdi, et al. 2008). The Jominy end quench test
offers significant advantages within the manufacturing

with a gradual progression

sector. This standardized technique facilitates the
selection of steels with optimal hardenability
characteristics for various industrial applications.

Through the evaluation of hardenability, manufacturers
can identify steels that are best suited for processes like
drilling and machining, ensuring the production of
components with the requisite mechanical properties
(Akinlabi, et al. 2020).

Mechanical properties can be manipulated to leave
desired properties in particular steel through heat
treatment. Hardness of a steel is one of the mechanical
properties that can be manipulated and for that to take
place, the hardenability of a steel has to be known.
Hardenability is a very useful and important property of
steel which can be measured using the Jominy curve. The
Jominy curve is plotted after the Jominy end-quench test
is done. During the testing process,—a steel is heated to its
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austenitizing temperature in a furnace and then moved
for quenching in an apparatus and the apparatus is
known as the Jominy end-quench test apparatus. This
design aims to improve on previous designs which are:
heavy weight resulting in difficulty in mobility of the
apparatus, inadequate water circulation, some lack
compact of the entire system, and unreliable power
supply (Yekinni, et al., 2014). Thus, this design was made
smaller, more compact, and less weighty compared to
previous designs. This research focused on the design and
fabrication of an environmentally friendly, portable,
friendly user-interface, easy mobility, and cost-effective
Jominy end-quench testing machine which will enable the
engineer, technician, or student to have an easy and
stress-free experience using it.

2 Materials and Methods

2.1 Design Considerations

The materials for each component were selected based
on their reliability, ease of fabrication, ease of joining,
mechanical properties and cost.

Stainless steel was the material selected for the
quenching chamber and all the parts attached to it as a
result of its resistance to high temperature which it will be
subjected to after the specimen to be quenched is
austenitized and placed on it for quenching. It can be
easily fabricated to the desired shape and cost less
compared to other materials that can serve the same
purpose. It was painted to prevent corrosion and elongate
its lifespan.

Carbon Steel was used for the frame due to its high

strength to withstand the load of the quenching chamber
and specimen. It is less costly compared to other metals
that can serve a similar purpose. It was also painted to
prevent corrosion.
The reservoir tank and drainage tank will be used to store
quenchants in them and place the DC pump. Therefore,
corrosion resistance and electrical resistance are the
properties we sought out for. As a result, Plastic tanks
were selected due to their resistance to corrosion,
electricity and their cost.

2.2 DESIGN CALCULATION FOR THE DEVELOPMENT OF
JOMINY END-QUENCH APPARATUS

Table 1: Summary of the Design calculation
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Figure 1: The isometric view of the Jominy end quench ~ Quenching process
apparatus model
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Figure 3: The Jominy end quench apparatus model
develop

3 RESULTS AND DISCUSSION ©

The results obtained after testing the apparatus are shown Figure 5a, b, c: Prepared specimen, Quenched specimen,
in Table 2 marked dimensions where the hardness is to be tested.

Table 2: Summary of information obtained from the
quenching processes.

Quenchants used

Brine
Data ] Brine
Water solution

o) of 3.5% solution

of 5% salt

salt
Temperature of 700 700 700
specimen before
quenching (T1)
Temperature of 1702 172.6 175.1
specimen after
quenching (T2)
Temperature loss  529.8 5274 524.9
by specimen (Ts=
Ti- T2)
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Temperature of 28.8 28.8 28.8
quenchant before

quenching (Ts)

Temperature of 30.6 30.3 30.4
quenchant after

quenching (Ts)

Temperature 1.8 1.5 1.6
gained by

quenchant (Te= T4

-Ts)

Temperature loss 528 525.9 523.3
to environment

(Ts- Te)

Volume of 11 11 11
quenchant before
quenching (V1) L

Volume of 1 0.3 0.2
quenchant after
quenching (Vz2) L
Volume of 10
quenchant used
(Vi-V2) L

Time before
quenching (t1)

10.7 10.8

0.00 0.00 0.00

Time after 3.29 3.42 3.46

quenching (t2)
mins

Time taken to 3.29 342 3.46
quench (tz2-t1)

mins

Average temperature
529.8+527.4+524.9 = 527.37°C

3
. 18+15+16
Average temperature gained by quenchants = ———— =

1.63°C
Average temperature loss to the environment
5284525945233 _ £op m30c

3
10+10.7+108
The average volume of quenchant used = ————— =

3
10.5L

Average time taken to quench the specimen =
3.29+3.42+3.46

3

loss by the specimen =

= 3.39 mins

Table 3: Average hardness values of different distances
from the quenched end with different quenchants.
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4 436 569 446
6 433 507 445
8 431 492 444
10 429 489 442
12 429 486 440
14 424 486 438
16 421 474 438
18 420 469 432
20 414 469 432
30 412 455 423
40 409 434 421
50 397 434 419
60 396 429 408
70 395 428 406
80 393 418 405
90 383 398 399
100 373 376 395

JOMINY HARDENABILITY CURVE
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Figure 1: Jominy hardenability curve of different
quenchants used for quenching specimens of the same
compositions.

From the Jominy hardenability curve shown in Figure 1,
the specimen quenched with brine solution with 3.5% salt
content has the highest hardness from the quenched end,

Distance Average Hardness Values (HL) while, the specimen quenched with brine solution with

from the Water Brine Brine 5% salt content has the lowest hardness from the

Quenched Solution of  Solution of quenched end, but as the distance from the quenched end

end (mm) 3.5% Salt 5% Salt increases, specimen quenched with water had the lowest

hardness from a distance of 4mm to 100mm where the

2 465 578 448 hardness of both water and brine solution of 3.5%
© 2024 The Author(s). Published by Faculty of Engineering, Federal University Oye-EKiti. 467
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quenched specimen coincides. The brine solution of 5%
salt content quenched specimen has a little variation of
hardness from the quenched end to the top.

3.1 DISCUSSION

From the result of the quenching process shown in Table
2, the average temperature loss during quenching is
527.37°C, while losing the majority of the heat to the
environment and losing a negligible temperature to the
quenchant, an average of 1.63°C. The average volume of
quenchant used for quenching was 10.5L for an average
time of 3.39 minutes. As a result of this analysis, we can
calculate the flow rate of the pump, the pump efficiency
and the cooling rate as:

volume in liter delivered 105L
Flowrate = — — - = — =
time taten in minutes to deliver the volume 3.39mins
3.1L/min 1)
.. actual flow rate of pump
Efficiency of pump n = X 100% =
expected flow rate
3.1
= x100% = 77.5 % )
. temperature loss
Cooling rate =-— —— =
time taten in minutes to loss the temperature
527.37°C .
— = 155.57°C/min 3)
3.39mins

The efficiency of the pump defines the efficiency of the
apparatus, since the pump is the main component for
quenching in the apparatus. Therefore, the efficiency of
the apparatus can be said to be 77.5%.

Specimen quenched with water had a Leeb hardness of
465 HL and 373 HL from a distance of 2 mm and 100 mm
respectively from its quenched end; the specimen
quenched with a brine solution of 3.5% of salt content had
a hardness of 578 HL and 376 HL from a distance of 2 mm
and 100 mm respectively from its quenched end and
specimen quenched with a brine solution of 5% of salt
content had a hardness of 448 HL and 395 HL from a
distance of 2 mm and 100 mm respectively from the
quenched end. From the analysis, it appeared that
specimen quenched with 3.5% of salt contend had the
highest hardenability. (Abdullah, et al., 2023), had a
similar evaluation in their research with a quenched
medium of normal and cold water using the Brinell
hardness test having 218 HB and 136 HB. The solution of
salt content of 25 and 100% were 176 HB and 148 HB
respectively. Their best performing medium was a salt
solution containing 50% with 187 HB.

4.0 CONCLUSIONS

The design and fabrication of a Jominy end-quenching
apparatus was done successfully according to the
standard of ASTM A255-10. The incorporation of a DC
power source has helped tackled power failures that may
occur during quenching process. The hardenability of
mild steel using different quenchants was characterized
during the apparatus testing stage; this enabled the

ISSN: 2579-0617 (Paper), 2579-0625 (Online)

calculation of the efficiency of the apparatus which is
77.5%. Hardness values were highest at the quenched end
and decreased along the depth of the specimens. The
apparatus was tested using mild steel, water and brine
solutions as quenchants, but other types of steel and
guenchants (having viscosity similar to water) can be
tested on it as it will enable the determination of their
hardenability. Jominy end-quench testing is a very
important test in the determination of the hardenability
of steels to be used for designs in different engineering
applications.

Hardenability requirements are dependent on the
specific application of a component. High hardenability
is not always required, but this apparatus did not
provide the necessary means to determine low
hardenability. The low hardenability can be determined
using a quenchant of high temperature, which can be
obtained by varying quenchant temperature. The
apparatus was designed for less viscous quenchants
influenced by the type of pump used in the design. It
also lacks pressure variation. For improvement of this
design, a temperature and pressure varying means
should be added. The developed apparatus works in a
short time cycle and with a shorter processing time, the
amount of water used was enhanced, similar result
was reported by (Yekinni, et al., 2014).

4.1 RECOMMENDATION

Hardenability requirements are dependent on the specific
application of a component. High hardenability is not
always required, but this apparatus did not provide the
necessary means to determine low hardenability. Low
hardenability can be determined using quenchant of high
temperature,
quenchant temperature. The apparatus was designed for

which can be obtained by varying

less viscous quenchants influenced by the type of pump
used in the design. It also lacks pressure variation. For
improvement of this design, the following solutions were
proposed.

1. Temperature Control: Implement a system that
allows for precise control and adjustment of the
quenchant temperature. This will enable the
determination of hardenability across a wider
range of conditions, including those requiring
low hardenability.

2. Quenchant Viscosity Flexibility: Consider using
a pump or other mechanisms that can handle a
broader range of quenchant viscosities. This will
increase the apparatus' compatibility with
various materials and quenching processes.

3. Pressure Variation: Incorporate a means to vary
the quenching pressure. This will provide
greater control over the cooling rate and allow

for more accurate hardenability testing.
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