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Abstract Lumped thermal systems are characterized by uniform interior temperature during heat transfer processes,
having as only important factor the time. Thus, the present research has proposed to investigate one of these systems in order
to determine a maximum radius along which the microstructure and hardness are homogeneous after performing a quenching
heat treatment. Cylindrical samples with diameters equal to 12.7, 14.0, 15.0, 16.0, 16.5, 17.0, 18.0 and 19.0 mm of ABNT
1045 steel were produced with ratios of 20:1 between the length and radius. Afterwards, they were heated in a kiln to 845°C,
where they remained between 30 minutes (smaller diameter) and 45 minutes (larger diameter), for complete austenitization.
Thereafter, they were rapidly cooled in water to room temperature. With the samples already sectioned, the hardness values
were measured and the microstructures along the radius were verified by metallography. The results indicated that for the
samples of 12.7, 14.0 and 15.0 mm, the hardness measurements were the same in the center, in the middle of the radius and
near the surface, characterizing martensitic microstructures that were corroborated by the metallographies. For the samples of
16.0, 16.5, 17.0, 18.0 and 19.0 mm, the results were not homogeneous along the radius. In this way, it has been found that the

maximum diameter at which ABNT 1045 steel cylindrical bars behave as lumped thermal systems is 15.0 mm.
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1. Introduction

In heat transfer analysis, some pieces are observed to
behave like a “lump” whose interior temperature remains
essentially uniform at all times during a heat transfer process.
The temperature of such bodies can be a function of time
only. Heat transfer analysis that utilizes this idealization is
known as lumped system analysis, which provides great
simplification in certain classes of heat transfer problems
without much sacrifice from accuracy [1]. Thus, the lumped
thermal systems allow enormous convenience in heat
transfer analysis, simplifying the resolution of several
problems because the number of variables involved in the
process is reduced, since, in most cases, the temperature of
the bodies varies with the time and position [1,2].

However, not every pieces can be considered this kind of
system when submit to heat exchanges. A geometry must be
defined relating the diameter and length of the piece, so
that the thermal conductivity can be considered infinite [1,2].
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When the diameter or thickness of a sample is low, the heat
conduction occurs such that the temperature difference
between the end and the center in the course of the heat
transfer process is negligible [1]. In a quench heat treatment,
in wich the temperature gradient along the specimen radius
or width can be neglected, the specimen temperature can be
considered depending only time interval [2]. This assertion
can be applied to pieces that have the smallest radius in
relation to length, characterizing lumped thermal systems.

Thus, if the temperature of a lumped thermal system is
homogeneous all through the radial extent, it is assumed that
throughout the sample the microstructure and hardness will
be the same after quenching. The aim of this research was to
study an infinite length cylinders, samples in which the
transformations occurred homogeneously along its radial
extension during a quenching, determining a maximum
radius for this occurrence in the treated material.

The experimental verification of this idea would simplify
the choice of materials and diameters for the production of
components that require homogeneous properties from the
surface to the center. As an example, when a piece requires
homogeneous hardness throughout its length, it is sufficient
to perform quenching in a piece that behaves as a lumped
thermal system.

Bergman et al. [2] mention that the lumped thermal
systems have their internal temperature varying only with
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time. Thus, an analogy to heat treatments performed can be
made if a sample of carbon steel has characteristics that
resemble this kind of system. Therefore, when a piece that
was subjected to a heat treatment exhibits the same
properties and microstructures throughout its cross-section,
is possible claim that heat transfer rate in quenching was the
same all through the radial extent [3].

The formation of martensite in the quenching process
originates only with the shear of the structure, there being no
atomic diffusion, presenting the same composition of the
origin phase [4]. Its formation begins when a certain
temperature is reached and increases proportionally to the
decrease of this one, ceasing the transformation in a point
where the temperature and the quantity of carbon do not
allow more the formation of martensite [5]. Thus, when
performing quenching in a lumped thermal system, the
martensite formation must be homogeneous throughout its
entire cross-section [3].

According Callister [6] the chemical composition of the
pieces influences the characteristics of the thermal systems.
The addition of alloying elements in a steel, for example,
changes its thermal conductivity and modifies the Biot
number. Therefore, the study should be carried out with
samples of similar chemical compositions in order to avoid
discrepancies in the results.

Hasan et al. [7] carried out studies on cylindrical samples
produced with steels of different chemical compositions,
which were cooled in water. These samples had 52 mm
diameters and a diminutive radius with relation to the length.
In this study was verified that the samples presented
homogeneous microstructures throughout the volume. Even
when the microstructure of the samples was not totally
martensitic, other phases such as ferrite and retained
austenite were present throughout the piece, thus
guaranteeing the homogeneity of the temperature variation
of the samples during quenching. In the same way, Oliveira
et. al. [8] obtained homogenous martensitic structures when
quenched cylindrical test specimens made of SAE 4140H
steel of 50.8 mm diameter in water cooling medium. Hemig
et. al. [9] compare the hardness results along the radius of
42CrMo steel samples cooled in water with mathematical
simulations of the volumetric fraction and the hardness of the
constituent martensite formed after cooling. Both results
show the martensite formation along the radius of the 20 mm
diameter sample. Again, the presence of alloying elements
such as silicon, manganese, chromium and molybdenum
allowed the specimens to behave like lumped thermal
systems, despite the diameters.

Therefore, in this study, tried to verify the occurrence or
not of a gradient temperature between the surface and the
center of the samples during the cooling. Such verification
was carried out by means of hardness tests, once the cooling
rates during quenching and the resulting hardness are
directly related, and by means of metallographies along the
samples radius. Thus, the samples that showed similar
hardness and microstrutures along the radius, was considered
"lumped thermal systems". But, is very important to cite that,

in our case, the ABNT 1045 carbon steel without alloying
elements, difficultly will present complete martensitic
transformation after quenching of thick pieces.

2. Materials and Methods

Cylindrical samples were made in ABNT 1045 carbon
steel, with diameters equal to 12.7, 14.0, 15.0, 16.0, 16.5,
17.0, 18.0 and 19 mm with a ratio of 20:1 between the length
and radius. Also, test specimens of ABNT 1045 steel were
prepared for the Jominy test according to ASTM 255-10. The
samples were individually heated to 845°C and remained
in the furnace between thirty minutes (smaller diameter)
and forty five minutes (larger diameter) for complete
austenitization. Afterwards, were quenching in water with
manual agitation and later sectioned in half the length, to
obtain surfaces (samples) for metallographic analysis and
hardness tests.

To perform the hardness tests of this work was used the
ASTM E18-00 standard that governs the Rockwell hardness
tests, and limits the distance that must exist between the
indentations and among these and the edge of the analyzed
surface. For each quenched bar, four sectioned samples were
separated for the hardness tests, and in each sample a
hardness value was obtained for the center. Already, for half
of the radius and near the surface it was possible to perform
four indentations on the surface of the samples, being they to
the right, to the left, above and below the center, thus
allowing a greater number of results for each sample. Figure
1 illustrates the locations where indentations were performed.
The hardness test was performed in the Rockwell C scale
with an equipment of the TIME TH301 brand, located in the
Laboratory of Mechanical Testing of the IFRS — Campus
Erechim.

Figure 1. Points under which the indentations necessary to obtain the
hardness results were performed

The samples that were not destined to the hardness tests
were submitted to metallographic tests in order to verify the
microstructural homogeneity along the radius. By optical
microscope, were obtained images in the center, in half of the
radius and close to the surface, according to Figure 2, to
perform a continuous analysis of the microstructures along
the radius of the samples.
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1: Center
2: Half radius

3: Close to the surface

Figure 2. Points under which metallography was performed along the
radius of the samples

The Jominy test was perform with the aim of analyzing the
hardness of ABNT 1045 steel and comparing the hardness
results obtained with samples quenched by immersion in
water. This test followed ASTM A255-10.

3. Results and Discussions

It can be observed, according to the graph of Figure 3, that
the samples with a diameters of 12.7, 14.0, 15.0, 16.0 and
16.5 mm indicated hardness values consistent with those
normally presented in martensitic steels throughout the radial
extension, proving the total hardening after cooling. In the
other samples is possible to verify no homogenous hardening
throughout the radial extent, since the results of hardness
obtained close to surface are compatible with martensitic
microstructures, unlike the values collected in the center,
which no present high hardness. So, is possible to verify that
in the bars with diameter of 17.0, 18.0 and 19 mm the cooling
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rates were not the same along the radial extension. However,
analyzing the standard deviation, is possible to infer that the
hardness is the same along the radial extension for the
samples with diameters of 12.7, 14.0 and 15 mm. Its leads us
to believe that the cooling rates along the radius are also the
same only for these samples. So, we conclude that the 15 mm
bar is the largest diameter that presented same results of
hardness at the analyzed points, corresponding to matensitic
microstruture.

It can be seen that the microstructures shown in Figure 4a
are predominantly martensitic along the radius, and match
the hardness values presented in Figure 3. In the same way,
in Figure 4b, the predominant microstructure is martensite,
but with lower incidence, because this was the maximum
radius that presented same cooling rate in the three points
analyzed of the samples. Finally, with the micrographs
presented in Figures 4c it is possible to identify different
microstructures along the radius, where the martensite
formation occurred only near the surface, unlike the center
that present bainitic microstructures. These micrographs
corroborate with the hardness values shown in Figure 3.
Combining the values of hardness and micrographs is
possible to verify that the cylindrical bar of steel ABNT 1045
with larger diameter that did not present a significant
temperature gradient during the cooling was of 15 mm. With
this is possible to affirm that the cooling rate was practically
the same in the surface and inside the bar, for the samples
with diameters of 15 mm and below these. Such samples,
that in the center and close to the surface presented the
austenite transformed in martensite after quenching, can be
treated how "lumped thermal systems".
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Figure 3. Mean of the hardness values as a function of the position analyzed
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Figure 4. Micrographs of quenched bars of (a) 12.7 mm, (b) 15 mm and (c)
19 mm diameter, organized according to the analysis position. 1000X
magnification

To perform the Jominy test, two specimens were prepared
in order to compare the hardness depth in this cooling
method with the method in which the bars were totally
immersed in water. The graph in Figure 5 show the hardness
with respect to the distance of the border cooled of the
specimens tested, that indicates the hardness was 52 HRC
close to the border cooled, that matches with a martensitic
microstructure extending until approximately the position
3.2 mm. After, there is a sudden drop, where at 4.8 mm from
the border cooled the hardness is 30 HRC, corresponding of
bainitic or pearlitic microstructure. Still, at more longer
distances from the border cooled, the hardness found is very
low, near 10 HRC, characterizing perlite and even ferritic
microstructures.
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Figure 5. Curve of hardness with respect to the distance from the border
cooled of ABNT 1045 steel after Jominy test

4. Conclusions

From the results it was possible to conclude that the
maximum diameter at which ABNT 1045 carbon steel
cylindrical bars behave as lumped thermal systems was 15
mm. For these samples, along of radius, the hardness values
is practically the same in the center, in the half of the radius
and near the surface and, the predominant microstructure is
martensite. So, the bars with diameters of 12.7, 14.0 and 15.0
mm must have a similar values for the cooling rates in the
surfaces and in the centers. However, the bars with diameters

of 17.0, 18.0 and 19 mm, was found that the surface cooling
rate was higher than the center, justified by the hardness
values obtained in these regions. The micrographs obtained
in these samples corroborate with the results of hardness
found, since near the surface the microstructure is
martensitic, unlike half of the radius and the center, which
present bainitic microstructures.

It was still possible to verify that in the bars of 16 and 16.5
mm in diameter, both the hardness and the micrographs,
indicated a martensitic microstructure but with different
cooling rates.

Finally, comparing the Jominy test of the border cooled
with the cooling method in which the cylindrical bars were
totally immersed in water, it is possible to affirm that the
cooling rate was higher in the latter. In this method the
samples were hardened homogenously up to 7.5 mm radius
from the cooled end, two times greater than the hardened
distance in the Jominy test.
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