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Analysis Of the Effect of Vegetal
and Coking Coals on the Surface Hardness
of Carburized AISI 8620 Steel
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Abstract — In this investigation was developed a comparati-
ve study of the superficial hardness of AISI 8620 steel thermally
treated by carburizing, by the use of vegetable and coking coals.
The objective was to propose an alternative to the element used to
generate the carburizing atmosphere. The previous stages have
been described, such as the preparation of the material and its
verification, as well as the dimensions and characteristics, defi-
ned by the ASTM E-18 standard. By considering four variables,
each one with two levels, an orthogonal array matrix of 16 expe-
riments was generated. The surface hardness measurements were
processed through an analysis of variance (ANOVA), where the
significance of each variable considered as a factor was obtained.
Coking coal can be used as an element for the generation of car-
burizing atmosphere since a maximum relative error of 3.86%
was obtained between the experimental values and the values in
the literature. In contrast, the vegetable coal did not improve the
mechanical properties of the steel, reaching an average hardness

of 25.95 HRC after heat treatments.
Keywords — AISI 8620; Heat treatments; Carburizing; Surface
Hardness.

Resumen — En esta investigacion, se desarrollo el estudio com-
parativo de la dureza superficial del acero AISI 8620 tratado tér-
micamente con cementacion, utilizando carbén vegetal y coque. El
objetivo fue proponer una alternativa al elemento utilizado para
generar la atmosfera de cementado. Se describen las etapas pre-
vias, tales como la preparacién del material y la verificacion del
mismo, también se analizaron las dimensiones y caracteristicas
que define la norma ASTM E-18. Al considerar cuatro variables,
cada una con dos niveles, se generé una matriz de arreglo orto-
gonal de 16 experimentos. Las mediciones de dureza superficial
fueron procesadas mediante un analisis de varianza (ANOVA), se
obtuvo la significancia de cada variable considerada como factor.
El carbon coque puede utilizarse como elemento para la genera-

! Engineering, Productivity and Industrial Simulation Research Group
(GIIPSI), Universidad Politécnica Salesiana, Quito, Ecuador. (e-mail: lrami-
rezg@ups.edu.ec). ORCID number 0000-0003-2569-2974

2 Mechanical Engineering, Universidad Politécnica Salesiana, Quito, Ecua-
dor. (e-mail: nrodriguezp2@est.ups.edu.ec). ORCID number 0009-0005-
7774-8396

3 Electromechanical Career’s Mechanical Engineering and Pedagogy Re-
search Group (GIIMPCEM), Instituto Superior Universitario Sucre, Quito,
Ecuador. (e-mail: isimbana@tecnologicosucre.edu.ec). ORCID number 0000-
0002-3324-3071

* Electromechanical Career’s Mechanical Engineering and Pedagogy Re-
search Group (GIIMPCEM), Instituto Superior Universitario Sucre, Quito,
Ecuador. (e-mail: dsaquinga@tecnologicosucre.edu.ec). ORCID number
0000-0001-8353-1621
Manuscript Received: Sep 06, 2023
Revised: Nov 13, 2023
Accepted: Nov 23, 2023
DOI: https://doi.org/10.29019/enfoqueute.997

cion de atmésfera de cementado, ya que se obtuvo un error relati-
vo maximo de 3.86% entre los valores experimentales y los valores
presentes en la literatura. Por otra parte, el carbon vegetal no me-
joré las propiedades mecanicas del acero, alcanzando una dureza
en promedio de 25.95 HRC luego de los tratamientos térmicos.

Palabras clave — AISI 8620; Tratamientos térmicos; Cementa-
do; Dureza superficial.

I. INTRODUCTION

HE constant technological development seeks to satisfy

the basic needs of people, in addition to improving their
lifestyle [1]. Therefore, it is required that the research fields
prioritize the development of new technologies, which are im-
portant in the analysis of the materials used in manufacturing
or as machine elements. Carbon steel encompasses steel alloys
that contain carbon. Generally, the prices of carbon steels are
low, compared to other alloy steels, for this reason, they are
frequently utilized in industrial of manufacturing environments
[2]. They are resistant to heat, which makes them ideal for ma-
nufacturing, hence, carbon steels are recommended for most
applications [3]. AISI 8620 steel is a low alloy steel, its main
components are nickel, chromium, and molybdenum, being
easy to weld by common procedures. It is a steel for carburi-
zing, increasing its hardness on the surface, although it conti-
nues to have good core toughness. It is recommended to carbu-
rize at temperatures between 900 to 930 °C and then perform
oil quenching to harden [4]. The importance of heat treatment
is that it allows for obtaining specific mechanical properties
through the use and control of temperatures and times, to heat
and cool the steel [5].

Feldiorean and Tiernan [6] studied the hardening process
of AISI 8620 steel obtained by Metal Injection Model (MIM).
Carburizing was done under a methane-nitrogen-methanol at-
mosphere for 135 minutes, followed by austenitizing heating at
830 °C to quench in oil. The hardness was controlled by tem-
pering at temperatures of 130 and 170 °C for 60 minutes. After
the heat treatments, the carbon content increased from 17% to
76% with a maximum layer depth of 0.51 mm. The hardness
of the cemented and tempered steel reached 63.8 HRC, decre-
asing to 45.6 HRC with the maximum values of time and tem-
perature for tempering.

The wear and mechanical properties of case-hardened AISI
8620 steel produced by powder metallurgy were analyzed
by Erden and Aydun [7]. The specimens were carburized at
925 °C for 4 hours, reaching an increase in the ultimate stress
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of 138.1%, but the elongation decreased by 64.7%. The maxi-
mum thickness of the carburized coating was 42.99 um, a layer
that increases hardness and resistance. In addition, this case-
hardened steel presents greater resistance to wear and abrasion.

Kumar et al. [8] analyzed the thermal and metallurgical cha-
racteristics of the surface modification of AISI 8620 steel pro-
duced due to the TIG arc process. Through a thermal process,
an average hardness of 50 HRC was obtained, starting from 15
HRC of the material in its base state. The elastic modulus rea-
ched a maximum of 205 GPa and the Poisson’s radius was 0.29.
The obtained characteristic and dominant microstructures were
martensite and bainite, as well as a slight presence of ferrite.

Studies of the degradation in the sliding wear behavior of
case-hardened AISI 8620 steel at 100 °C in non-lubricated con-
ditions were presented by Thirugnanasambantham and Ganesh
[9]. Using a scanning electron microscope, delamination and
debris generation were observed as the dominant wear mecha-
nisms of carburized AISI 8620. However, for steel without heat
treatment, bow formation and adhesive fragments occurred in
the form of loose fine wear particles. When applying a load of
150 N, the deformation area was greater in the untreated steel,
with an increase of 0.1 mm.

A review of the case-hardening temperature and mechanical
qualities of low-carbon content steels was presented by Wani
and Kumar [10]. For AISI 8620 steel it was shown that, with a
longer carburizing time, the thickness of the hardened layer also
increases. The wear resistance, as well as the ultimate tensile
stress, are higher when carburizing, followed by water quen-
ching. Carburizing is a heat treatment in a hermetic controlled-
atmosphere box that is responsible for introducing carbon into
a solid ferrous alloy. This process is carried out by heating the
metal in a carbonaceous atmosphere, with a temperature higher
than the transformation temperature, and for a certain period.
After carburizing, the elements are cooled to harden the car-
burizing layer on the surface and the nucleus does not undergo
any change [11]. Therefore, the purpose of this investigation is
to comparatively study the surface hardness of AISI 8620 steel
heat-treated by carburizing using vegetable and coking coals.

II. MATERIALS AND METHODS

Minitab is a specialized software for the Design of Ex-
periments, for obtaining the combinations of factors and
levels, and determining the number of experiments to be
developed. It has been considered to heat treat the AISI
8620 steel according to the indications of the supplier’s te-
chnical sheet [4]. The experimental design responds to a
4? factorial design, with four factors and two levels, which are
indicated in Table I.

AISI 8620 steel was selected since it is a steel that requires
carburizing because it is a material that has a lower percentage
of carbon and low hardness. According to ASTM E-18 standard
[12], the material to be experimented with must have a diameter
of no more than 55 mm and a thickness of 10 to 16 mm.

TABLE I
EXPERIMENTAL PARAMETERS
Factor Levels
Carburizing environment Vegetable coal Coking coal
Carburizing temperature 900 °C 950 °C
Quenching temperature 800 °C 830 °C
Hardening temperature 150 °C 210 °C

Therefore, the dimension available in the local market, clo-
sest to the requirement is 50.4 mm (2”), a shaft that is going to
be cut and machined to reach the established thickness. AISI
8620 steel was machined on a lathe to carry out processes,
such as facing, to obtain a good surface quality and avoid pos-
sible reading errors in hardness tests. Figure 1 presents the
result of the machined specimens and the measurement of sur-
face roughness, following the indications of the ASTM E-18
standard, with which the standard thickness of 15 mm was
established for all the specimens. Is recommended a surface
finish with quality N5 equivalent to a roughness of approxi-
mately 0.4 um.

Fig. 1. Machined specimens and experimental measurement of surface roughness

The first step to develop the carburizing process is to put spe-
cimens inside the hermetic box, and then fill it with coal. Con-
sequently, this box needs to be covered to introduce it into the
furnace for heat treatments to increase its temperature until it re-
aches the austenitization phase of the AISI 8620 material, as in-
dicated in figure 2. In this manner, the material absorbs the gases
emanated by the coal (CO,), and it can increase the perlite area.

Fig. 2. Hermetic box for carburizing
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The carburizing experiments carried out were four, which
had variations in temperature (880 and 950 °C), as well as in
the carburizing time (6 and 8 hours). An inlet temperature of
200 °C and a holding time of 8 hours were established for all
carburizing processes. The hermetic box with vegetable coal
was entered into the heat treatment furnace with test specimens
1, 2, 3 and 4, until reaching the austenitization temperature of
900 °C. The procedure was repeated with the same carburizing
environment for specimens 5, 6, 7 and 8, modifying the carbu-
rizing temperature to 950 °C.

The same methodology was repeated for the carburizing
procedure with the hermetic box with coking coal. Test speci-
mens 9, 10, 11 and 12 were treated until reaching a temperature
of 900 °C. An austenitizing temperature of 950 °C was used
for test specimens 13, 14, 15 and 16. Additionally, fiberglass
wool was placed on the borders of the box to seal and retain the
carburizing atmosphere.

The tempering process is required on steel to increase the
surface hardness, which is obtained by heating the steel to the
austenitization temperature, which is detailed in the material
technical data sheet, and then it is cooled abruptly by making
a temperature change. For this temperature change was utilized
Durixol W25 oil, which is an oil specially manufactured for ca-
rrying out heat treatments. It has a rapid cooling characteristic
since it has a property that supports high temperatures before
proceeding to evaporate [13].

Was applied the direct cooling methodology, from the her-
metic box, since the CO, formed must be quickly separated
from the surface, otherwise, it would act as a decarbonizer. In
the case of carburizing with vegetable coal, it was difficult to
control the carburizing atmosphere, more CO, than CO is being
formed [14]. Tempering is a thermal procedure implemented
for steels to improve their mechanical characteristics by increa-
sing their temperature below the melting temperature. The ob-
jective of this thermal procedure is to reduce the weakness of
the material by decreasing internal stresses [15]. To finish the
experimental stage, the measurement of surface hardness was
carried out after the heat treatments, according to the ASTM
E-18 standard. Figure 3 shows the specimens marked with the
points where these measurements were made.

-' - ,:I P “-‘.; e 1‘

Fig. 3. Specimens after heat treatments, before measurement of surface hardness.

Figure 4 also shows the evidence of the values correspon-
ding to the surface hardness of test specimens 3 and 13, which
were thermochemically treated with vegetable and coking coal,
respectively. A value of 58.3 and 24.5 HRC is observed for each

of these specimens, which are close to the tabulated average
values of 59.31 and 25.95 HRC for the carburizing with coking
and vegetable coal, respectively.

‘51‘

Fig. 4. Surface hardness measurements with carburizing in coking coal and charcoal

III. RESULTS AND DISCUSSION

The Analysis of Variance (ANOVA) is implemented to veri-
fy the variability of each value by computing its variance. It is
proposed to identify the measures that are involved in the ex-
perimental process and to determine greater surface hardness
[16]. Table II presents the defined levels and factors in the expe-
riments, in addition to the obtained average hardness, based on
the five measurements that the ASTM E-18 standard indicates.

TABLE II
EXPERIMENTAL HARDNESS MEASUREMENTS
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1 Coking 900 800 150 58.56
2 Coking 900 800 210 57.10
3 Coking 900 830 150 58.42
4 Coking 900 830 210 57.16
5 Coking 950 800 150 61.46
6 Coking 950 800 210 59.70
7 Coking 950 830 150 61.92
8 Coking 950 830 210 60.13
9 Vegetable 900 800 150 24.60
10 Vegetable 900 800 210 22.48
11 Vegetable 900 830 150 25.02
12 Vegetable 900 830 210 23.66
13 Vegetable 950 800 150 28.94
14 Vegetable 950 800 210 26.79
15 Vegetable 950 830 150 29.40
16  Vegetable 950 830 210 26.80
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After carrying out the experiments with the heat treatments
and the thermochemical carburizing treatment, the external

hardness calculations were made for all the specimens, which
was important to carry out the validation of these obtained
values. A normality test is then required by using specialized
software. Figure 5a analyzes the coherence of the distribution
of carburized coal coking hardness values focused on a normal
distribution curve, guaranteeing that the obtained values are co-
rrect and measured adequately. For the normality study of the
obtained hardness values, it considered a confidence interval of
95 %, obtaining a high probability that the real values found fo-
llow a normal distribution. Figure 5b presents the same normali-
ty test for the surface hardness by vegetable coking carburizing.
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Fig. 5. Normality test of hardness measurements a) coal coking carburizing,
b) vegetable coal carburizing.

Figure 6 graphically presents the main effects to identify the
differences between the means. Therefore, a great significance
is observed for the mean carburizing factor, considering this
as the main effect. In contrast, the carburizing and tempering

temperatures have a slight difference, and they come to present
a significance, but with less influence. Finally, the quenching
temperature between the analyzed levels does not present sig-
nificance, being practically a straight line.

Figure 7 shows how each factor interacts with the others.
It is confirmed that the carburizing environment is the most
significant and is influenced by the carburizing and tempering

temperature. Visually, a slope generated by the modification of
these factors is evident.

Carburizing Carburizing Quenching Tempering
medium temp temp temperature
60 -
55 \‘
\
—_ \
g s \
& \
= \
2 \ - o
Q \ ~ *r— ——
] \ e °
T \
= \
= \
35 \
\\
30 \
\;
2 °®
Coking Vegetable 900°C 950°C 800°C 830°C 150°C 210°C
coal coal
Factors and Levels
Fig. 6. Main effects for surface hardness.
900°C  950°C  800°C 830°C  150°C  210°C
L. —" o0 r——p ;) Carburizing
Carburizing medium
. ¢ Cokingcoal
medium “ @ Vegetable coal
-0 8- -8 L - —m
2
.. Carburizing
Carburizing & temperature
temperature ——-% p Ll o —e— 900°C
B 950°C
2
. Quenching
Quenching temperature
—n o —o— 800°C
temperature | W= e
Tempering
temperature

Fig. 7. Interaction between factors and levels.

The distribution diagram indicates the influence of the dis-
continuities found on the response variable. The mean value
data of 2.2 was taken as a reference to verify the level of signifi-
cance, hence, any factor that exceeds this limit has an influence.
Figure 8 allows to observe that the carburizing environment is
statistically the most significant. The carburizing and tempe-
ring temperature factors are also over the limit, therefore, they
are going to be significant. Finally, the quenching temperature
has not reached the limit, allowing to affirm that it does not

influence surface hardness after heat treatments and thermo-
chemical treatment.
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Fig. 8. Pareto diagram of standardized effects.

IV. CONCLUSIONS

The application of thermochemical carburizing treatment is

required before its use, to improve its mechanical proper-
ties and prolong the useful life of the elements manufactured
with this steel. A thermochemical carburizing treatment has
been carried out, using different elements, such as vegetable
and coking coal, to generate different carburizing atmosphe-
res and identify which of them obtains the best results. The-
se carburizing processes were carried out for two hours at
the limit values indicated by the manufacturer, from 900 to
950 °C. It is required to perform a one-stage carburizing, that is
(after the carburizing time) the specimens must be immediately
cooled in oil, to be quenched. Minitab was used as speciali-
zed software for the elaboration of an orthogonal arrangement
matrix, considering as factors the temperatures for carburizing,
quenching, and tempering, each factor with two levels. The
experimental design responds to a 4° factorial design with 16
experiments. In addition, the indications of the ASTM E-18
standard for the measurement of surface hardness were consi-
dered, requiring the preparation of the material according to the
established dimensions.

After the experimental measurement of hardness, the data
was statistically analyzed by using an analysis of variance
(ANOVA). It was defined that the quenching temperature does
not influence the surface hardness, while the carburizing and
tempering temperatures do have significance, with a value of
1.34% and 0.032%, respectively. The factor that most influen-
ced this experimental study was the material used in a carburi-
zing environment, with a value of 98.62%. From this analysis,
it can be stated that vegetable coal requires control for the ge-
neration of the carburizing atmosphere, otherwise, as was the
case, it acts as a decarburizer.

Therefore, coking coal can be used as an element for the ge-
neration of carburizing atmosphere since a maximum relative
error of 3.86% was obtained between the experimental values
and data presented by the manufacturer. Conversely, vegetable
coal does not have a positive effect on the improvement of the
mechanical properties of the steel, since the obtained hardness
values after the heat treatments were, 25.95 HRC, on average.

The manufacturer indicates that, for 150 and 210 °C, the hard-
ness to be obtained must be between 62.5 and 60 HRC, values
that do not resemble those obtained using vegetable coal as a
carburizing environment.
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