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P20 steel, which is mainly used in plastic molds, was thermochemically treated by ion plasma
nitriding and solid and gas carburization. In this work, the solid and gas carburization were performed
at 925 °C for four different durations. The ion plasma nitriding was performed at 520 °C for four
different durations. The thermochemical treatment increased the micro abrasive wear resistance of the
studied material. The gas carburizing treatment resulted in a greater surface microhardness. Longer
treatment times increased the effectiveness of the thickness layer in all cases. The solid carburization
produced a larger thickness layer than the gas carburization and ion nitriding.
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1. Introduction

The rapid expansion and importance of the plastic
industry have recently caused a considerable increase in
the amount of steel required for moulds '. Several kinds of
steel are applied in the moulds fabrication or to the casting
of the low temperature melting point alloy. In addition to
P-series steel, martensitic stainless steels (such as AISI 420
or WN. 1.2083) and those hardened by precipitation, similar
to the PH 13-8 Mo used to manufacture plastic moulds are
commonly used. Tool steels of other series can also be used
(e.g., H13 with ESR refining). In this family, the most used
steels are P1, P6, P20 and electroslag remelting (ESR)) P20.
Currently, P1 and P6 steels are not frequently used, and the
main material is P20 2.

The main property requirements of mould steel are low
hardness at the annealed state (to facilitate the machining
process and the forging of hobbing cavities in the matrix),
wear and impact resistance, mechanical strength, high
polishability and machinability. Usually, steels for moulds
are used in the following forms: carburized, nitrided or
coated. These treatments are used when greater superficial
hardness and better wear, oxidation and erosion resistance
are desirable. Otherwise, tempered and annealed steel can
be used >

The carburization treatment, one of the most known
and applied case hardening thermochemical treatments,
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consists of enriching the surface of the carbon material
to elevate the hardness and tenacity of the piece, which is
then tempered yet maintains its ductile nucleus °. The most
used media for this treatment are gas and solid. The liquid
medium, although efficient and of low cost, is not a currently
recommended medium, as it is a pollutant and highly toxic to
the environment, requiring constant cleaning and specialised
personnel for its performance °.

In the nitriding treatment, surface hardening is promoted
by nitrogen, which diffuses from the surface of the piece
to its interior, reacting with the alloy elements in steel.
The objectives are very similar to those of carburization:
to produce a wear-resistant surface of high hardness with
better resistance to fatigue, corrosion and heat °.

The nitriding process includes: gas, liquid, plasma and
sulfonitriding. Currently, plasma nitriding is one of the most
widely used methods, as this technique demands less time and
provides good mechanical properties to the treated material
in addition to being environmentally harmless. The process
is completely automated °.

Additionally, one of the great advantages of plasma
nitriding, the process used in this project, is the possibility of
controlling the metallurgy of the nitrided layer ’. The nitriding
treatment does not require subsequent tempering, as the
obtained hardening does not involve martensite formation
but the formation of nitrides below the surface °.
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The purpose of this study was to determine the effect
of solid carburization, gas carburization and ion nitriding
thermochemical treatments on P20 steel and to verify the
hardness and wear resistance of the material. The determination
of the thermochemical process efficiency is important, as
the objective is to increase the useful life of parts used for
plastic moulds.

2. Materials & Methods

2.1 Processing

To perform this study, tempered and annealed AISI P20
rectangular steel specimens of size 20 x 35 x 10 mm? with a
hardness of 34 HRC were used. Table 1 presents the chemical
composition (wt%) and the nominal chemical composition ®.
The chemical analyses were performed using a Spectromax
Ametek model LMFOS5 optical emission spectrometer in
the Laboratory of Materials of the Technological College
of Sorocaba (Faculdade de Tecnologia - FATEC Sorocaba).

The solid carburization treatment was performed in the
Laboratory of Thermal Treatment of FATEC Sorocaba. In this
treatment, coal and calcium carbonate (CaCO,) were applied
as the chemical activators responsible for the generation
of carbon monoxide (CO) during the solid carburization.
The composition of the cementing mixture was achieved
by sieving coal with standardised granulometric sieves; the
mixture was then placed into a properly sealed box with the
samples and heated in the furnace at 925 °C for different
treatment times: 2, 4, 6 and 8 hours. After the carburization
treatment, the double tempering treatment was performed
to increase the hardness of the material. Once the treatment
was complete, the furnace was cooled to 860 °C, and the
box remained inside for an additional 30 minutes before
being cooled to room temperature. After the cooling process,
the sample was returned to the furnace for 30 additional
minutes at 860 °C and was then cooled in oil. Annealing
was performed for 20 minutes for 180 °C.

The gas carburization thermochemical treatment was
conducted at the Thermix Tratamento Térmico de Metais
company, which is located in Sorocaba, Sdo Paulo state,
Brazil. The treatment was performed at a fixed temperature
01925 °C with times of: 1, 2, 3 and 4 hours. Table 2 presents
the treatment parameters. After the gas carburization
treatment, a sub-zero treatment was performed, and then,
tempering and annealing was conducted to eliminate the
retained austenite. The tempering treatment was performed
for 30 minutes at 860 °C, and annealing was performed for
20 minutes at 180 °C.

The ion nitriding thermochemical treatment was performed
at the MetalPlasma company located in Sdo José dos Campos,
state of Sao Paulo, Brazil, at a fixed temperature of 520 °C
for 2, 4 and 6 hours. Table 3 presents the parameters used
for the treatment.

In addition, ion nitriding was performed for 12 hours
at the Isoflama company located in Indaiatuba, state of Sao
Paulo, Brazil. The process parameters are listed in Table 4.
These parameters were determined based on the parameters
usually applied in the treatment of P20 steel.

Before the ion nitriding treatment, the samples underwent
sputtering with argon for 3 hours.
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Table 1- Chemical composition (wt %) and nominal chemical
composition of W. Nr. 12.311 (AISI P20) &1,

Elements C Mn Si Cr Mo
Nominal 0.35-0.45 1.30-1.60 0.20-0.40 1.80-2.10 0.15-0.25
Experimental ~ 0.434 1.49 0.306 1.81 0.190

Table 2- Gas Carburization Treatment Parameters.

Carbon potential inside the furnace 1.30%
Propane flow rate 1000 cm*/h
Methane flow rate 60 cm?*/h
Working pressure inside the furnace 6 psi
Carburization temperature 925 °C
Annealing temperature 180 °C

Table 3- Ion nitriding process parameters.

Atmosphere 25% H, and 75% N,
Work pressure 300 Pa
Nitriding Temperature 520 °C
Voltage 350450V

Table 4- Ion nitriding treatment parameters for 12-hour treatment.

Temperature 520 °C
Atmosphere 80% N, and 20% H,
Pressure 350 Pa

2.2 Micro-abrasive Wear Test

Two kinds of tests can be used to study the microwear
behavior. They can be performed with fixed and free ball °.
The fixed ball configuration is used to promote high normal
contact load and consequently high stress in the contact.
On the other hand, the free ball configuration results in
low normal load in the test. The fixed ball test system is
broadly used to study the microwear in a variety of materials.
The micro abrasive wear tests were carried out using a fixed
ball microwear device, as can be seen in Figure 1 '°. In this
technique, a ball often of bearing steel, is pressed against
the test sample in the presence or absence of abrasive slurry.
The ball is clamped between coaxial shafts and driven by
an electric motor. A flat specimen was mounted horizontally
on the ball and is loaded against the ball by a dead weight.
This microwear test produces a circular depression in the
sample that can be measured (Figure 2) to determine the wear
rate of the coating, and under some conditions the substrate
material. After wear testing the wear scars was observed
by optical microscopy (OM) to identify the dominant wear
mechanism. In the present work a 52100 steel ball with
25.4 mm of diameter was used under a controlled contact
load derived only from its weight. The fixed frequency used
in this test was 744 rpm. The normal load used was 8.3 N
and the test time 10 minutes. The tests were carried out
without any type of abrasive or lubricant liquid. After tests
all the samples were analysed by OM using an OLYMPUS
stereoscope, model SZ61, with a 6 Megapixel camera and
Software analysis 2.0, which was used to measure the
diameters and the crater radio generated in a coated system
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by rotation of the ball. The wear volume (V) was defined
by equation (2.1). The depths of the crater penetration were
determined by equation (2.2) '":

- zb?
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where “b” denotes the diameter of the wear crater and
the radius of the standard ball that was used in the test.
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Figure 1 — Microwear device

Substratum

Figure 2 — Circular depression geometry (wear scar) produced in
microabrasive wear test
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2.3 Microhardness Test and Metallography
Analysis

After the treatments, microhardness tests were performed
to determine the profile and effective thickness of the
layer formed by the carburization and nitriding treatments.
The microhardness test was performed at the Laboratory of
Metallurgy at FATEC Sorocaba, in the state of Sdo Paulo,
Brazil, using Mitutoyo equipment model HM 220, a load
of 0.2 kgf and an application time of 15 s. The tests were
performed according to norm ABNT NBR 13.178/94.
The effective layer thickness was determined when its
hardness reached that of the substrate.

Metallography analysis of the studied materials was
performed according to norm ASTM E 395-00. The metallography
was performed using an Olympus optical microscope with
an image capturing camera that belongs to the Laboratory
of Metallography at the Federal University of Sdo Carlos
(Universidade Federal de Sdo Carlos — UFSCar) — Campus
of Sorocaba, State of Sdo Paulo, Brazil.

To examine the white layer produced by the nitriding
treatment, a JEOL/JSM-6010 scanning electron microscope
was used, which was located in the Material Characterisation
Multiuser Laboratory at Jilio de Mesquita Filho State University
(Universidade Estadual Julio de Mesquita Filho- UNESP)/
Campus of Sorocaba.

Energy-dispersive X-ray spectroscopy (EDX) analyses
were performed with a JEOL/JSM-6010 SEM in the Material
Characterisation Multiuser Laboratory at Julio de Mesquita
Filho State University (Universidade Estadual Jtlio de Mesquita
Filho- UNESP)/Campus of Sorocaba. EDX analyses were
conducted to verify the nitrogen and carbon diffusion in the
layers formed by the performed thermochemical treatments.
The readings were performed at the most external part of
the formed layer (Point A), at the end of the layer (Point B)
and in the material substrate (Point C).

3. Results & Discussion

Figure 3 presents the hardness profiles for the different
thermochemical treatments performed. The nuclei of the
materials treated by solid and gas carburization after the
tempering and annealing treatments exhibited an average
hardness of 550 mHV. The nuclei of the nitrided samples
under the processed condition exhibited an average hardness
of approximately 380 mHV.
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Figure 3 (a) presents the hardness profile of the samples
treated with solid carburization. In this treatment, the hardness
of all the materials exhibited a significant increase compared
with the tempered material without carburization, thus
demonstrating the effectiveness of the treatment. The effective
layer thickness for the 6- and 8-hour treatments were very
similar, with values of 2.73 and 2.78 mm, respectively. For the
4-hour treatment, a slight decrease of the effective layer
thickness was observed. The measured value was 2.57 mm.
The thinnest layer obtained in this study was 1.75 mm for the
2-hour treatment. According to Silva and Mei 2, depending
on the time and temperature conditions applied during
solid carburization, the depth of the layer can range from
0.6 to 6.9 mm. It was verified that shorter treatment times
result in a greater surface hardness and smaller thickness
of the formed layer. However, the shortest treatment times
resulted in a steeper decrease in the hardness in relation to
the depth of the formed layer.

Figure 3 (b) presents the hardness profile of the samples
treated with gas carburization. The effective layer thickness
for treatment times of 1, 2, 3 and 4 hours were 0.80, 1.10,
1.40 and 1.70 mm, respectively. The increase of the layer
thickness with treatment time is evident. According to Silva
and Mei %, depending on the time, temperature and potential
of the carbon furnace, the gas carburization treatment can
produce layers with thicknesses ranging from 0.5 to 2.0 mm.
In the 1- and 2-hour gas carburization treatments, a much
steeper decrease of the layer hardness compared with the other
treatments was observed. The behaviours of the material for
the 3- and 4-hour periods (gas carburization) were similar.
For the 2-hour period, a higher surface hardness was observed.

The thickness values of the experimentally formed layers
for the gas carburization treatments performed in this study
were analytically analysed by Oliveira ' using Fick’s diffusion
law and the Arrhenius law. The results obtained from the
theoretical and practical analyses are presented in Table 5,
demonstrating the effectiveness of the method applied to
the determination of the layer depth. The layer thickness
results determined by the practical test were consistent with
the theoretically defined layer thickness, thus demonstrating
the efficiency of the performed thermochemical treatment '>.

The obtained results indicate that the surface hardness of
the layers produced by gas carburization is higher than the
layers produced by solid carburization. Gas carburization
generated layers of smaller thickness compared with
solid carburization. According to Silva and Mei 2, the gas
carburization treatment produces greater surface hardness
and smaller depths in the carburized layer compared with

Table 5- Results obtained by different analysis techniques for the
diffusion coefficient of carbon obtained by the gas carburization
of AISI P20 steel.

Treatment Theoretical Experimental
Time (h) Thickness (mm) Thickness (mm)
1 0.80 0.80
2 1.00 1.10
3 1.20 1.40
4 1.60 1.70
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the solid carburization treatment, thus corroborating the
obtained results.

Figure 3 (c) presents the hardness profiles of the nitrided
samples for times of 2, 4, 6 and 12 hours. The surface hardness
of all materials treated by ion nitriding was higher than that
of the untreated material, demonstrating the effectiveness of
the treatment. The diffusion layer thicknesses of the samples
treated for 2, 4, 6 and 12 hours were approximately 0.19,
0.25, 0.45 and 0.80 mm, respectively, which indicates the
increase of nitrogen diffusion as the treatment time increases.
As observed in other treatments, longer treatment times
resulted in smaller surface hardnesses and greater depths of
the formed layer. The 2-hour treatment essentially resulted
in the same hardness as the 12-hour treatment. However, the
decrease of hardness with depth for the sample treated for
2 hour was much steeper compared with that of the sample
treated for 12 hour.

Figure 4 shows the metallography of the white layer of all
the samples treated with ion nitriding for different treatment
times: (a) 2 hours, (b) 4 hours, (c) 6 hours and (d) 12 hours.

The white layer formed in the nitrided samples was
examined by SEM. For the 2-hour sample, a 7.15-um
white layer was formed (a). In the 4-hour sample, this value
increased to 9.35 um (b); for the 6-hour sample, this value
increased to 11.5 pm (c) and for the 12-hour sample, this
value increased to 9.8 um (d). Note that the 12-hour nitriding
treatment was performed with parameters different from
those of the other treatments.

The significant increase of the white layer thickness with
time is noticeable. The white layer, generally with a thickness
greater than 25 pm, exhibits good gripping resistance, reduces
the coefficient of friction, improves the fatigue resistance
in corrosive environments and the corrosion resistance but
exhibits a low hardness 2. “White layer” or “compound
layer” are the terms used to denote the most superficial
layer formed by iron nitrides. In metallography analysis,
this region exhibits a white colour because it does not react
with the chemical reagent. The layer is composed of two
types of nitrides: € and ¥’. The first type exhibits a nitrogen
content higher than 8.0 wt% and is fragile. The second type
has a nitrogen content between 5.9 and 6.5 wt% in weight
and is ductile. The white layer also exhibits good wear and
corrosion resistance 3.

The diffusion layer, which is below the white layer, is
composed of ¥’ nitrides (needle-shaped) and nitrogen dissolved
in the iron matrix and exhibits good fatigue resistance 3.

The chemical compositions of the layers formed by all
the thermochemical treatments were measured by SEM/EDS,
and the results are presented in Table 6. This analysis is an
important qualitative analysis for the observation of carbon
and nitrogen diffusion along the thickness, starting from the
surface of the material.

The effectiveness of the applied treatments was evident,
as the wt% of the element measured at the top of the layer
was much higher than the measurement in the substrate.
As the reading point approached the substrate, this percentage
decreased.

Figure 5 shows the surface hardness of all the materials
according to the treatment time. Longer treatment times do
not always result in higher surface hardnesses. With the



690 Lopes et al.

(c) 6 hours
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Figure 4 — Micrography of the nitrided layer treated for (a) 2 hours, (b) 4 hours, (c) 6 hours and (d) 12 hours

Table 6- Chemical composition of layers formed.

Treatment Point A Point B Point C
Solid carburization 2 hours 8.3 wt% C 5.4 wt% C 4.1 wt% C
Solid carburization 4 hours 8.4 wt% C 6.3 wt% C 3.9 wt% C
Solid carburization 6 hours 10.5 wt% C 6.9 wt% C 4.0 wt% C
Solid carburization 8 hours 11.4 wt% C 7.5 wt% C 6.0 wt% C
Gas carburization 1 hour 11.9 wt% C 5.7 wt% C 2.4 wt% C
Gas carburization 2 hours 9.7 wt% C 4.9 wt% C 3.6 wt% C
Gas carburization 3 hours 11.4 wt% C 7.8 wt% C 4.5 wt% C
Gas carburization 4 hours 10.1 wt% C 7.9 wt% C 9.0 wt% C
Ton nitriding 2 hours 6.7 wt% N 35 wt% N 1.9 wt% N
Ion nitriding 4 hours 7.9 wt% N 4.1 wt% N 1.7 wt% N
Ion nitriding 6 hours 6.6 wt% N 3.8 wt% N 1.3 wt% N
Ion nitriding 12 hours 7.5 wt% N 3.9 wt% N 1.5 wt% N

exception of gas carburization for 1 hour, longer treatment
time resulted in reduced surface hardness for the solid and
gas carburization treatments. For ionic nitriding, a decrease
in the surface hardness was observed as the treatment time
increases, which increases again with 12 hours of treatment.

Wolfart "4, Reis et al., '>'® and Caetano et al., '’ obtained
similar results, demonstrating that low temperatures result
in a high concentration of nitrogen at the surface, thus

increasing its hardness. As the temperature is increased,
the concentration decreases, diffusing to the substrate and
causing the increase of diffusion depth and decrease of
surface hardness.

Figure 6 shows the depth of the treated layer as a
function of the thermochemical treatment time. It is evident
that longer treatment times result in the greater thicknesses
of the formed layer. As observed by Manfrinato '¥, longer
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treatment times result in larger diffusion coefficients, i.e.,
a greater thickness of the formed layer.

The wear tests were performed to analyse the effectiveness
of the performed thermochemical treatments in relation to
the wear resistance of the study material. Table 7 indicates
that none of the tests reached the substrate, i.¢., the obtained
wear resistance is directly linked to the layers formed by
the treatments.

Figure 7 presents the wear volume as a function of the
different times and types of thermochemical treatment applied.

Materials Research

The treatments that presented the best wear resistance
were the 2-hour gas carburization, with a wear volume of
0.019 mm? due to its high surface hardness and the 8-hour
solid carburization, with a wear volume of 0.017 mm? due
to its uniform hardness in relation to the carburization depth,
as observed in Figure 7.

Analysing the wear scar (Figure 8), it is possible observe
that the active wear mechanism was abrasive. In microabrasive
wear, the wear mode can occur by scratching, rolling or a
combination of both '°. The wear rolling occurs when abrasives

Table 7- Comparison of cap height formed by the wear tests with the depth of the layer generated by the thermochemical treatments.

Treatment Cap Height (mm) Layer Depth (mm)
Solid Carburization 2 hours 0.043 1.75
Solid Carburization 4 hours 0.040 2.57
Solid Carburization 6 hours 0.036 2.73
Solid Carburization 8 hours 0.020 2.78
Gas Carburization 1 hours 0.022 0.80
Gas Carburization 2 hours 0.022 1.10
Gas Carburization 3 hours 0.023 1.40
Gas Carburization 4 hours 0.027 1.70
Ion nitriding 2 hours 0.031 0.20
Ion nitriding 4 hours 0.040 0.25
Ion nitriding 6 hours 0.037 0.45
Ion nitriding 12 hours 0.032 0.90

(&) base material

{c) 1 hour gas carburizing

My

(b) 2 hours zolid carburizing

{d) 2 hours nitriding surface treatment

Figure 8 — Wear scars produced in the microabrasive wear test by (a) base material (b) 2 hours solid carburizing (c) 1 hour gas carburizing

and (d) 2 hours nitriding surface treatment
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roll over the wear surface, while the wear scratching occurs
when the abrasives sliding over the wear surface 2.

In the base material (Figure 8a) and solid carburizing
wear scar (Figure 8b), occurred a mix wear mode by rolling
and scratching, while in the gas carburizing (Figure 8c) and
nitriding wear scar (Figure 8d), the rolling wear mode is
predominant. As the microabrasive wear tests were carried
out without slurry or abrasive, the grooves were produced
by high particle detached from layer produced by surface
treatment and present in the contact interface.

The oxidation observed in the sliding wear can be
explained in that the abrasive particles produced in the wear
region can brake into small pieces and its oxidize fast due to
large exposed area, also being promoted by heat generated
by plastic strain that the specimen or particle suffer.

According to Rosa ¢, the solid carburization process
faces some difficulties for its execution, especially if placed
in a production line, where the main factor is productivity
and quality control. However, this process is still highly
recommended for some parts and occasions. Rosa ¢ also
verified that the advantages of the gas carburization process
are very gratifying, as it allows the control of the process
and also better productivity. The disadvantages are the
required specialised personnel and the expensive equipment;
however, when the advantages of the process are analysed,
the process is concluded to be satisfactory ©.

For nitriding, Corazza ?! observed an improvement of
the heat transfer in the mould during the injection process
compared with the untreated mould, which generates a
shorter cooling cycle. In addition, the reduction of the
mould temperature during the process was observed when
the nitriding treatment was applied. These improvements
can reduce the total cycle time of the injection process
by up to 12% with no decrease in the final quality of the
injected part. Furthermore, during nitriding, the parts
undergo less warping, as low temperatures are used. There
is also excellent control of the nitrided layer. However, the
necessary equipment for this treatment is costly, and the
process is usually slow 2!

4. Conclusions

The solid carburization treatment resulted in the greatest layer
thickness for the same treatment time. After 2, 4, 6 and 8 hours,
the depths were 1.75,2.57,2.73 and 2.78 mm, respectively.
The gas carburization treatment combined high surface
hardness, reaching 923 mHYV for the 2-hour treatment, with
considerable layer depth values 0f 0.80, 1.10, 1.40 and 1.70 mm
for treatments of 1, 2, 3 and 4 hours, respectively. The plasma
nitriding treatment resulted in small layer depths of 0.19,
0.25, 0.45 and 0.80 mm for times of 2, 4, 6 and 12 hours,
respectively.

As observed, shorter treatment times produced higher
surface hardness because of the concentration of the surface
hardening element. Longer treatment times facilitated the
diffusion of hardening elements to the substrate, decreasing
the surface hardness and increasing the depth of the formed
layer.
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All the thermochemical treatments performed in this
study considerably increased the wear resistance of the
studied material. The performed wear tests demonstrated that
solid carburization for 8 hour resulted in the optimal results,
and a similar value was obtained with gas carburization for
2 hour. However, in general, gas carburization produced
the best wear resistance.

The wear volume obtained by the gas carburization and
ion nitriding treatments exhibited similar behaviour, i.e.,
shorter treatment times resulted in smaller wear volumes
because of the greater surface hardness. For the solid
carburization treatment, the material that exhibited the best
results was that treated for 8 hour because of the hardness
uniformity and high layer depth. High wear resistance may
be directly associated to high surface hardness. However,
it was observed that uniform layer hardness also produces
high wear resistance, generated by the longer treatment time.

In addition to the wear resistance of the material,
the effectiveness of the treatment as a whole should be
considered to determine the most adequate treatment needed.
Although the ion nitriding treatment resulted in a smaller
wear resistance when compared with the carburization
treatments, this approach produces decreased warping
of the part, as this approach requires lower temperatures.
Plastic moulds are pieces with many details and minimum
tolerance; therefore, lower warping is essential in these
cases, among other factors.

Nitriding also decreased the total time of the injection
cycle, as this treatment allows greater heat transfer in the
mould, and, consequently, lower temperatures, reducing
the cooling time of the part. Obtaining smaller times in
the injection cycle may be crucial in the selection of the
treatment.

The solid carburization treatment is by far the least
expensive, as it uses simple equipment and does not require
specialised personnel, resulting in interesting properties.
However, there is no control of the formed layer, and as it
requires tempering, this treatment produces greater warping
of parts compared with nitriding. The gas carburization
treatment also produces greater warping; however, there
is great control of the process, and the equipment and
required personnel are less costly compared with those
required by nitriding.

The determination of the most adequate treatment among
those studied here for a given application should be analysed
by considering the results and information presented here.
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