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1. Introduction
The use of surface treatments by plasma technology has 

increased substantially in recent years, and this technique is 
used to improve the surface properties of different materials 
and to optimize their applications1-5.

Among the diverse plasma surface treatments, carburizing 
has yielded good results in different applications6-9. Plasma 
carburizing is a thermo-chemical treatment that is normally 
performed between 900 °C and 1100 °C, and this technique 
has advantages over the conventional techniques of reducing 
time and gas consumption during treatment (due its high 
reaction kinetics) and of being environmentally friendly2,9,10. 
The high temperatures used in the carburizing treatment 
remain an issue in the treatment of pieces that require a high 
degree of dimensional and geometric control because these 
tolerances lead to loss.

The interest in applying plasma carburizing at low 
temperatures is to combine the known advantages2,10 of 
this technology with the possibility of achieving better 
dimensional control of pieces with complex geometry11. 
This technique was also found to be an efficient technique 
in the hardening process of austenitic12,13 and martensitic14,15 
stainless steel due to the sensitization phenomenon above 
450 °C in these materials. Furthermore, there are some 
studies in the literature, which use plasma carburizing at low 
temperature as a useful method to produce surface layers 
of pure cementite16-19.

Li et al.17 studied plasma carburizing at low temperatures. 
These authors observed the formation of a homogeneous 
cementite layer using radio-frequency plasma to carburize 
pure iron between 225 °C and 400 °C. The Fe3C layer was 
attributed mainly to the low solubility and diffusivity of 

carbon at theses temperatures. Similar results were presented 
by Carpene & Schaaf18 and Schaaf et al.19, who used laser 
plasma cementation at low temperature (up to 500 °C), and 
by Schneider & Inden20 using the conventional method to 
carburize pure iron below 500 °C.

The formation of massive and pure cementite layers in 
plasma carburizing represents a possibility to fully understand 
essential properties of this carbide that is one of the most 
commonly observed and important carbides in steels. Although 
there are some studies in the literature, there remains much 
to understand the mechanism of cementite formation in 
different processing conditions (time, temperature, pressure, 
etc.). Therefore, the relevance and novelty of the present 
paper is to demonstrate the possibility of obtaining single-
phase cementite layers on sintered pure iron by DC plasma 
carburizing at low temperatures (up to 700 °C).

2. Experimental Procedure
The samples used in this work were made from atomized 

unalloyed iron powder AHC 100.29 (Höganäs do Brasil 
Ltda), whose particles ranged in size from 20 to 200 µm 
and whose mean particle size was 100 µm. The powder 
was mixed with 0.8 wt.% stearic acid for 45 minutes, and 
then the mixture was compacted to a pressure of 500 MPa 
using a double-action press. Plasma-assisted debinding and 
sintering (PADS)1 was performed with the samples in a 
floating potential configuration under the sintering parameters 
presented in Table 1.

Carburizing was performed in a plasma system with a DC 
pulsed power supply, as shown in Figure 1. The switched-on 
time (ton) of the pulse can be varied from 10 to 990 µs, and 
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the switched-off time (toff) is proportional to ton. The heating 
of the samples was achieved by auxiliary heating, which 
allows for changes in the temperature without varying the 
plasma parameters. The samples were placed in the cathode, 
and they were allowed to cool in the evacuated apparatus 
following the plasma treatment.

The plasma carburizing parameters used in this work 
are presented in Table 2. The carburizing temperature, the 
percentage of CH4 in the gas mixture and the treatment 
duration time were the variables of this study. The other 
parameters were kept constant and were chosen based on 
the studies of Yuyuan cited by Araújo2.

For each condition, five samples were carburized. Prior to 
plasma carburizing, the samples were ground (SiC sandpaper 
from 400 to 1200) and polished (1 µm Al2O3) to seal the 
surface porosity, which arises from the powder metallurgy, 
and to obtain a smoother surface.

The microstructure and surface morphology of the 
carburized layers were characterized by scanning electron 
microscopy using a Philips XL30 and a JEOL JSM-6390LV 
with a secondary electron (SE) detector. The samples were 
cut on a precision cutter, embedded in epoxy resin and then 

ground and polished. Nital (97% de ethyl alcohol + 3% nitric 
acid) was the reagent used to etch the samples.

The diffratograms of the samples were acquired in a 
Philips X-ray diffractometer (X’Pert MPD) equipped with 
a copper Kα radiation source (λ = 1.5418 Å). The samples 
were rotated on its own axis during X-ray analysis. The 
scan range was from 3 to 118º, with a scan step size of 
0.02 º/s. The diffraction patterns were analyzed with the aid 
of Philips – PC Identify 2.1 software and the ICDD PDF-2 
2001 database.

Raman spectroscopy was performed to characterize fine 
graphite layers formed on the samples surface after plasma 
carburization using a Renishaw 2000 instrument equipped 
with an argon laser (514.5 nm). Spectra were obtained over 
three acquisitions for the spectral range of 100 to 3200 cm–1.

The hardness of the surface layer and the hardness 
profiles of the cross-section were measured using a Leco 
LM100AT microhardness apparatus with a load of 0.01 kg 
(HV0.01). Whereas for the profiles, three indentations were 
taken for each point, the surface hardness values are the 
result of five indentations. 

Variance analysis, a t-test and Tukey’s test were used as 
statistical tools to compare the results of the average values 
of thickness and hardness of the carburized layers.

3. Results and Discussion
Figure 2 shows the cross-section of the samples before 

being carburized. The metallographic procedure prior to plasma 
carburizing is found to allow for a more regular surface with 
the porosity partially sealed, while the unprepared samples 
exhibited a more open porosity on the surface (Figure 2a) 
compared to those that were prepared (Figure 2b).

Figure 3 presents the cross-section of samples treated at 
500 °C, where a porous microstructure and a second surface 
phase are observed in both conditions. These layers appear 
thin and homogeneous along all surfaces, and this surface 
exhibits a high sealing porosity level. Similar results were 
observed by Maliska et al.21 and Borba et al.3. According 
to Borba, the sealing porosity can occur due to the growth 
of nitrites and carbides along with lattice expansion. 
Furthermore, the sealing porosity should take into account 
the sealing obtained by metallographic procedures prior to 
carburizing (Figure 2).

Upon increasing the CH4 content from 5 to 20%, neither the 
thickness nor the layer morphology was influenced (Figure 3). 
This behavior might be related to carbon supersaturation 
on the surface of the samples with 5% CH4 such that the 
increase in the amount of CH4 does not increase the carbon 
concentration.

It is possible to observe a darker film on the surface of 
the samples (Figure 3), which could be a layer of graphite. 
This layer is evident from the Raman spectra of the samples 
carburized for 3 hours, as shown in Figure 4. For all conditions, 
the bands located at approximately 1360 and 1580 cm-¹ 
correspond to the D and G first-order bands of the graphite, 

Table 1. Sintering parameters of the samples.

Temperature
(°C)

Gas Mixture
(%)

Duration (h) Pressure
(Pa)

DDP (V) ton
(µs)

Flow 
(sccm)

1125 80 H2 – 20 Ar 1 133.31 (1 Torr) 400 20 500

Figure 1. Schematic representation of the plasma carburizing system.
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as reported by Tuinstra & Koenig22 and Chieu23. The second-
order bands (G’ and D’’) of the graphite, which are located 
at approximately 2700 and 2950 cm-¹, respectively, are 
well-defined on samples carburized at 700 °C. Thus, it is 
evident that different carburizing conditions result in the 
formation of a thin graphite layer of different morphology 
on the samples.

The graphite film observed on the surface of the samples, 
as indicated by Schneider & Inden20, is formed due to a 
high carbon concentration in the gas phase. According to 
these authors20, the addition of H2S may increase the carbon 
activity on the material surface because this gas prevents 
the formation of a graphite core.

This graphite film can also occur due a supersaturation 
of cementite, thus causing graphite phase precipitation16,24,25. 
This mechanism is known as metal dusting, which may result 
in deterioration of the layer formed and may compromise 
the mechanical properties of the treated material . However, 
metal dusting seems very unlikely to have occurred in this 
research because this film does not have the same interface 
with the Fe3C phase, as seen in the microstructures in16,24,25.

A significant increase in the layer thickness was observed 
by doubling the carburizing treatment time from 3 h to 6 h 
while keeping the methane percentage and temperature as 
fixed parameters. The carburized layer increased from (0.58 ± 
0.07 µm) to (1.10 ± 0.17 µm), as shown in Figure 5. Carpene 

Table 2. The plasma carburizing conditions used in the study.

Temperature
(°C)

Gas Mixture
(%)

Duration (h) Pressure
(Pa)

DDP (V) ton
(µs)

Flow 
(sccm)

500   5 CH4 – 95 H2
20 CH4 – 80 H2

3-6 666.60 (5 Torr) 500 100 240

700   5 CH4 – 95 H2
20 CH4 – 80 H2

3 666.60 (5 Torr) 500 100 240

Figure 2. Cross-sectional micrographs of samples prior to carburization: (a) no metallographic procedure prior to carburizing; (b) ground 
and polished prior to treatment.

Figure 3. Cross-sectional micrographs of samples carburized at 500 °C for 3 hours: (a) 5% CH4 (b) 20% CH4.
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& Schaaf18 and Schaaf et al.19 found similar thickness values 
in their works.

It is observed in the Figure 5 that the substrate porosity 
is not evident as in the micrographs of the Figure 3. The 
apparent sealing of the porous is related to the metallographic 
procedure, once the microstructure of the samples are 
homogeneous.

In the microstructures of the samples carburized at 
700 °C shown in Figure 6, the presence of porous structure 
in the substrate, which arises from the powder metallurgy 
process, and the presence of a second discontinuous phase 
along the surface in both conditions are verified. Note 
that the morphology of these layers consists of irregular 
particles that do not cover the entire surface. However, 

these irregular particles are thicker than the layers formed 
at 500 °C. Furthermore, the graphite film is also present on 
the surface of these samples.

The methane percentage appears to influence the width 
of the surface particles. Samples carburized with 5% CH4 
(Figure 6a) exhibited particles that were more coalesced 
than those carburized with 20% CH4 (Figure 6b).

Figure 7 presents the X-ray diffraction patterns for samples 
before and after plasma carburizing at 500 and 700 °C with 
5% CH4 for 3 hours. From the peaks observed in the X-ray 
diffraction pattern, it is evident that ferrite (α-Fe) (JCPDS 
01-087-0721) is the only phase in the untreated sample and 
that cementite (Fe3C) (JCPDS 01-072-1110) is the stabilized 
phase in the carburized samples.

Although Schneider & Inden20 observed the presence of 
the Fe5C2 phase following carburizing at 500 °C, this phase 
was not observed in the X-ray pattern shown in Figure 7 or 
in the micrographs presented in Figure 3 and 6. It is possible 
that the experimental conditions used in this research only 
promote the formation of cementite (Fe3C).

The presence of the ferrite peaks in the X-ray diffraction 
pattern of the sample carburized at 500 °C (Figure 7) may 
be related to the thin nature of the layer and/or an amount 
of Fe that did not react with carbon18. Samples carburized at 
700 °C also exhibited the ferrite peaks for those reasons and 
because of the non-carburized regions between cementite 
particles, as seen in Figure 6.

Despite the visible formation of a graphite layer on the 
sample surfaces after plasma carburizing at 500 °C and 700 
°C, the peaks of this phase were not detected in the X-ray 
diffraction pattern. Schneider & Inden20 observed similar 
diffraction results in his work.

The carburized layer obtained at 500 °C indicates that 
the ferrite-cementite interface is not planar (Figure 3). This 
roughness reflects the effect of the initial stage of the process, 
where individual particles of cementite have a tendency to 
be formed until other particles are encountered, followed 
by growth of a continuous film2,20,24. The results indicate 
that carbon lateral diffusion in ferrite is higher than that 
into the bulk20.

Comparing the cementite particle sizes at different 
carburizing temperatures, it is evident that the particles 

Figure 5. Cross-sectional micrographs of samples carburized at 500 °C with 5% CH4 for (a) 3 hours and (b) 6 hours.

Figure 4. Raman spectra of the samples plasma carburized for 
3 hours at 500 and 700 °C.
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formed at 700 °C are thicker and wider than those formed at 
500 °C. Three hypotheses can be proposed to the formation 
of the irregular cementite layer at 700 °C: 1) at the beginning 
of carburizing, there is a minor amount of cementite nuclei; 
2) there is a higher diffusivity into the bulk, causing the 
junction between two particles difficult; 3) there is a higher 
lateral diffusion, which increases the width of the particles 
formed at 700 °C. All of these factors contribute to a smaller 
number of wider and thicker cementite particles.

Contradicting the affirmation that cementite is formed 
on the material, Rembges & Luhr26, using Kolbel’s model27, 
proposed that iron atoms are pulverized from the surface 
by ions and that these atoms react with the carbon in the 
gas, depositing back onto the material to consequently 
form a cementite layer. However, such a mechanism does 
not explain by itself the formation of the discontinuous 
carburized layer, as observed in the carburizing treatments 
performed at 700 °C (Figure 6).

Upon comparing the carburizing results at 500 °C with 
those at 700 °C, it is observed that at higher temperatures, the 
diffusion coefficient is higher, thus enabling the formation of 
a thicker cementite layer (Figure 6), as also observed in17. In 

the beginning of the process (Figure 8Bd and 8Aa), the carbon 
diffusion processes at both 700 °C and 500 °C occur under 
the same conditions. However, the higher diffusivity results 
in a more pronounced lateral and bulk diffusion, creating just 
a few cementite nuclei (Figure 8Be) because the saturation 
of the matrix is difficult to achieve. This mechanism results 
in a discontinuous and thicker layer (Figure 8Bf).

Figure 9 shows SEM surface micrographs of the samples 
carburized at 500 °C for 3 hours. The samples were cleaned 
in an ultrasound bath to remove the graphite layer formed on 
the surface. A continuous surface with isolated residual pores 
is detected, according to the previously observed morphology 
of the layers (Figure 3), including a homogeneous cementite 
layer covering the entire surface of the samples.

Figure 10 shows the topography of the samples carburized 
at 700 °C. A discontinuous surface apparently composed 
of two phases is observed at the sample submitted to that 
temperature, as already evidenced in the cross-sectional 
analysis of these samples. Relating the cross-sectional 
micrographs (Figure 6) to the surface micrographs (Figure 10), 
it is believed that the layer of cementite is formed by large 
particles, which appear to form “islands” on the iron substrate 
and probably coalesce during the treatment. This type of 
island formation is similar to the Volmer-Weber theory of 
film growth, which describes the formation of an island or 
irregular layer when the sum of the surface free energy of 
the adsorbed layer A( ) γ  and the interface free energy between 
adsorbed/substrate layers As( )γ  is greater than or equal to 
that of the substrate S( ) :γ  

( )A As S   γ + γ ≥ γ [28] (1)

These surface images also confirm that a lower methane 
percentage in the gas mixture allowed the formation of 
particles that are more coalesced after carburizing, as shown 
in Figure 10a. Another important observation is that in 
regions where the surface porosity is not sealed, the layer 
is irregular and porous in morphology.

Samples carburized at 500 °C have the potential to 
be utilized in applications where high wear resistance 
and good corrosion properties are required because these 

Figure 6. Cross-sectional micrographs of samples carburized at 700 °C: (a) 5% CH4 and (b) 20% CH4.

Figure 7. X-ray diffraction patterns for the samples carburized at 
500 °C and 700 °C with 5% CH4 for 3 hours.
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Figure 8. Schematic representation of the formation process of the cementite layer at 500 °C (A) and (B) 700 °C.

Figure 9. SEM surface micrographs of the samples carburized for 3 hours at 500 °C: (a) 5% CH4 and (b) 20% CH4.

Figure 10. SEM surface micrographs of the samples carburized for 3 hours at 700 °C: (a) 5% CH4 and (b) 20% CH4.
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carburized layers are continuous along the entire surface. 
In contrast, carburizing at 700 °C has the potential to be 
useful in applications that require high wear resistance 
with high tenacity once the cementite has a sufficiently 
high hardness to resist the wear and the ferrite has a high 
tenacity to absorb the impact. According to Marcos29, when 
there is a discontinuous layer, however regular, on a surface 
of a material, a combination of the mechanical properties of 
the two different phases exists (Figure 10). This treatment 
is known as surface structuration.

Figure 11 shows the results of the microhardness 
measurements of the surface and the microhardness profile 
of the samples carburized at 500 °C and 700 °C for 3 hours 
with 5% of CH4 in the gas mixture. The surface hardness 
values are those where the depth is zero (top hardness).

Initially, the hardness of the samples carburized at 500 °C 
(118.80 HV) are found not to have a considerable difference 
compared with the samples that were not carburized (sintered 
pure iron: 103.93 HV). If the variability of these carburizing 
conditions is considered, they are statistically identical. This 
similarity may be associated with the morphology of this 
layer, a very thin and hard layer (cementite) on a ductile 
substrate (pure iron), which would result in breaking of the 
cementite layer and its hardness value being determined 
by the substrate.

According to Jönsson & Hogmark30, when the relation 
between depth and film thickness (P⁄e) exceeds a critical 
value between 0.07 and 0.2, the hardness measurement is 
influenced by the substrate and is not characterized by the 
real film hardness. Ratios (P⁄e) above 2.0 were found for 
samples carburized at 500 °C, thus confirming the substrate 
influence on the hardness values measured.

For samples carburized at 700 °C, a high variability in 
the measurements is observed, not converging to a conclusive 
hardness value that could characterize these layers. This 
high dispersion is related to the irregular morphology of 
the layers formed at this temperature that presents cementite 
particles and ferrite exposed on the surface of the samples.

Despite the high dispersion in the measurements, the 
samples carburized at 700 °C exhibited some hardness values 
similar to the hardness of cementite layers on iron substrates 
formed by plasma carburizing described in17-19. This behavior 

may be an indication that some cementite particles were 
more coalesced at that methane percentage, allowing for 
a reduced influence of the substrate on the measurements.

Figure 11 shows no difference between the microhardness 
profile of the carburized layer at 500 °C to the iron substrate. 
Thus if there was diffusion at this treatment temperature, it 
was not sufficient to increase the hardness of the material. In 
addition, the highest hardness values observed in the profile 
of the samples carburized at 700 °C may be related to the 
largest cementite particles on the surface of these samples 
and also to the presence of a diffusion layer.

4. Conclusions
This work was performed to examine the formation of a 

cementite layer during plasma carburizing at low temperatures 
(500 °C and 700 °C) in sintered unalloyed iron. The primary 
conclusions are listed below:

• Plasma carburizing at low temperatures can be used 
to obtain a polycrystalline cementite layer.

• Carburizing at 500 °C promotes the formation of a 
thin and continuous cementite layer along the entire 
surface, which should be associated with the low 
diffusivity and solubility of the carbon into α-Fe at 
this temperature.

• The methane content did not exhibit any influence 
on the cementite layer at 500 °C, indicating that 
carbon saturation on the surface was obtained with 
5% methane.

• The increase in the treatment time from 3 to 6 hours 
leads to a doubling of the thickness of the cementite 
layer, indicating the linear relation between the layer 
growth and the treatment time.

• At 700 °C, an irregular layer is formed on the surface 
of the samples. This layer is formed by “islands” or 
particles of cementite, which tend to coalesce during 
the carburizing treatment.

• At 700 °C the increase in the methane percentage 
promotes a layer surface in which the particles are 
less coalesced. The mechanism of formation of these 
layers is also associated with the low solubility of the 
carbon in α-Fe. However, the thicker particles that 
are observed are related to higher diffusivity at this 
temperature.

• It was observed a substrate influence on the surface 
hardness of the samples carburized at 500 °C and 
a high dispersion on the surface hardness to the 
samples carburized at 700 °C. Thus the microhardness 
technique is not proper to probe the hardness of the 
layers obtained at this work.
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