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Effect of Carbon on the Compound Layer
Properties of AISI H13 Tool Steel in Pulsed
Plasma Nitrocarburizing
Rodrigo L. O. Basso, Carlos A. Figueroa, Luiz F. Zagonel, Heloise O. Pastore,
Daniel Wisnivesky, Fernando Alvarez*
Due to the mechanical and inertness properties of the e-Fe2-3N phase, its formation as a
compact monolayer is most wanted in plasma surface treatments of steels. This phase can be
obtained by the inclusion of carbon species in the plasma. In this work, we present a
systematic study of the carbon influence on the compound layer in an AISI H13 tool steel
by pulsed plasma nitrocarburizing process with different gaseous ratios (0%� [CH4]/
[N2þCH4þH2]� 4%). The plasma treatment was carried out for 5 h at 575 8C. The micro-
structure and phase composition of the modified layers were studied by scanning electron
microscopy and X-ray diffraction, respectively. X-Ray photoelectron spectroscopy was used to
measure the relative concentration of carbon and nitrogen on the surface. The hardening
profile induced by the nitrocarburized process is also reported.
Introduction

The mechanical and inertness properties of a compact

compound monolayer, constituted of the e-Fe2-3(C,N)

phase, are pursued in some applications where hardness

and corrosion resistance are wanted in metals.[1–6] The use

of plasma nitriding in steel surface modifications is a

well-established method since the compound and diffu-

sion layers are generally well controlled by the technique.

On the other hand, to obtain a compact, monolayer

e-Fe2-3(C,N) phase by plasma nitriding is not straightfor-

ward. Therefore, in order to overcome this inconvenience,

the nitrocarburizing process proved to be a possible

fashion to obtain a monolayer formed by the e-Fe2-3(N,C)
R. L. O. Basso, C. A. Figueroa, L. F. Zagonel, D.Wisnivesky, F. Alvarez
Instituto de Fı́sica ‘‘Gleb Wataghin’’, Universidade Estadual de
Campinas, Unicamp, CEP 13083-970 Campinas, SP, Brazil
E-mail: alvarez@ifi.unicamp.br
H. O. Pastore
Instituto de Quı́mica, Universidade Estadual de Campinas,
Unicamp, CEP 13084-862, Campinas, SP, Brazil
phase.[7,8] In general, plasma nitrocarburizing normally

produces a compound layer with mixed e-Fe2-3(N,C), g 0-

Fe4N and/or u-Fe3C phases. Such a nitrocarburized phase

structure is known to be deleterious to the tribological

properties due to the inherently high internal stresses

arising from the phase boundaries. This stress is due,

among other things, to the difference in the lattice

parameters of the phases constituting the compound

layer.[3] However, the Fe-N-C ternary phase diagram

proposed by Slycke et al.[9] shows a possible route leading

to a single, e-phase monolayer by controlling the nitrogen

and carbon content on the forming layer at the surface.

Indeed, for a relative low carbon concentration level in the

plasma atmosphere, the undesirable g 0-phase is also

formed. On the other hand, by increasing the carbon con-

centration in the atmosphere, a layer containing cementite

is obtained which is also undesirable. As it is well known,

the type of phase formation and characteristics of the

surface layers are specific to the treatment, depending on

the material composition and process parameters.[3]

Recently, a monophase e compound layer was achieved

on a plain carbon steel surface in austenitic plasma
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nitrocarburizing by using an organic vapor as the carbon

source.[10] In the present study, the purpose is investigat-

ing the optimal treatment condition by plasma nitrocar-

burizing of a martensitic steel leading to the formation of a

compact, homogeneous e-Fe2-3(C,N) phase monolayer.
Figure 1. XRD pattern of the nitrocarburized samples as a function
of the CH4 content in the plasma atmosphere.
Experimental Part

Rectangular substrates (20� 10�2 mm3) from commercial AISI

H13 tool steel of composition 90.6Fe, 0.5C, 0.4Mn, 1.0Si, 5.1Cr,

1.4Mo, 0.9V (in wt.-%) were used for the experiments. The ferritic

steel was pretreated by quenching and tempering, to obtain

martensitic microstructure. Before nitrocarburizing, the samples

were mirror polished with diamond abrasive powder (1 mm)

and ultrasonically cleaned in alcohol. The nitrocarburizing experi-

ments were performed in a plasma apparatus consisting of a hot

wall furnace with 200 kg load capacity powered by a pulsed source

of 1 000 V and 60 A maximum voltage and current, respec-

tively.[11] A low pressure sputter precleaning was realized with Ar

and H2 plasma during the heating of the samples up to

the nitrocarburizing temperature (575 8C� 5). The plasma nitro-

carburizing process was performed at a constant pressure of 400

Pa during 5 h. For the study, different gaseous mixtures of N2, H2,

and CH4 were used (0%�f�4%, f¼ [CH4]/[N2 þCH4 þH2]). The

total flux was maintained constant at 0.35 slm and the different

gaseous mixtures were obtained by introducing methane at

different proportions (0, 1, 2, 3, and 4%). The remaining gaseous

flux, completing the 0.35 slm, was supplied by N2 and the H2 at the

ratio of 90/10; i.e., 90% N2 and 10% H2. After the treatment, the

samples were cooled down slowly inside the vacuum chamber.

The treated samples were sliced and mounted in conductor

Bakelite and mirror polished (0.05 mm) with colloidal silica. The

carbonitrided layers were revealed, at room temperature, by

etching the samples with Nital 2% (2% v/v nitric acid in absolute

ethanol). The cross-section morphology and the thickness of the

carbonitrided layers were analyzed by SEM (JEOL JMS-5900LV). In

all the carbonitrided samples, the hardness was obtained using a

Berkovich diamond tip (NanoTest-300) and the results analyzed

using the Oliver and Pharr method.[12] Each reported hardness

measurement was obtained averaging ten indentation curves. The

phase compositions of the compound layers were studied by X-ray

diffraction (XRD) analysis, performed in both u-2u and glancing

incidence geometry (GIXRD). The u–2u XRD patterns were obtained

using a (D5000 diffractometer) with a CuKa line. In the glancing

incidence geometry, the XRD analysis was performed in a Rigaku

diffractometer also using a CuKa radiation. The relative concen-

trations of carbon and nitrogen on the surface were obtained

by X-ray photoelectron spectroscopy (XPS) using the 1 486.6 eV

(Ka-line) photons from an Al target and a VG-CLAM2 hemi-

spherical analyzer. The total apparatus resolution was �0.85 eV

(line-width plus analyzer). The system details are reported

elsewhere.[13] The relative atomic composition at the sample

surfaces was determined by integrating the core level peaks,

properly weighted by the photoemission cross-section. As is

well known, XPS gives information of the outermost atomic

material layers (�0.5 nm).[14]
Results and Discussion

Figure 1 shows the XRD pattern of nitrocarburized samples

obtained at variable CH4 content (f¼ 0–4%) in the com-

position of the gaseous flux feeding the plasma chamber.

The results from the pristine sample are also included. Due

to the presence of carbon and nitrogen, the phases a-Fe,

g 0-Fe4N, e-Fe2-3(C,N), and u-Fe3C constitute the nitrocarbur-

ized layers. Roughly speaking, the intensity of XRD peaks

of g0-Fe4N and e-Fe2-3(C,N) phases become progressively

higher on CH4 increasing in the gaseous mixture from f¼ 0

to 3%. At higher proportions (f¼ 4%), the g 0-Fe4N and

e-Fe2-3(C,N) phases disappear at the same time that the

u-Fe3C phase becomes more important. It is interesting to

remark that at lower (1%) and higher (4%) f the u-Fe3C is

present. From the diffraction patterns and taking into

account the metallurgical properties, the condition f�3%

for a pure e-Fe2-3(C,N) compound layer was obtained.

Moreover, the GADRX of this sample shows a single phase

of e-Fe2-3(C,N) in agreement with SEM result showing a

compact and homogeneous compound layer up to 6 mm

(Figure 2).

Figure 2 shows the SEM cross-section micrographs of the

carbonitrided samples treated with f¼ 0, 1, 2, 3, and 4%

of CH4 gaseous mixture feeding the chamber. In the

samples treated with f¼ 1, 2, and 3%, the electron micro-

scopy revealed an increasing thickness of the carboni-

trided layer. Also, there is a thin compound layer in the

outermost surface followed by a diffusion zone containing

carbon and nitrogen. For the sample prepared with f¼ 4%,

there is an abrupt change, i.e., no compound layer is

formed and the diffusion layer is reduced. Also, different
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Figure 2. Cross-section SEM micrographs of the carbonitrided
samples treated at different gaseous mixture (f) feeding the
chamber.
microstructure is observed as compared to samples treated

at lower f. This reduction in the carbonitrided layer

thickness is a result of the excessive carbon in the plasma

atmosphere. This is probably due to the fact that excess of

carbon reduces the nitrogen potential at the material

surface. In other words, an excessive carbon content is

accumulated on the surface material without having the

time to diffuse deeper into the material. Moreover, the

higher carbon content at the surface blocks the nitrogen

penetration in the material.[3,9,15]

As observed in Figure 3, a maximum hardness is

obtained for f¼ 3%. Indeed, the absence of u-Fe3C seems to

be the cause of this result (see Figure 1). Suhadi et al.[10]

have shown that there is an optimal organic vapor

concentration where the compound layer is maximum

and there is no u-Fe3C phase. These results suggest a

complex correlation between the physical properties of the

modified layers (bulk properties) and the CH4 content in

the plasma atmosphere (plasma properties). On the other

hand, the hardness values are correlated with nitrogen and

carbon concentration on the surface, as indicated by XPS.

Indeed, carbon and nitrogen concentrations show a mini-

mum and a maximum at f¼ 3%, respectively. Moreover,

the bulk layer properties show a simple relationship of the

carbon and nitrogen concentrations measured by XPS in

the material (Figure 4). This figure shows the hardness

values at the surface samples as a function of the carbon

and nitrogen concentration from XPS analysis. Harder

layers are obtained at higher nitrogen and lower carbon

contents, respectively. This condition is achieved for

f¼ 3%, where a thick, compact, homogeneous e-Fe2-3(C,N)

layer was obtained with 2.6 wt.-% and 5.4 wt.-% of carbon

and nitrogen respectively (Figure 2, 3). Finally, we note

that, although the u-Fe3C phase is hard, it must be avoided.

This is so due to its poor mechanical properties and low

toughness.[16] Last but not the least, we should note that

the crystalline phases observed by XRD, GIXRD, and

element concentrations (C and N) are in agreement with

the Fe-C-N phase diagram proposed by Slycke et al.[9]
Figure 3. Hardness and nitrogen concentration (left axis) and
carbon concentration (right axis) at 200 nm surface samples
with different CH4 content in the gaseous mixture feeding the
chamber.
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Figure 4. Hardness dependence at 200 nm depth (surface) as a
function of carbon and nitrogen content.
Conclusion

Samples of AISI H13 tool steel were treated by pulsed

plasma nitrocarburizing process at variable CH4 content in

the plasma atmosphere. The samples were characterized

by XRD, GIXRD, SEM, XPS, and hardness measurements.

There is not a simple relationship between the gaseous

mixture feeding the chamber (plasma structure) and the

final physical properties of the modified layer (bulk

properties). However, a fairly linear dependence among

hardness, nitrided layer thickness, and N and C concentra-

tions on material surface was observed. Increasing carbon

content on the surface diminishes the compound and

diffusion layers’ thicknesses. A decreasing hardness due to

the formation of u-Fe3C was also observed for increasing

carbon content. These effects were ascribed to an excess

carbon at the material surface blocking the nitrogen

diffusion. A compact compound e-Fe2-3(C,N) monolayer

was obtained with 2.6 wt.-% and 5.4 wt.-% of carbon
respectively.
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