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Abstract: This paper presents the concept of modification of physicochemical properties of steels
by simultaneous diffusion saturation with carbon and chromium or aluminum. The application of
a hybrid surface treatment process consisting of a combination of aluminizing and low-pressure
carburizing (Al + LPC) resulted in a reduction in the amount of retained austenite in the surface layer
of the steel. While the use of chromium plating and low-pressure carburizing (Cr + LPC) induced an
improvement in the corrosion resistance of the carburized steels. It is of particular importance in case
of vacuum processes after the application of which the active surface corrodes easily, as well as in
case of carburizing of low-alloy steel with nickel, where an increased content of retained austenite in
the surface layer is found after carburizing.

Keywords: low pressure carburizing; hybrid heat treatment; diffusion metallization

1. Introduction

Low pressure carburizing is one of the types of gas carburizing, characterized by
very good efficiency and cost-effectiveness in comparison to other carburizing methods.
As it is commonly known, the case-hardened layers are characterized by high strength
and hardness, thanks to which they are applied widely in elements working under high
stress and in point contact [1,2]. To provide additional physicochemical properties of the
carburized layer, it is possible to modify it by introducing another alloy element [3–7].
The creation of layers in the process of carburizing with metallization may take place for
the hard carbides to form on the surface [6,8]. A similar effect can be obtained by other
methods such as pack cementation process [9], TRD process [10,11], or thermal diffusion of
chromium on grey cast iron [12]. The first example is based on the formation of a carbide
layer on the steel surface during the pack cementation process-a chromium carbide layer,
composed of Cr23C6, is formed in the area above the chrome layer. [9]. Further examples
relate to the occurrence of reactive diffusion for iron-based alloys. These examples are
about the formation of carbide layers by diffusion of carbon from the substrate and some
elements like chromium or vanadium from metallization [10–12].

Combining metallization with carburizing process can also be used to provide e.g.,
higher corrosion resistance by employing an additive such as nickel and/or cobalt [4].
However, one of the most frequently applied elements that can ensure increase corrosion
resistance is chromium. The use of chromium plating to increase the corrosion resistance
is a procedure that is widely applied in the case of e.g., fuel cells [13], tools [14], or other
elements made of different metal alloys [15–20].

An important aspect regarding the steel types subjected to carburizing is the content
of retained austenite, which has an impact on the hardness of the layer obtained. The
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high content of retained austenite results in decreased strength properties, such as wear-
resistance or abrasion-resistance [19,21]. In order to enable the martensitic transformation
to take place, in case of steel types with increased chromium [22] and carbon content (or
the carburized layer alone) it is necessary to apply thermal processing that encompasses
subzero treatment during quenching [23,24]. Introduction of aluminum as alloy element
ensures an increase in the temperature of the end of martensitic transformation above
0 degrees, which impacts the reduction in the amount of retained austenite in the pro-
cessed steel, for the carbon content of even up to about 0.8%. Such carbon concentrations
are equal to surface carbon concentrations obtained in steel after carburizing. Thus, it
provides a possibility to quench such steel in oil or in inert gases, without having to use
subzero treatment.

Current literature references do not indicate the use of a metallization process with
a low-pressure carburizing (LPC) process to improve carburized layers by reducing the
amount of residual austenite or enriching them with new physicochemical properties,
e.g., increasing corrosion resistance. The surface layer alloying treatment by the metal-
lization process proposed in this paper can significantly enhance the previously used
carburized layers and contribute to the development of a new hybrid thermochemical
treatment. This paper presents the results of testing two typical carburizing steels used in
the aerospace industry. These steels were subjected to aluminizing and chromium plating
in combination with low-pressure carburizing. Chromium plating was used to increase the
corrosion resistance of these steels, and aluminum plating was used to reduce the amount
of retained austenite.

2. Materials and Methods

The aim of the research was to show that there is a possibility of modifying the surface
properties of the steel after carburizing to increase its corrosion resistance and to reduce
the amount of retained austenite content. Increasing the corrosion resistance of steel can be
achieved by increasing the content of chromium. The reduction in the amount of retained
austenite is caused by the increased aluminum content. Since carburizing steels contain
low content of these elements, a metallization process was applied to increase it. Therefore,
diffusion metallization was combined with low-pressure carburizing in one process, and
then the properties of heat-treated steels were examined.

2.1. Materials and Specimen Preparation

The studies within the scope of formation of the carburized surface layer in combi-
nation with diffusion saturation with metals were carried out on two typical steel grades
subjected to carburizing: 17CrNiMo7-6 and 10NiCrMo13-5, the chemical composition of
which is presented in Table 1. The compositions of steel were established by X-ray analysis
performed using a WDXRF spectrometer (ThermoScientific company-ARLPerfom’X model,
Waltham, MA, USA). The carbon content in those steel grades was determined using the
infrared ration energy absorption method by means of a CS-200 analyzer (Leco company,
St. Joseph, MI, USA).

Table 1. Chemical composition of 10NiCrMo13-5 and 17CrNiMo 7-6 steels.

Steel Grade C [%] Mn [%] Cr [%] Ni [%] Mo [%] Si [%]

17CrNiMo7-6 0.19 0.53 1.72 1.59 0.32 0.32
10NiCrMo13-5 0.16 0.53 1.02 3.24 0.24 0.24

The test specimens were cubes of dimensions 12 × 12 × 12 mm3. The surface of
samples was first ground on silicon carbide emery paper with grade from 180 to 1200
and then one face of each sample was polished with silicon oxide-based slurry. A chrome
coating was applied to one part of the samples and a layer of aluminum to the other to
obtain a diffusion metallization of the steel. The third part of the samples was intended for
the reference carburizing process, without metallization.
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2.2. Aluminum and Chromium Coating Application

Application of coatings for diffusion metallization was performed using the medium
frequency power supply, 150 kHz-MFMS (Medium frequency magnetron sputtering).

The samples were subjected to etching stages followed by the application of chromium
or aluminum coatings, respectively. The parameters of the individual stages are presented
in Table 2.

Table 2. Parameters of magnetron sputtering stages for aluminum and chromium coatings.

Etching Stage

Potential of
Polarization [V]

Argon Pressure
pe [Pa]

Argon Flow f1
[sccm]

Etching Time te
[min] -

−800 2 25 10 -

Deposition of Chromium Coating

Potential on the
Charge [V]

Argon Pressure
pCr [Pa]

Argon Flow f2
[sccm]

Time of
Deposition [min]

Power on the
Magnetron Cr

PCr [kW]
−50 pulsed 0.5 25 115 2 × 0.5

Deposition of Aluminium Coating

Potential on the
Charge [V]

Argon Pressure
pAl [Pa]

Argon Flow f3
[sccm]

Time of
Deposition [min]

Power on the
Magnetron Al

PAl [kW]
−50 pulsed 0.5 25 30 1.5

The thickness of the obtained chrome coating was gCr = 700 nm, while the thickness
of the aluminum coating was gAl = 500 nm.

2.3. Heat Treatment

In the first stage of the process, the samples were subjected to diffusion metallization
in accordance with the parameters given in Table 3. Then, directly after metallization,
low-pressure carburizing at the same temperature was applied. This process consisted
of alternating steps of boost and diffusion. In the boost step, the carburizing atmosphere
is dosed into the furnace chamber. Its thermal decomposition and adsorption of carbon
atoms on the steel surface take place. The carburizing atmosphere was made of a mixture
of gases: acetylene, ethylene, hydrogen, in the 2:2:1 volume proportions. After each boost
step, a diffusion step is applied. At this stage, no process gases are dosed into the furnace
chamber, only carbon is transported from the surface of the sample to its core. Detailed
carburizing parameters are presented in Table 3.

Table 3. Parameters of annealing and carburizing process.

Lp. Stages Temp. [◦C] Time [min] Furnace Pressure [Pa]

1 Pumping
down - 20 10

2 Heating up 1050 - 10
3 Annealing 1050 140 10
4 Boost 1050 4 300−800
5 Diffusion 1050 10 10
6 Boost 1050 2 300−800
7 Diffusion 1050 17 10
8 Boost 1050 2 300−800
9 Diffusion 1050 34 10

10 Boost 1050 2 300−800
11 Diffusion 1050 31 10
12 Cooling down 860 20 10
13 Quenching 50 - 1.2 × 106
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After carburizing, initial cooling down under vacuum was applied, with an isothermal
stop in that temperature with. Next, cooling in gas (nitrogen) took place down to the
ambient temperature. In case of samples after the process of carburizing with chromium
plating, the samples were additionally subjected to sub-zero treatment in liquid nitrogen to
limit the amount of retained austenite. After carburizing and quenching, tempering was
applied in the temperature of Tt = 150 ◦C, during tt = 2 h.

The applied method of obtaining hybrid layers was described in detail in the patent
application [3].

2.4. Microstructure and Hardness Measurement

Metallographic observations were carried out by means of scanning electron mi-
croscopy with the use of a HITACHI S-3000N electron microscope (Hitachi, Tokyo, Japan).
The tests were performed on cross-sections transverse to the surface of the treated steel.
Metallographic specimens were made on silicon carbide sandpaper grades from 180 to
1200, and then polished and etched with the Mi1Fe reagent.

After quenching and tempering, measurements of hardness distribution in the surface
layer of the steel types processed were performed by Vickers’ method under a load of
F = 9.81 N.

2.5. Phase Identification

Identification of phases in the carburized layers of steel obtained was carried out
by means of the low angle X-ray diffraction method using a PANAnalytical Empyrean
X-ray diffractometer (Malvern Panalytical, Malvern, Worcestershire, UK) with a cobalt
anode X-ray tube. Scanning took place in θ-θ configuration, for 2θ angles within the
range of 20◦–85◦, with steps of 0.05◦ and time per step tc = 10 s. Based on the examination
presented, the quantitative phase identification of retained austenite for layers carburized in
combination with the metallization process (hybrid process), and without such combination,
was established as well.

2.6. Examination of the Chemical Composition of the Surface Layer

The chromium and aluminum concentration gradients, as well as the measurement
of the depth of diffusion of these elements, were performed by means of the quantitative
depth profiling (QDP) method, using optical emission spectrometry with glow discharge
on a LECO GDS-850A device.

The measurement parameters for the measured materials in the case of the above-
mentioned methods were voltage Ug = 700 V, intensity Ig = 30 mA and pressure pg = 1.33 kPa.
Measurements were made with a frequency of 50 Hz. The measurement accuracy of the
method used is at the level of ±0.015%.

The GDOES spectrometer (Leco company, St. Joseph, MI, USA) also measures the
gradient of carbon concentration obtained in the steel surface layer as a result of the
carburizing process. The measurement was carried out using a series of evaporations with
mechanical removal of successive layers of material on AlOx sandpaper grade 180. The
obtained carbon content and the amount of mechanically removed material allow us to
determine the dependence of the carbon content on the depth. The concentration gradients
of individual elements were determined from the surface towards the core of the tested
materials. The measuring accuracy for the carbon concentration profile is ±0.014%.

2.7. Corrosion Resistance Examination

To evaluate corrosion resistance, the diffusion layers combining the low-pressure
carburizing process with chromium plating were also subjected to a test of resistance of
the impact of humidity according to the PN-EN ISO 6270-2:2006 standard [25], in the
temperature of tw = 40 ◦C and humidity of W = 98%.

To determine the degree of corrosion, the weight of the corrosion products was
measured using the gravimetric method for the samples after the tests of resistance to
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moisture lasting 222 h. The samples after the corrosion tests were weighed and then
washed in 30 mL of acetone using an ultrasonic cleaner. Washing time t = 10 min. This
allowed the removal of loose corrosion products. The samples were thoroughly dried
and reweighed. In the next stage, the rest of the corroded material was removed from the
surface by sandblasting under the pressure of pp = 0.3 MPa and with the use of grain with a
gradation of 80 µm. The samples were again washed in an ultrasonic cleaner and weighed.

3. Results
3.1. Metallographic Observations and Identification of Phases

Observation of metallographic sections for the samples enabled the evaluation of the
atmorphology of the layers created. These layers have a structure typical of steel after
carburizing: martensite + retained austenite. No presence of carbides or other formations
was found in the surface layer structure of samples made of 10NiCrMo13-5 steel after
the hybrid process of chromium plating (Figure 1a) and aluminum coating (Figure 1b)
with low pressure carburizing (Cr + LPC and Al + LPC processes). Meanwhile, carbide
formations were found in the 17CrNiMo7-6 steel after the hybrid process of carburizing
with chromium plating (Cr + LPC) (Figure 1c). No compounds were found in the surface
layer of the same steel subjected to a hybrid process of aluminum coating and low-pressure
carburizing (Al + LPC) (Figure 1d). In the steels after the Cr + LPC process, it is difficult
to reveal the structure of the surface layer (Figure 1a,c), due to the increased corrosion
resistance resulting from the increased chromium content. A reduction in the amount of
retained austenite in the near-surface zone is evident in the steels after the Al + LPC process
(Figure 1b,d).
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Figure 1. Martensitic microstructure of 10NiCrMo13-5 and 17CrNiMoCr 7-6 steels after: (a,c) low
pressure carburizing process with chromium plating; (b,d) low pressure carburizing with aluminiza-
tion. Etching performed with Mi1Fe, magnification ×500.

Low angle X-ray diffraction (Figure 2) confirmed that the compounds found were
Cr7C3 chromium carbide and cementite.
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Figure 2. Diffractogram for 17CrNiMo 7-6 steel after low pressure carburizing process with
chromium plating.

3.2. Quantitative Profile Analysis and Hardness Distribution

The results of examinations regarding quantitative profile analysis showed that for
the sample of 10NiCrMo13-5 and 17CrNiMo7-6 steel, the chromium diffusion depth was
comparable and equal g1 = 28 µm (Figure 3a) and g2 = 25 µm (Figure 3a), respectively. The
sample shown also differed in the gradient of concentration of this element-for the 17CrNiMo7-
6 steel the surface concentration was about c1 = 9%wt, while for the 10NiCrMo13-5 steel it was
about c2 = 7%wt. In case of the Al + LPC process, the diffusion depth for both types of steel
was about 10 µm (Figure 3b). The aluminum content near the surface was about c3 = 1.2 %wt
for 10NiCrMo13-5 steel and about c4 = 1.1% wt for 17CrNiMo7-6 steel (Figure 3b).
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The comparison of results of measurements of carbon concentration and hardness
profile performed for low-pressure-carburized layers with and without chromium showed
that for the 10NiCrMo13-5 steel there are no significant differences in terms of the carbon
concentration gradient (Figure 4a). It is similar in the case of hardness; the profiles are
the same (Figure 5a). For the 17CrNiMo7-6 steel, in view of the presence of carbides in
its structure, the carbon content near the surface after the Cr + LPC process was higher
(Figure 4b) than for the process of low-pressure carburizing. It is reflected in the hardness
distribution (Figure 5b). The surface hardness after the Cr LPC process for this steel is
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higher than after LPC due to the presence of carbides. The remainder of the hardness
distribution is the same in both cases (Figure 5b). The samples subject to a hybrid process of
carburizing with aluminum coating did not show significant differences regarding carbon
content in comparison to sample after the low-pressure carburizing process (Figure 4). The
situation is similar for hardness distributions. The hardness profile after the LPC process is
the same as after the Al + LPC process (Figure 5).
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3.3. Corrosion Tests

For the samples after the hybrid process of chromium plating and low pressure
carburizing the test of resistance to humidity were performed according to the PN-EN ISO
6270-2:2006 standard [25], in the temperature of tw = 40 ◦C and in humidity of W = 98%.
The examinations showed that the corrosion resistance for the 10NiCrMo13-5 steel and
the 17CrNiMo 7-6 steel was significantly improved in comparison to samples without
chromium plating. In the case of these samples, no corrosive pitting was found, while
on samples without chromium plating, the corrosion products appeared in significant
amounts. The observations confirm the results of the tests carried out with the weight
method. The weight loss (Figure 6) confirms that the corrosion processes take place faster
in the case of carburizing itself.
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3.4. Measurement of Retained Austenite

The samples subjected to the hybrid process of carburizing with aluminum coating
exhibited a significant decrease in retained austenite content near the surface (Figure 7).
In the 17CrNiMo7-6 steel, the amount of retained austenite was reduced after the hybrid
process by 14% on average, while in 10NiCrMo13-5 steel the amount of retained austenite
decreased by 28% in comparison to the standard carburizing process.
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4. Discussion

Based on the research, it can be concluded that the diffusion of chromium into the solid
solution improved the corrosion resistance of the steel after carburizing, without limiting
the diffusion of carbon and without changing the hardness of the surface layer of the steel
treated in this way. In 17CrNiMo7-6 steel, the surface hardness was high (above 800 HV)
due to the content of chromium carbides, but this can be eliminated by increasing the
annealing time during the chrome treatment of this steel and thus reduce the concentration
of chromium. No chromium carbide precipitation was found in the 10NiCrMo13-5 steel,
because this steel contains less chromium than 17CrNiMo 7-6 steel, and thus the surface
concentration of chromium after the Cr + LPC process was lower. The microstructure of the
carburized layer has not changed-the structure shows martensite and retained austenite.
The mentioned phases were only saturated with chromium.
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In the case of the Al + LPC process, the addition of aluminum to the steel reduced
the amount of retained austenite after carburizing and quenching, and thus increased
the surface hardness. The microstructure of the surface layer for both steels showed
a clear decrease in the amount of retained austenite, which is desirable for carburized
layers. This is most likely due to the increase in the temperature of the final stage of the
martensitic transformation, which is influenced by the aluminum content. In this case, the
carbon concentration gradient and hardness distribution were also the same as after the
LPC process.

5. Conclusions

The conducted research shows that it is possible to increase the physic-chemical prop-
erties of low-pressure carburized layers as a result of additional saturating the surface layer
of steel with a suitable type of element. In both steel grades, the saturation with aluminum
and chromium did not limit carbon diffusion, nor did it change the hardness profile, but
gave these steels additional properties. In the case of a high surface concentration of carbon,
as is the case after carburizing steel, Al + LPC process may replace the necessity subzero
treatment after quenching. This is important for low-alloy steels with nickel, where an
increased content of retained austenite in the surface layer is found after carburizing. While
the application of the process of Cr + LPC makes it possible to increase the corrosion
resistance of the steel after carburizing. This, in turn, is particularly important importance
in the case of vacuum processes, after which the active surface corrodes easily.
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