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 Abstract:  The paper presents the results of examinations of materials and tribological properties of chromized carbide 
layers produced on tool steel by means the powder method, modified by the use of low pressure during the 
process, for the avoidance of the oxidation of the batch. Investigations of the structure of the layers, the 
topography of the surface of chromized steel samples, their hardness, Young′s modulus, layers adhesion to 
steel core and tribological properties were conducted. It was proved that the structure and proprieties of 
chromized carbide layers produced by means of both methods are similar. However, layers produced with 
the novel vacuum method have greater thicknesses than layers received with the powder method, at the same 
process parameters (the time and the temperature). This means that, with the novel vacuum method, one could 
produce layers at lower temperatures than is possible by means of the traditional pack powder method, which 
has an essential meaning from the point of view of mechanical proprieties of the steel core.

 Słowa kluczowe:  chromowanie dyfuzyjne, adhezja, właściwości mechaniczne/tribologiczne.

 Streszczenie:  W pracy przedstawiono wyniki badań właściwości materiałowych i tribologicznych węglikowych warstw 
chromowanych, wytwarzanych  na stali narzędziowej metodą proszkową, zmodyfikowaną przez zastosowa-
nie obniżonego ciśnienia podczas procesu, dla uniknięcia utleniania wsadu. Przeprowadzono badania budo-
wy warstw, topografii powierzchni chromowanych próbek, ich twardości, modułu Younga, adhezji warstw 
chromowanych do podłoża stali oraz właściwości tribologicznych. Wykazano, że budowa oraz właściwości 
węglikowych warstw chromowanych wytwarzanych za pomocą obu metod są podobne. Jednak warstwy wy-
twarzane metodą próżniową mają większe grubości niż warstwy otrzymywane metodą proszkową przy tych 
samych parametrach procesu (czas, temperatura). To oznacza, że zmodyfikowaną metodą próżniową można 
wytwarzać warstwy przy znacznie niższych temperaturach, niż jest to możliwe za pomocą tradycyjnej metody 
proszkowej, co ma istotne znaczenie z punktu widzenia właściwości mechanicznych podłoża stali.
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INTRODuCTION

Diffusion chromizing is one of high temperature thermo-
chemical treatments applied with the aim of enhancing 
the life of tooling and machine components that are 
exposed during service to wear by friction and to improve 
corrosion resistance [L. 1–6]. The most commonly 
implemented method of this treatment in industry 
both in Poland and the rest of the world is that of pack 
cementation, consisting of soaking the steel in a powder 
pack mix, containing ferro-chromium, which constitutes 
the source of chromium atoms, an activator, e.g., 
ammonium chloride, enabling the transport of chromium 

atoms to the surface of the steel being chromized, as well 
as a ceramic filler, e.g., kaolin, which prevents caking of 
the powder pack at elevated temperatures [L. 6–10]. The 
chromizing atmosphere in the pack cementation method 
is constituted by volatile compounds of chromium, 
such as chromium halides, which undergo chemical 
reactions of exchange, reduction, or dissociation at the 
steel surface, enabling the diffusion of chromium atoms 
into the steel, thus forming a diffusion chromized layer  
[L. 1, 6]. Diffusion chromizing in a powder pack is a very 
simple method from the point of view of technique, and 
it is inexpensive. Chromizing processes are carried out 
within a temperature range of 900–1100°C, in times 



18 ISSN 0208-7774 T R I B O L O G I A  2/2017 

up to 10 h [L. 1, 4–6]. At such elevated temperatures, 
grain growth is observed in the steel core, and there is 
a deterioration of its mechanical properties, which is 
a downside of this method. 

Our own research related to the modification of 
the pack cementation method of diffusion chromizing 
have shown that, by the application of reduced pressure 
during the process, it is possible to significantly lower its 
temperature [L. 11–15].

In processes run under reduced pressure there occurs, 
among other things, degassing and decontamination of 
the steel surface of impurities, as well as dissociation of 
oxides which retard chemical reactions responsible for 
the formation of the diffusion chromized layer, etc. [L. 2, 
16–19]. Moreover, in processes carried out in conditions 
of reduced pressure, it is possible to use powder mixes 
containing significantly smaller proportions of the 
neutral ceramic filler – kaolin, which is added in order 
to prevent caking of the load. By the same token, the 
powder mix contains more ferro-chromium (by approx. 
25%), which constitutes the source of chromium, and 
this results in an increased amount of active chromium 
atoms taking part in the formation of the diffusion layer 
[L. 11, 14].  Both of the above factors positively affect 
the growth kinetics of chromized layers. 

The object of experimentation in our project 
constituted material and tribological properties of 
diffusion chromized layers with a carbide microstructure, 
formed on the surface of steel by the pack cementation 
method, modified by the application of reduced pressure, 
known as the vacuum method.

EXPERIMENTAl  PROCEDuRE  MATERIAlS

Chromized layers with a carbide microstructure were 
formed on samples made from alloy tool steel of the 
X210Cr12 grade (equivalent: AISI D3), recommended 
for diffusion chromizing.

Chromizing of steel by the novel vacuum method 
in an atmosphere of chromium halides, under reduced 
pressure, was carried out in a silite-heated furnace with 
a gastight retort, coupled to a rotary pump, enabling the 
attainment of a vacuum level of approx. 1 Pa.

Samples designated for the study were placed in 
a powder mix containing 85% ferro-chromium powder, 
14% kaolin, and 1% ammonium chloride (NH4Cl) in 
boxes made from heat-resistant steel with lids.

The method of layer formation in this way, which is 
the subject of the patent by E. Kasprzycka, J. Tacikowski 
et al., has been described in [L. 11, 14, 20].

Chromizing by the traditional powder method 
(pack cementation) was carried out in an electric furnace 
equipped with a temperature control system. Samples 
were placed in a powder mix containing 60% ferro-
chromium powder, 39% kaolin, and 1% ammonium 
chloride (NH4Cl) in boxes made from heat resistant steel 
of special design with lids. The application of boxes of 

special design enabled their hermetic sealing during the 
process by means of enamel, which melts at temperatures 
above 600°C, preventing oxidation of the load. These 
filled boxes were placed in the furnace and heated.

In both cases, the processes were run at 
a temperature of 850°C for 10 h. It should be emphasized 
that, due to the specific nature of processes run under 
reduced pressure, in the vacuum method, a powder mix 
containing significantly less kaolin (15%) was used to 
prevent caking of the load than would be necessary in 
the traditional method (39%). Thanks to that, it was 
possible to increase the proportion of ferro-chromium 
which constituted the source of active chromium atoms 
in the powder mix from 60% to 85% in the powder mix. 
Following the processes, where necessary, a thermal 
heating procedure was applied (austenitization at 990°C 
for 30 min, quenching and tempering at 200°C for 2 h). 

METHODS  OF  INvESTIGATION

Investigations of the morphology of the surface 
of chromized samples, as well as those of their 
microstructure, were carried out with the aid of a scanning 
electron microscope, model TM3000, manufactured 
by Hitachi, with a resolution of 3nm, equipped with 
a detector of backscattered electrons (BSE).

Investigations of layer microstructures were carried 
out on mounted and polished metallographic cross-
sections. Phase composition of the chromized layers was 
determined by X-ray phase analysis. Topography of the 
surface of chromized layers was studied with the aid of the 
Bruker Contour GT-K1 optical profilometer, equipped with  
3 objectives, which allow magnifications within the range 
of 35 to 1200x, as well as the generation of a 3D image.

The hardness of the layers and Young’s modulus 
were measured by means of the Nano-Hardness Tester 
from the Swiss manufacturer CSM, equipped with  
a Berkovich indenter, which is a pyramid with a 54º angle 
and an optical microscope. This equipment enables the 
selection of test loads from 0.05 to 500 mN, as well as 
precise selection of the penetration depth of the indenter 
into the tested material up to 1000 µm.

For evaluation of the adhesion of the layers to 
the steel substrate, the Revetest tester from CSM was 
chosen. This apparatus is equipped with a measuring 
head with a Rockwell indenter, an optical microscope 
with high resolution video imaging system, a sensor 
of acoustic emission, a penetration depth sensor, and 
a sensor of friction and normal forces.

Tribological properties of the samples and their 
wear resistance were evaluated by the three-cylinder-
cone method, employing the I-47-K-54 apparatus, in 
accordance with the specifications [L. 21, 22].

 Measurements were taken with a rotating speed of 
the cone at n = 576 r.p.m. and unit loading pressures of 
50, 100, 300, and 400 MPa during a time of 100 min, 
applying lubrication by Lux 10 oil.
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RESulTS  AND  DISCuSSION

Layer microstructure

X-ray phase analysis of the surface of samples made from 
grade X210Cr12 tool steel, chromized by the vacuum 
method, revealed the presence of the (Cr, Fe)7C3 type 
carbide, as well as (Cr, Fe)2(N, C) carbonitride, similarly to 
the case of samples diffusion chromized by the traditional 
pack cementation method [L. 4–6, 14, 15].

Scanning electron images (SEM+BSE) of layers 
obtained on metallographic cross-sections of chromized 
samples, by both methods carried out using same process 
parameters (850°C/10 h), are shown in Fig. 1. In both 
cases, dark grey carbide layers separated by a clear-cut 
border from the steel substrate can be seen.  However, 
the thickness of layers obtained by the vacuum method, 
i.e. approx. 11 µm, is almost twice that of those obtained 
by the traditional method (approx. 6 µm). In the steel 
substrate, visible are dark grey primary chromium 
carbides (big) and secondary (small), and these are 
constituents of the steel’s microstructure. The surface of 
the chromized samples was silvery and smooth. Scanning 

electron images (SEM+BSE) of the surface of a sample of 
X210Cr12 grade steel, chromized by the vacuum method, 
obtained at magnifications of 500×, 2500×, and 5000×, are 
shown in Fig. 2.

Fig. 2.  The SEM images (SEM+BSE) of the surface of 
the steel sample chromized by means of vacuum 
method: a) Magn. × 500, b) Magn. × 2500, c) Magn. 
× 5000

Rys. 2. Obrazy skaningowe (SEM+BSE) powierzchni prób-
ki ze stali chromowanej metodą próżniową: a) pow.  
× 500, b) pow. × 2500, c) pow. × 5000

Fig. 1.  The SEM image (SEM+BSE) of chromized carbide 
layer produced on the x210Cr12 steel surface by 
means: a – vacuum method, b – powder method

Rys. 1. Obraz skaningowy (SEM+BSE) węglikowej war-
stwy chromowanej wytworzonej na powierzchni stali 
X210Cr12: a – metodą próżniową, b – metodą prosz-
kową

a)

b)

b)

c)

a)

Topography of surface, hardness, and Young’s 
modulus of chromized layers

Figure 3 shows the results of the roughness measurements 
of the surface of steel chromized by the vacuum method 
obtained with the aid of a profilometer.
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Table 1 shows the surface roughness 
parameters of steel chromized by the 
vacuum and traditional methods. The 
basic parameter, characterizing the 
roughness of a surface, in accordance with 
the PN-EN ISO 1302:2004 specification, 
is Ra – the arithmetical mean deviation of 
the profile from the centre line, known as 
Centre Line Average. Of significance are 
also such parameters as Rz – describing 
the maximum height of the roughness 
profile, Rp – the height of the maximum 
peak, and Rq – the root mean square 
deviation of the roughness profile from the 
centre line. All of these parameters, given 
in Table 1, show that the roughness of 
steel chromized by the vacuum method is 
smaller. According to the old and outdated 
Polish specification PN-58/M-04252, 
the roughness of steel chromized by the 
vacuum method would be lower by one 
whole class than that of steel chromized 
by the traditional pack method.

Hardness and young’s modulus of chromized 
samples

Measurements of hardness and of Young’s modulus 
of chromized samples were carried out maintaining 
a maximum penetration of the indenter hmax <0.1 
of the thickness of the layer. Parameters used in 
measurements of Young’s modulus, using the  
Nano-Hardness Tester, as well as results, are given in 
Tables 2 and 3, respectively.

Fig. 3. The roughness profiles (a, b) of the surface of steel chromized by the vacuum method
Rys. 3.  Profile chropowatości  (a, b) powierzchni stali chromowanej metodą próżniową

a) b)

Adhesion

Investigations of adhesion were carried 
out by means of the scratch test with 
a gradual increase of the normal force 
loading the penetrator making a scratch 
on the surface of the chromized layer. 
The measure of adhesion was constituted 
by the critical force, i.e. the least normal 
force causing loss of adhesion of the 
layer to the substrate. 

In order to evaluate the critical force, 
the signal variation of acoustic emission 

Table 1. Roughness parameters of chromized steel surface 
Tabela 1. Parametry chropowatości powierzchni chromowanej stali

Table 2. Parameters of measurements of young′s modulus by means of 
the Nano-Hardness

Tabela 2. Parametry pomiaru modułu Younga za pomocą Nano-Hardness  
Testera

Table 3. Results of measurements of hardness and young′s modulus
Tabela 3.  Wyniki pomiarów twardości oraz modułu Younga

and tangent force was recorded, and results were taken 
of microscopic observations, allowing the localization 
of first lesions caused by loss of adhesion of the surface 
layer or disturbance of layer cohesion, and character of 
damage. Each sample was subjected to three such tests.

In accordance with the assumed methodology 
of adhesion testing, an analysis was carried out of 
changes of test parameters, i.e. friction force (Ft) and 
the coefficient of friction (µ) between the penetrator and 
the tested sample, the acoustic signal (AE) emitted by 
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Fig. 4.  Plot of variations of the tangent force Ft and acoustic emission signals AE vs. load and penetrator path 
(a) superimposed over microscopic images of scratches (b, c, d), obtained during the scratch test of steel 
samples chromized by the vacuum method

Rys. 4.  Wykresy zmian siły stycznej Ft i sygnałów emisji akustycznej AE w zależności od siły normalnej i drogi pe-
netratora (a) oraz obrazy mikroskopowe (rys. b, c, d) uzyskane podczas przeprowadzania testu zarysowania na 
próbce chromowanej metodą próżniową

the layer which was being destroyed, as well as results 
of microscopic observations, and damages to the layer 
created in the region of the scratch.

Results of investigation of adhesion are shown in 
Fig. 4 and listed in Table 4.

The Fc1 parameter described the value of the load 
on the penetrator under which the first fractures were 
observed, the Fc2 parameter described the load under 

Table 4. Critical load values determined during scratch test of steel 
samples chromized by the vacuum and traditional powder 
methods

Tabela 4.  Wartości sił krytycznych określone w teście zarysowania dla pró-
bek ze stali chromowanych metodą próżniową i proszkową

which the next adhesive damages in the form of spalling 
occurred, while the Fc3 parameter was related to the 
load under which decohesion of the entire layer from the 
substrate occurred.

Tribological properties of layers

A comparison of resistance to 
frictional wear of chromized samples 
with carbide-type layers, formed by the 
vacuum method with that of samples 
without a layer, but heat treated (quenched 
and tempered) for various values of unit 
loading p = 50, 100, 300, and 400 MPa 
and a wear time of t = 100 min is shown 
in Fig. 5.

The comparison showed that, thanks 
to diffusion chromizing of tool steel 
carried out by the vacuum method, a more 
than twofold increase was obtained of 

wear resistance of the tested samples. For example, 
linear wear of samples with chromized layers obtained 
by the vacuum method on X210Cr12 grade steel under 
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300 MPa load and wear time of 100 min was approx. 
7 μm, while that of samples made from the same steel, 
but only quenched and tempered, without any layers 
was approx. 16 μm. This speaks of good tribological 
properties of carbide-type chromized layers obtained by 
the vacuum method.

CONCluSIONS

The investigations carried out concerned material and 
tribological properties of carbide-type chromized layers 
formed on steel by the powder pack method, modified by 
the application of lower pressure, the so-called vacuum 
method. Thanks to the modification of this process, as 
was earlier shown in [L. 11, 14, 15], it was possible to 
lower its temperature, which is beneficial from the point 
of view of the steel core’s mechanical properties.

Diffusion chromizing of X210Cr12 grade tool 
steel by the vacuum method enabled the formation of 
layers composed of the (Cr, Fe)7C3 chromium carbide, 
containing trace amounts of the (Cr, Fe)2N nitride, 
similarly to results obtained by the traditional pack 
cementation method [L. 8–12]. Also similar was the 
microstructure of carbide-type chromized layers formed 
by both methods (Fig. 1). But the thicknesses of layers 
obtained by the vacuum method were almost twice the 
size, measuring approx. 11 µm, after 10 h at 850°C, 
while those of layers obtained by the traditional method 
employing same temperature and time were barely  
6 µm. It should be emphasized that in the traditional 
pack cementation method, in order to achieve chromized 
layers with a thickness of approx. 11µm and applying 
the same process time, chromizing would have to be 

run at approx. 900°C, which is in the lower range of 
temperatures used for this method [L. 1, 4–6].

Mechanical properties, hardness, as well as values 
of Young’s modulus of samples chromized by the 
vacuum method, as determined by the Nano-Hardness 
Tester, turned out to be identical to those of samples 
chromized by the traditional method. Their hardness 
was ca. 1450 HV, and Young’s modulus ca. 320 MPa. 
Moreover, the plasticity indices (H3/E2) were identical 
for layers obtained by both methods and amounted to 
0.08. In both cases, the chromized layers featured good 
adhesion to the steel substrate, as evaluated by the 
scratch test.

Surface roughness of samples chromized by the 
vacuum method, as evaluated by a profilometer, was 
slightly less than that of samples chromized by the 
traditional method. The basic roughness parameter, 
the centre line average Ra, was 0.34 µm for samples 
chromized in a vacuum, while for samples chromized 
in the traditional powder pack, centre line average Ra 
was 0.52 µm.  Likewise, the remaining parameters, i.e. 
Rz, Rp and Rq, showed a lower roughness of samples 
chromized in vacuum (Table 1). 

Thanks to chromizing in a vacuum, the wear 
resistance of the tested samples made from X210Cr12 
grade steel was more than doubled in comparison with 
that of samples made from the same steel with no layer, 
subjected only to quenching and tempering, similarly to 
the case of samples chromized by the traditional method 
[L. 15].

Therefore, modification of the traditional pack 
cementation method, consisting of the application of 
lower pressure during the chromizing phase, can be an 
effective means of lowering the process temperature.

Fig. 5. Comparison between the linear wear of X210Cr12 steel samples with chromized carbide layers and 
quenched and tempered steel samples without a layer

Rys. 5.  Porównanie zużycia liniowego próbek ze stali X210Cr12 z węglikowymi warstwami chromowanymi oraz 
próbek ze stali ulepszanej cieplnie, bez warstwy
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