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Abstract

The main purpose of the present study is to verify the possibility of decarbonizing the surface of heat-resistant ductile
iron GJS-XSiMo5-1 to provide a significant difference in carbon content between this material and gray cast iron EN-
GJL-250. In the future, this will allow to increase the diffusion of elements during the creation of the two-layered material
using the casting process with materials in a liquid state and solid state. The above method was assumed to solve
the problem of defects on turbocharger’s housing in an economically justified manner which occurred in some high-
performance premium applications. Evaluation of decarbonized surface quality was investigated by microstructure
observation (light microscopy) and alloy elements diffusion (scanning electron microscopy), and hardness measurement
and the element content were checked by spark optical emission spectrometry and glow discharge optical emission
spectrometry, respectively.
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1. Introduction simultaneously leads to an increase in temperature and thermo-
mechanical stresses occurring in individual turbocharger
components and subassemblies.

Designers of internal combustion engines and propulsion
systems are currently facing new challenges of the EU
directive limiting the emission of harmful substances, primarily
CO,. Each car manufacturer proposes engines with higher
performance. Analysis of literature data [1,2] indicates that
the achievement of the requirements set for constructors and
car manufacturers by the Euro 6D standard can be obtained
by increasing ecological and economic effects resulting from
the use of a turbocharger as a device supporting the operation
of an internal combustion engine (Figure 1). It is a rotor-flow
machine driven by the exhaust gases of the engine and its
function is to increase the mass of air supplied per unit of  Figure 1. Internal combustion engine with a turbocharger.

time to the engine cylinders. Thus, it enables more accurate

combustion of a larger mass of fuel, thus obtaining greater  Gray cast iron EN-GJL-250 is widely used as the material of
power and efficiency of the engine while limiting the emission  bearing housing of turbocharger. It has some important benefits
of harmful chemical compounds in exhaust gases. such as good castability, machinability, and corrosion resistance.
Currently, to increase the efficiency and power of internal It is also characterized by high damping capacity, low melting
combustion, engines for premium passenger cars often use  point, relatively low cost [3], and a relatively small resistance
an increase in exhaust gas temperature (up to a temperature  to thermal stresses (190 MPa in 500°C). It was found that the
of 1,050°C for gasoline-powered engines) flowing from thermo-mechanical stresses occurring in the turbocharger
moving engine cylinders and driving a turbocharger turbine.  housing are higher than the tensile strength of the widely used
Increasing the heat energy supplied with the exhaust gases  gray iron EN-GJL-250 used for a certain group of premium class
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projects during a long-term thermo-mechanical fatigue (TMF)
test. Hence, the impact of these stresses leads to cracking of
the turbocharger bearing housing flange and causes leakage
of the turbine system during increased operating conditions
(Figure 2).

Figure 2. Breakage of the flange of bearing housing.

It can be assumed that the simplest solution to prevent casting
from breakages inthe case described earlier could be using the
higher grade material such as heat-resistant ductile iron. The
mentioned solution is not optimal from an economical point
of view. The analysis of the results of previous experimental
research conducted internally by turbocharger manufacturing
company BorgWarner indicates that the increase in heat
fatigue resistance of turbocharger components exposed to
high-temperature exhaust gas is possible only by introducing
the bearing housing flange material with a higher tensile
strength at elevated temperature. The assumption can be
realized by providing a two-layered material, consisting of
the gray cast iron EN-GJL-250 in the bearing housing area
and new, more heat-resistant material in the housing flange
area where the heat flux from turbine stage of turbocharger
is increased.

The two-layered material can be manufactured using several
methods. The commonly used method is the welding process
[4]. Although the process is well-known, it is quite expensive
in mass production, the smooth surface of joint is required,
and cracks are common at the weld interface. Another
method which is similar to welding, also regarding restrictions,
is vacuum brazing [5]. Additionally, it requires precisely
machined surfaces for the joint. The so-called hot diffusion—
compression bonding method can also be used to produce
the two-layered materials [6]. In this process, two materials
in the solid state are compressed in high temperatures to
allow the creation of the bond. This method is restricted to
small components with simple shapes. The preparation of
the surface for the joint is necessary. The next wide group
of methods to produce two-layered material is casting. There
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are two main types of this process. The first type is using
two liquid alloys (liquid—liquid) that are poured into casting
mold one after the other [7-9] or simultaneously in vertical
direction without mixing of input materials [10]. The benefit of
this method is that there is no need to prepare the surface for
joint, but if the mold is complicated there is a need to control
the processing temperature (by using thermocouples) and the
surface of the joint has to be plain (gravitationally required).
The second type of casting method uses one of the materials
in the solid state, placing it in the form and pouring on it the
second material in a liquid state (solid-liquid) [11-16]. This
process allows to provide the complex surface of the joint (as
the shape of the material in solid state). Modification of the
earlier described process is using the material in the powder
state which is placed in the mold and then poured with liquid
material [4, 17, 18].

From the economical point of view, the best solution to
resolve the problem discussed is solid-liquid casting process.
To substantially increase of heat resistance, ductile iron GJS-
XSiMo5-1 has been selected. The review of the literature
indicates that limited information considering joining of
materials EN-GJL-250/GJS-XSiMo5-1 is available. The
focus of scientific literature is on joining gray cast iron with
different types of cast iron dedicated to work in low/ambient
temperature [7, 9, 11, 19-23]. The literature data suggest
that good quality joining of materials from group Fe—C is
determined if the significant difference of carbon content (AC)
between joined materials occurs. Depending on the different
casting parameters, the value of difference varies from 1.0 to
2.0 wt.% [23]. This requirement for materials GJL-250/GJS-
XSiMo5-1 (AC: from 0.0 to 0.7 wt.%) is not fulfilled.

The main objective of the present study is to verify the
possibility of decarbonizing the surface of heat-resistant
ductile iron GJS-XSiMo5-1 to provide a significant difference
in carbon content between this material and gray cast iron
EN-GJL-250. In the future, this will allow to increase the
diffusion of elements during the creation of the two-layered
material using the casting process with materials in a liquid
state and solid state. The evaluation of decarbonized surface
quality was investigated by microstructure observation using
light microscope (LM), and hardness measurement and the
element content were checked by spark optical emission
spectrometry (spark-OES) and glow discharge optical
emission spectrometry (GD-OES), respectively.

2. Material and Experiment

The tests of decarbonizing process on the surface of ductile
iron GJS-XSiMo5-1 (chemical composition (wt.%): C, 3.3; Mn,
0.6; Si, 4.3; Mo, 0.9; P, 0.1; S, 0.01; Mg, 0.5; Fe, balanced)
were prepared according to the plan proposed in Figure 3.



Decarbonizing tests were performed on the test stand
containing resistance furnace, gas-blowing device, and
temperature recorder with sheathed control thermocouple
S-type with diameter 1.5 mm (Figure 4).

Trials with diameter 50 mm and height 15 mm were drilled
in the trial axis with bores (diameter 2 mm and depth 3 mm).
The specimen surface was ultrasonically washed in isopropyl
alcohol (10 min) and dried. The specimen was put in the
resistance furnace, and a thermocouple was installed in the
drilled hole. After turning on the gas-blowing device, the
furnace was activated and the decarbonizing process was
provided according to Table 1.

Cross-section of the material was prepared using standard
metallographic mechanical grinding and polishing techniques.
LM observations were performed using a Leica DM3000
microscope with an automatic image analysis program LAS
V4.9. Scanning electron microscopic (SEM) observations were
conducted using a Hitachi S-3400N microscope. Hardness
was measured by the Brinell method using Zwick ZHU 250
device (ball diameter 2.5 mm and pressure force 187.5 N).
Additionally, the spark-OES ARL 3460 was used to analyze
the element content and the GD-OES GDS GD PROFILER
HR was used to check the difference of element content as a
function of depth (distance from surface).

3. Results and Discussion

The analysis of changes in the carbon content in the surface
layer was carried out using the Student's t-test at the
confidence level 1 — “ = 95% for comparison. The results
are shown in Figure 5. The change in carbon content was
determined as statistically significant for all decarburization
processes. The assumed acceptance criterion was met—
obtaining a carbon content in the surface layer below 1.9
wt.%—for decarburization process no. 2 (T = 1,123 K, Ar
100%, 1= 2 h) 1.8 wt.% and for process no. 6 (T = 1,123 K, Ar
100%, 1=6 h) 1.7 wt.%. Additional goal—achieving a 1.7 wt.%
change in carbon content after the decarburization process
in relation to the value before the process—was met for all
the presented process conditions, except for process no. 5
(T=973 K, Ar20% + CO, 80%, T = 6 h). The largest change in
carbon content was observed for process no. 6 (T = 1,123 K,
Ar 100%, 7 = 6 h)—3.4 wt.% and the smallest for process no.
5(T=973 K, Ar 20% + CO, 80%, T =6 h)—1.1 wt.%.

The depth of the decarbonized layer and decarbonizing
factor were defined in accordance with the profile of change
of carbon content in the function of depth (distance from the
surface; Table 2 and Figures 6—10). The decarbonizing factor
was measured as the surface area of the region above the
curve corresponding to the decarbonizing process and it was
shown as a dimensionless value. Corrosion products on the

‘ Analysis of element content at the trial surface ‘

‘ Hardness measurement ‘

Decarbonising

‘ Analysis of element content at the trial surface ‘

I

‘ Hardness measurement ‘

I

‘ Analysis of difference of element content in function of depth ‘

v

‘ Microstructure examination in trial cross section ‘

Result analysis

Figure 3. Test plan of decarbonizing process.
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Figure 4. Decarbonizing test stand. (1) Specimen, (2) furnace, (3)
thermocouple, (4) recorder, (5) gas-blowing device, and (6) cover.

Table 1. Parameters of decarbonizing process

Process no. Decarbonizing process
Temperature (K) Gas mixture composition Time (h)

1 Reference specimen—as cast state

2 1,123 Ar 100% 2
3 1,123 Ar70% + CO, 30% 2
4 973 Ar 20% + CO, 80% 2
5 973 Ar20% + CO, 80% 6
6 1,123 Ar 100% 6
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Figure 5. Results of carbon content measurement before and after the decarbonizing process.

sample surface (process no. 5—T =973 K, Ar20% + CO, 80%,
T = 6 h) indicate incorrect conditions for this decarbonizing
process.

Hardness measurement was carried out before and
after decarbonizing. The results are shown in Figure 11.
The values were compared using Student’s t-test at a
confidence level of 1 —“ = 95%. Only for the sample after
decarburization process no. 5 (T = 1,123 K, Ar 20% + CO,
80%, T = 6 h), a decrease in hardness was observed in a
statistically significant way. The change in hardness results
from the formation of a corrosion layer with an average
depth of 40 mm (Figure 12e).

Studies on the microstructure of ductile iron enabled
analysis of the change of phase components of the matrix
microstructure, the morphology of graphite precipitates,
and the kinetics of corrosion product formation in the
surface layer. No change in the morphology of the
phase components of the microstructure was found
for decarbonizing process no. 2 (T = 1,123 K, Ar 100%,
T = 2 h) (Figure 12b) and process no. 6 (T = 1123 K, Ar
100%, 1= 6 h) (Figure 12f). It was found that decarbonizing
under process nos. 3-5, in which the atmosphere of the
Ar + CO, gas mixture is used, causes the formation of
corrosion products in the surface layer (Figure 12c—e). The
appearance of the oxide layer on the surface makes the
diffusion of elements impossible during the creation of two-
layered casting, for which this process was prepared. The
thickness of corrosion layer for specimen nos. 3-5 is 4, 9,
and 40 mm, respectively.
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Table 2. Depth of decarbonized layer and decarbonizing factor

Parameter No. of process
2 3 4 5 6
Depth of decarbon- 100 100 100 180 120
ized layer (mm)
Decarbonizing factor 38.8 29.1 23.8 82.9° 35.9

“The value also consists of the corrosion area.
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Figure 6. Change of element content in accordance to depth
from surface—process no. 2 (T = 1,123 K, Ar 100%, 1= 2 h).
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Figure 7. Change of element content in accordance to depth
from surface—process no. 3 (T = 1,123 K, Ar 70% + CO, 30%,
1=2h).
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Figure 8. Change of element content in accordance to depth
from surface—process no. 4 (T = 1,123 K, Ar 20% + CO, 80%,
1=2h).

4. Summary and Conclusions

The analysis of the results of the research on the content of
elements in the surface layer and also the microscopic studies
of its microstructure after the decarbonizing process of ductile
iron GJS-XSiMo5-1 allowed to determine that:

the adopted decarbonizing process conditions ensured
obtaining a decarbonized layer of GJS-XSiMo5-1 cast iron
with a depth of 100 mm (process nos. 2—4) through 120 mm
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Figure 9. Change of element content in accordance to depth
from surface—process no. 5 (T = 1,123 K, Ar 20% + CO, 80%,
T=6h).
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Figure 10. Change of element content in accordance to depth
from surface—process no. 6 (T = 1,123 K, Ar 100%, T =6 h).

(process no. 6—T = 1,123 K, Ar 100%, T =6 h) up to 180 mm
(process no. 5—T = 1,123 K, Ar 20% + CO, 80%, T =6 h),
for samples after decarbonizing process nos. 2—4 (corrosion
layer 0-9 mm), there was no change in the surface hardness
relative to the samples before the hardness process in a
statistically significant way, the change in hardness for the
sample after process no. 5 is caused by the formation of a
corrosion layer of depth 40 mm,

for the adopted assumptions, the acceptance criteria for the
decarbonizing process were achieved in process nos. 2 and
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Figure 11. Results of Brinell hardness measurement before and after the decarbonizing process.

6 (content C £ 1.9 wt.%, DC 2 1.7 wt.%, and no corrosion
products),

decarbonizing process in the atmosphere of the Ar + CO, gas
mixture promotes the activation of the iron corrosion process,
the decarbonizing process is in fact a type of oxidation of the
surface layer of samples, limited by the use of a protective gas
atmosphere, and the appearance of corrosion layer on the
surface makes the diffusion of elements during the creation
of two-layered casting impossible, for which this process was
prepared.

The obtained test results showed that the argon atmosphere
ensures that the correct decarbonizing process of GJS-
XSiMo5-1 cast iron is 100% argon atmosphere. At the same
time, it is believed that increasing the temperature of the
decarburization process to 1,373 K (below solidus) increases
its predicted effect—the assumed depth of the decarburized
layer can be obtained in a shorter time.

The work on this problem is in progress and consecutive
results will be published in a succeeding paper.
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