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Abstract: The aim of the present paper is to investigate the residual
stress distribution generated in surface layers by machining. Experiments
revealed that an increase of residual stress value in tensile zone (546 MPa)
is connected with a high value of carbon percentage for up to 0.9 % from
surface layer, while the decrease of residual stress value from approximately
550 to 300 MPa corresponded to a level 0.6 % of carbon.

A theoretical investigation based on a finite element model (FEM) was
carried out in order to check the influence of the carbon content on the
residual stress distribution. Six types of materials containing various
amounts of carbon (from 0.4 % C up to 0.96 % C) but with constant content
for the other alloying elements were used in the simulations. The cutting
parameters were kept constant in order to assess the influence of carbon
presence over residual stress. From the FEM simulation a correlation
between the carbon percentage and the distribution of the residual stresses in
the surface layer was observed.
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INTRODUCTION

The residual stresses are generally induced in mechanical components either by the
manufacturing processes or by different mechanical loadings that lead to material
deforming, as well as by heating and chemical. In the case of mechanical manufacturing
processes, all technological operations based on material deformation generate different
types of residual stresses that can be useful or detrimental, critical or insignificant
[1 — 5]. Milling generally induces two types of residual stress: thermal and mechanical.
Thermal induced stress occurs as a consequence of the excessive heat developed during
machining. Chemical composition of the material, inhomogeneity of the material, low
thermal conductivity, intensive flank wear, can affect the distribution of residual stress
in surface layer [6 — §8].

Knowing the effects of the residual stress can bring more advantages for the
constructive and technological design of parts because it can allow the avoidance of
some unfavorable states of residual stresses, it can increase the parts reliability, it can
lead to a smaller risk of premature destruction and can achieve some material properties
needed for a good part operating [9, 10].

The aim of the present paper is to investigate the influence of carbon content from the
surface layer composition on the residual stress distribution measured in the same area.
For the experimental part, three different cutting speeds were used on C45 material in
order to observe the residual stress distribution. In order to observe the influence of
carbon presence, finite element analysis (FEM) was also conducted on six type of
materials that have generally a similar composition (C40, C45, C50, C53, C70, C98).

MATERIALS AND METHODS
Materials

The experimental procedures were conducted on C45 steel, for which the chemical
composition and the mechanical properties are presented in Tables 1 and 2. This
material is often used in industry because of its good workability and machinability.

Table 1. Chemical composition of EN 10083-2 C45 steel
C [%] Si [%] Mn [%] S [%] P [%]
0.45 0.3 0.7 0.05 0.04

Table 2. Mechanical properties of C45 steel
R; 0.2 [MPa] Ry, [MPa] Elongation [%] Hardness [HV]

340 560-620 16 90
R, o2 = Yield limit; Ry, = Tensile strength

Experimental procedure

Milling operation was performed on a CNC milling machine (Knuth, Germany),
capable of delivering a maximum spindle speed of 12000 rot-min”, with a tool
(Coromil 490) with 50 mm diameter and 5 inserts. The influence of tool wear was
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eliminated by using a new cutting edge for each test. The processed surface has had the
following dimensions 150 x 60 mm and radial width of cut was equal to 50 mm. For the
experimental study, three values were used for the cutting speed (200, 250,
1036 m'min™") in order to observe the influence of cutting parameters on residual stress
distribution. The depth of cut and cutting feed were kept constant (0.25 mm for cutting
depth and 0.08 mm/tooth for cutting feed).
The determination of chemical change in surface layer was made by using a Scanning
Electron Microscopy (SEM) type Zeiss EVO (Germany). A square of 10 mm® was
prepared and analyzed to determine the chemical composition in surface layer of
material.
Measurements of residual stress were realized using a RESTAN acquisition system
from SINT Italy (Figure 1). Hole drilling method was used to measure the residual
stress in the surface layer to a depth equal to 0.8 mm. The obtained stress was calculated
by using “integral” method. The strains were measured using a strain gauge from
HBM — 1.5/120RY61S.
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Figure 1. SINT residual stress measuring equipment

The behavior of residual stress distribution in surface layers with different percentages
of carbon content was also analyzed using finite element simulation (FEM) on
AdvantEdge 5.9 produced by Third Wave System USA. The FEM software was
developed specially for metal cutting and analysis of important parameters such as
cutting force, residual stress, cutting temperature, etc. All the experimental conditions
(material type, cutting parameters, etc.) were replicated in the created model. Cutting
parameters were kept constant (Table 3) while several materials with similar
composition but with small carbon variation were used. The residual stress was
determined for depths up to 0.25 mm with increments of 0.05 mm.

Table 3. Main cutting parameters for simulation

Cutting speed Feed Depth of cut
[m-min™] [mm/tooth] [mm]
300 0.3 0.75
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The chemical composition of materials used in the FEM analysis is presented in
Table 4.

Table 4. Chemical composition according to ISO 683-1:2016 [11]

Material C [%] Mn [%] S [%] P [%]
C40 0.40 0.75 0.05 0.04
C45 0.46 0.79 0.05 0.04
C50 0.51 0.75 0.05 0.04
C53 0.53 0.75 0.05 0.04
C70 0.7 0.75 0.05 0.04
C98 0.96 0.4 0.05 0.04

RESULTS AND DISCUSSIONS

Residual stress distribution and carbon percentage in the material surface layer was
analyzed. The cutting speed was varied in the machining tests between 200 and
1036 m'min”', while keeping constant the rest of cutting conditions. The measurements
have revealed a series of values for the residual stress in surface layer as presented in
Figure 2.
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Figure 2. Distribution of residual stress and carbon presence in surface layer

From the presented graph it can be observed that the use of a 200 m-min™' cutting speed
led to a tensile residual stress of 296.66 MPa. Increasing the speed to 250 m'min™ led to
an increase of residual stress distribution up to a critical value of 542.87 MPa. Further
increase of the milling speed to 1036 m'min™ has generated a residual stress value of
315.69 MPa. The high values of residual stress in surface layer are generated by the
relation time-temperature that led to a thermal influenced stress. The increase at
1036 m'min”' led to a higher value of temperatures that would lead also to a
thermomechanical model but with higher influence of the mechanical model, as
similarly described by Yao et al. [12].
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The chemical composition of the surface was analyzed using scanning electron
microscopy. The results revealed a similar disposition tendency between the carbon
content and the residual stress values (Figure 2). It was observed that the residual stress
0f 296.96 MPa corresponds to a carbon content of 0.24 % while the 542.87 MPa value
corresponds to an amount of 0.93 % C. The decrease of residual stress value in the
surface layer to 315.69 MPa corresponded to 0.6 % carbon content in the material.

In order to avoid a false positive effect generated by surface defects that can be present
in surface layer [4] an average value up to 0.25 mm for residual stress distribution was
also calculated (Table 5). The depth of 0.25 mm was considered because the SEM
analysis was made on surface layer of material.

Table 5. Residual stress distribution in surface layer up to 0.25 mm

Measuring Residual stress distribution value [MPa]

depth [mm] 200 [m-min™'] 250 [m-min™'] 1036 [m'min™]
0.05 296.66 542.87 315.69
0.1 6.63 78.68 5.85
0.15 56.05 -17.91 20.93
0.2 39.21 -29.97 17.90
0.25 9.84 45.26 26.69

Average 81.68 123.78 77.41

From Figure 3 it can be observed that the repartition trend of residual stress average
value and the amount of carbon presence were also similar. The increase of residual
stress value corresponded this time to an increased amount of carbon presence in the
analyzed layer. The wvariation may be determined most probably by material
inhomogeneity in material layers [3, 4].

‘ —® C%  —e—Residual stress (MPa) |
1 140
08 [—— T 120 _
N / g
07 -+ 100 =
ol 0] T + 80 o
§o_5 / =
+60 2
§0-4 / g
20.3 ] + 40 B
Op2 8
+20 %
0.1
0 T T T T T 0
0 200 400 600 800 1000 1200
Cutting speed (m-min-)

Figure 3. Average of residual stress distribution (0-0.25 mm) compared with the
distribution in surface layer of carbon presence
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Finite element analysis

Several simulations were conducted on AdvantEdge 5.9 in order to observe the
influence of carbon content on residual stress distribution.

As it can be seen in Figure 4, an increase of the carbon amount in the chemical
composition of the material could lead to a decrease of residual stress distribution
values from high tensile to high compression in the surface layer.
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Figure 4. Simulation of the residual stress distribution as function of carbon content in
the material composition
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Apart from the C40 steel grade, all other materials follow the distribution pattern. The
use of carbon steel with a carbon content up to 0.51 % lead to tensile residual stresses
within the initial 0.2 mm depth of the surface layer, but after that, there is a compressive
stress state up to 0.8 mm depth. On the other hand, the use of materials with higher
amounts of carbon (0.53-0.96 %) would lead to strong compressive residual stress in
surface layer, whereas the use of steel with smaller carbon amount (C40) generates a
“linear” behavior of the residual stress distribution, close to the zero line.

CONCLUSIONS

The current study investigated the influence of chemical composition of carbon steel on
residual stress distribution. From the presented results, the following main conclusions
can be formulated.

There is a close correlation between the carbon content in the material composition and
the residual stress distribution.

The variation curves for the carbon content and the residual stress follow the same
evolution for each of the cutting speeds used during machining.

FEM simulations have revealed a clear connection between the percentage of carbon
and residual stress distribution.

The increase of carbon content leads to the modification of the residual stress state from
tensile to compressive stress. Low amount of carbon (up to 0.51 %) lead to a tensile
distribution in surface layer (up to 0.2 mm depth) that turn to very low compressive
values (up to -20 MPa) in subsurface layers.

The increase of carbon amount led to higher wear resistance of the materials that can be
associated with the high values of compressive stress from the surface layer.

ACKNOWLEDGEMENTS

This work was supported by a grant of the Romanian Ministry of Research and
Innovation, CCCDI — UEFISCDI, project number PN-III-P1-1.2-PCCDI-20170446 /
82PCCDI /2018, within PNCDI II1.

REFERENCES

1. Tampu, N.C., Chirita, B., Herghelegiu, E., Brabie, G.: Influence of the cutting regime on the
residual stresses generated by carbon steel milling, Indian Journal of Engineering and Materials
Sciences, 2014, 21 (3), 283-288;

2. Rocha D’ Oliveira, A.L., Rego, R.R., de Faria, A.R.: Residual stresses prediction in machining;:
Hybrid FEM enhanced, assessment of plastic flow, Journal of Materials Processing Technology,
2020, 275, 116332, https://doi.org/10.1016/j.jmatprotec.2019.116332;

3. Lyon, K.N., Marrow, T.J., Lyon, S.B.: Influence of milling on the development of stress corrosion
cracks in austenitic stainless steel, Journal of Materials Processing Technology, 2015, 218, 32-37;

4. Reimer, A., Luo, X.: Prediction of residual stress in precision milling of AISI H13 steel, Procedia
CIRP, 2018, 71, 329-334;

5. Holmberg, J., Wretland, A., Berglund, J., Beno, T.: A detailed investigation of residual stresses

after milling Inconel 718 using typical production parameters for assessment of affected depth,

St. Cerc. St. CICBIA 2021 22 (1) 87



TAMPU, TAMPU, CHIRITA and HERGHELEGIU

10.

11.

12.

Materials Today Communications, 2020, 24, 100958,
https://doi.org/10.1016/j.mtcomm.2020.100958;

Tampu, N.C., Brabie, G., Chirita, B.A., Herghelegiu, E., Radu, M.C.: Influence of the cooling
liquid on surface quality characteristics in milling, JOP Conference Series: Materials Science and
Engineering, 2015, 95, 012024, doi:10.1088/1757-899X/95/1/012024;

Tian, G.Y., Zhao Z.X., Baines, R.-W.: The research of inhomogeneity in eddy current sensors,
Sensors and Actuators A: Physical, 1998, 69, 148-151;

Murakami, Y., Endo, M.: Effects of defects, inclusions and inhomogeneities on fatigue strength,
International Journal of Fatigue, 1994, 16, 163-182;

Tampu, N.C.: The influence of different factors on residual stresses distribution induced by
milling, in: MODTECH 2010: New face of TMCR, Proceedings (Editors: Nedelcu, D., Slatineanu,
L., Mazuru, S., Milosevic, O.), 2010, 615-618;

Chirita, B.A, Tampu, N.C.: Study of residual stresses distribution generated from milling of
magnesium alloy parts, Engineering Solutions and Technologies in Manufacturing, 2014, 657,
18-22;

*#%: [SO 683-1:2016 Heat-treatable steels, alloy steels and free-cutting steels - Part 1: Non-alloy
steels for quenching and tempering;

Yao, C., Wu, D, Tan, L., Ren, J., Shi, K., Yang, Z.: Effects of cutting parameters on surface
residual stress and its mechanism in high-speed milling of TB6, Proceedings of the Institution of
Mechanical Engineers, Part B: Journal of Engineering Manufacture, 2013, 227 (4), 483-493.

88

St. Cerc. St. CICBIA 2021 22 (1)



