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Abstract: The focus of the current study is using carbonitrided 16MnCr5
instead carburised steel in the sub-axis of machine tool spindles by
investigation on the impact fracture toughness and fatigue strength of 16MnCr5
steel. Samples after preparation were surface treated by carburising and
carbonitriding treatments. The characteristics of toughness and fatigue were
presented through impact test and rotating bending fatigue machine. To clarify
toughness variation mechanisms, and relation with microstructure, observations
of microstructure and fracture surfaces carried out by optical microscopy and
scanning electron microscopy. Microhardness tests and roughness were
evaluated by using equipment. The experimental results showed that,
carburised and carbonitrided specimens are relatively similar in properties such
as microstructure feature and how to fracture and differ in properties such as
hardness distribution, depth of hardened layer, impact energy and roughness. In
generdl, it can be claimed that in the spindle sub-axis, carbonitriding treatment
isagood aternative to carburising.
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1 Introduction

Spindle as one of the important components of computer numerical control (CNC)
machines, have a mgjor effect on metal removal rates and quality of the machined parts
(Abele et al., 2010). Because of their inherent benefits, many machine tool manufactures
around the world recommended high speed spindles, some at speeds of around 100,000
rpm (Altintas and Cao, 2005; Li and Shin, 2004). The rough machining of a steel is
characterised by high cutting forces, moments and medium rotational speeds. In those
situations, larger spindles and larger diameter bearings are required to withstand the loads
(Brecher et al., 2007). High speed spindle machine vibration factors that affect machining
accuracy include tool holders, tools and spindle (Cao and Altintas, 2007).

In the spindle, the sub-axis is used as a rotating to fix the tool or workpiece, has been
marked with a green loop in the Figure 1. According to the information achieved from the
machine tool company, 16MnCr5 steel in carburised condition used as a sub-axis of
spindle. Machine parts such as axis, gears and cams often require a very hard surface that
is resistant to abrasion and a soft and tough core that can withstand impact loads. A
straightforward method of providing a combination of hard surface and soft core is
surface hardening of steel using carburisation and subsequent quenching (Mohan and
Arul, 2018; Y egen and Usta, 2010; Davis, 2002).

Figurel An experimental of machine tool spindle; shaft of spindleis marked with a green loop
(see online version for colours)

Source:  Cao and Altintas (2007)

It is essential to have a combination of suitable fatigue strength and high fracture
toughness to increase the range of applied load and safety factor in engineering structures
(Putatunda, 2001). Fracture toughness is an important material property in fracture
prevention (Hertzberg et al., 2020; Oropeza, 2002). Failure of metals by fatigue results
from loads which are varied or repeated (Forrest, 2013). Fatigue strength can be
significantly improved by surface treatment such as nitriding and carburising. Up to 91%
enhancement of fatigue limit by using of ion nitriding has been reported by Sirin et al.
(2008). Significant possihilities for increasing the fatigue strength, with about 80%, were
observed during ion nitration of 0.42% C, Cr-alloyed steel (Tchankov and Dimitrov,
2000). Wear resistance of the specimens has been increased by the cementation processes
(Yegen and Usta, 2010). The therma fatigue strength of samples operated by laser is
considerably higher than as-received condition (Zhang et a., 2013). Surface roughness
increasing by nitriding can be related to the growth of e-nitrides on the surfaces of the
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steel (Badisch et al., 2016). Fatigue strength of specimens has been improved by about
14%, under the applying of shot peening, while decreasing about 8% occurred by double
stage nitriding. Fatigue strength decreasing has been occurred about 29% and 50% by
nitrocarburising and single stage nitriding, respectively (Farrahi and Ghadbeigi, 2006).
Nucleation of the cracks in the surface-treated specimens always occurs at the interface
between the carburised case and the core (Ceschini and Minak, 2008). Hardness of the
surface and fatigue limit has been increased by 385% and 23.76% at two million cycles
by nitriding (Winck et al., 2013). The results by Dastmozd et al. (2014) showed that the
wear behaviour of the steel has been improved by applying surface heat treatments.
Y oozbashi and Almasi (2018) have shown that carbonitriding has a larger effect on wear
behaviour compared to the other surface treatments consisting of carburising, nitriding
and nitrocarburising, Also, Yoozbashi et a. (2017) have imported the effects of the
tempering on wear properties of 16MnCr5 used in high-speed spindle.

The focus of the current study was using carbonitrided 16MnCr5 instead carburised
steel in machine tool spindles by investigation the impact fracture toughness and fatigue
strength of 16MnCr5 steel. Success in this work will allow the use of different materials,
longer work life of pieces, greater mechanical properties and customer satisfaction. The
surface treatments cycle used in this study, have been selected according to the works of
Yoozbashi and Almasi (2018) which showed the better wear resistance among the
selected cycles.

2 Experimental details

The study was performed on the 16MnCr5 steel in the normalised state. Chemical
composition of this steel is given in Table 1. The standard Charpy V-notch specimens
and fatigue test samples were provided according to the requirements of American
Society for Testing and Materials (2013) and DIN 50 113 (2018) standards test method of
metallic materials, as shown in Figure 2.

Tablel Chemical composition of the normalised 16MnCr5 steel

Element C Si Mn P S Cr
Content (wt. %) 0.17 0.4 1.15 0.03 0.02 0.95

Figure2 Dimensions of samples of, (a) Charpy V-notch impact test (b) rotating bending fatigue
test (see online version for colours)
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The samples were subjected to surface heat treatment processes. First series of samples
preheated at 550°C for two hours; then carburising was carried out at 920°C for five
hours in a gaseous atmosphere containing Co and CH4 and air cooled. After that, the
samples were austenitisied at 840°C for 30 min and followed by rapid cooling with
guenching in oil. Eventualy, to investigate the effects of tempering temperatures on
impact toughness, samples were tempered at temperatures of 100, 150, 200 and 250°C
for one hour. Samples of this series were named with carburised specimens (CS).

Second series of samples preheated at 550°C for 2 h; then carbonitrided at 880°C for
five hours in a gaseous atmosphere containing 60% air, 20% ammonia and 20% liquefied
petroleum gas (LPG) with a gas pressure of input 1 bar and quenched in oil. Finaly,
tempering of impact toughness samples were done at temperatures of 100, 150, 200 and
250°C for 1 h. Samples of this series were named with carbonitrided specimens (CNS).

According to the impact test results to determine the optimal heat treatment condition,
tempering of fatigue samples was done at this condition.

The fracture toughness tests were carried-out using a Roell Amsler RKP 300 impact
test machine at room temperature. For each condition of tempering treatments, three
samples have been used for toughness measurements. The rotating bending fatigue tests
were performed by Roell Amsler UBM 200 equipment at 2,800 rpm in laboratory
conditions. For each stress level, two to three samples were tested and subsequent
samples were tested in applied stress. Observations of microstructure and fracture
surfaces carried out by optical microscopy (OM) and scanning electron microscopy
(SEM). A micro Vickers hardness test was used to determine the hardness of specimens.
A load of 100 gf was used to measure the hardness of samples. An MAHRTM equipment
was employed to evaluate the surface roughness of the samples.

3 Resultsand discussion

As mentioned earlier, to increase the range of applied load and safety factor in
engineering structures, it is needed to have a combination of suitable fatigue strength and
high fracture toughness. Therefore, in the current study, the CS and CNS will be
compared from the perspectives of impact toughness and fatigue strength. Also, other
properties such as hardness distribution, microstructure and how to fracture of CS and
CNS will be discussed.

3.1 Hardness distribution and microstructure of the CSand CNS

The hardness variations of CS and CNS as a function of tempering temperature are
shown in Figure 3. It can be seen, with increasing of the tempering temperature, the
hardness values reduces, which could be reasonably explained by the effects of tempering
temperature. The microstructure of the steel tempered at lower temperature is mainly
consisted of tempered martensite and a small amount of carbides. Tempering of the steel
at the Lower temperature, also, leads to extremely low carbon diffusion and retardation of
the formation of ferrite and cementite from martensite. Therefore hardness values are
higher at the lower tempering temperatures. When the stedl is tempered at higher
temperature, the size of carbides increases obviously, and formation of ferrite and
cementite from martensite accel erated, eventually the hardness decreases greatly.
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Figure 3 Hardness variations as a function of tempering temperatures for CS and CNS

Figure4 16MnCr5 steel microhardness graph after various surface treatments, (a) CS (b) CNS

@ (b)

As shown in the figure, carburised 16MnCr5 steel shows the higher hardness value than
that of carbonitrided one. After carburising, the formation of carbide compounds such as
manganese and chromium carbides increases the hardness compared to the CNS.

The chemical composition of the surfaces of CS and CNS consists of Mn, Cr, Mo and
Cr aloying elements that provides the higher hardenability. As a result, higher increase
of hardness has been occurred during surface treatment. The hardness of the 16MnCr5
steel in raw condition revealed about 150 VHN.

According to the nature of martensitic transformation and the change in the chemical
composition of the specimen surface; the increase of surface hardness is predictable to
certain intervals of the surface and it can be anaysed by using the results of
microhardness distribution.

Figure 4 shows the microhardness variations as a function of distance from surface
after different tempering temperature. It implies that hardened layers have been formed at
the surface of the specimens. The hardness of CS and CNS has decreased from the
surface to the core of specimens depending on the carbon profile that reaches maximum
content at surface and decreases in the core. The core hardness of CS increased by the
guench process performed after the carburising.
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The comparison of harness variations of CS and CNS tempered at 200°C have been
shown in Figure 5. It can be seen that the hardness distribution of CS located at higher
level compared to that of CNS. This is in agreement with the results given in Figure 3.
With considering the hardness criterion of 550 VHN (Krauss, 2015), depth of the
hardened layer of CS and CNS, has been given in the Table 2. It can be seen that, depth
of hardened layer of CSis higher compared to the CNS. This can be as a result of higher
temperature of treatment of CS than CNS. Carbonitriding alters only the top layers of the
workpiece and maximum case depth is typicaly restricted to 0.75 mm. Also, lower
hardness of CS at the surface can be due to the decarburisation of these specimens during
surface treatment.

Figure5 16MnCr5 steel microhardness graph for CS and CNS tempered at 200°C

Table2 Depth of hardened layer of CS and CNS for different tempering temperatures

Tempering temperature (°C) 100 150 200 250
Depth of hardened layer of CS (mm) 0.8 0.92 0.83 0.6
Depth of hardened layer of CNS (mm) 0.53 0.49 05 0.38

Figures 6 and 7 show optical micrographs of the surface regions of the CS and CNS. Asit
can be seen, the surface microstructure of specimens has undergone some changes due to
carburising and carbonitriding. It is obvious that the size of the microstructure
components are similar in the CS and CNS. Figures, aso, show that, the microstructure
involving of aggregates of tempered martensite (dark and brown etched areas) and
retained austenite (white areas). These figures show a lower retained austenite in the
microstructures. The retained austenite regions exhibit two different morphologies; thin
films and blocks. The thin films of retained austenite contains higher level of carbon and
thus more energy is required to cause the martensitic transformation in a filmy retained
austenite. This morphology of retained austenite undergoes gradually to martensitic
transformation, which in turn increases the toughness of the steel. Blocky shape of
retained austenite transform into untampered martensite under an applied stress would be
detrimental to toughness.
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Figure6 OM image of microstructure of CS tempered at, (a) 100°C (b) 150°C (c) 200°C
(d) 250°C (see online version for colours)

@ (b)

(© (d)

Figure7 OM image of microstructure of CNS tempered at, (a) 100°C (b) 150°C (c) 200°C
(d) 250°C (see online version for colours)

@ (b)
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Figure7 OM image of microstructure of CNS tempered at, (a) 100°C (b) 150°C (c) 200°C
(d) 250°C (continued) (see online version for colours)

(©) (d)

Table3 Microstructure parameters of the CS and CNS achieved from image analysing
software and XRD pattern analysis

Tempering . . ] ]
temperature (°C) Details of microstructure of CS Details of microstructure of CNS
100 Tempered martensite + 5% retained  Tempered martensite + 5% retained
austenite austenite
150 Tempered martensite + 5% retained  Tempered martensite + 5% retained
austenite austenite
200 Tempered martensite + 10% Tempered martensite + 10%
retained austenite retained austenite
250 Tempered martensite + 20% Tempered martensite + 20%
retained austenite retained austenite

Figure8 Variations of volume fraction of retained austenite with tempering temperature of CS
and CNS
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Volume fractions of tempered martensite and retained austenite were measured by using
image analysing software and X-ray diffraction (XRD) pattern analysis and the data are
summarised in Table 3. It can be clamed that the volume fractions of tempered
martensite and retained austenite are similar in the CS and CNS. As mentioned earlier,
austenite as a more ductile phase compared to tempered martensite consisting of two
shape of blocky and filmy austenite, it can be predicated that higher austenite volume
fraction in the microstructure, certainly, cannot lead to higher toughness of the stedl.
Therefore, an intermediate amount of retained austenite, which is mainly film austenite,
will improve the mechanical properties. Variations of volume fraction of retained
austenite with tempering temperature has been shown in Figure 8.

3.2 Impact toughness of CSand CNS

In the Charpy impact test method, the specimen is momentarily subjected to very high
energy by the impact of a heavy hammer under a dynamic loading condition, and the
energy absorbed in the specimen contains both initiation and propagation energies of a
crack initiated from a V-shaped notch (Kim et al., 2013).

Figure 9 shows the Charpy impact test results as a function of tempering temperature
after different surface treatments. The Charpy impact energy increases as the tempering
temperature increases, and then reaches a peak at 200°C and after that decreasing has
been occurred, as shown in the figure. Also, the maximum amount of impact energy is
obtained 13 and 21 J for samples of CS and CNS tempered at 200°C, respectively. Thus,
the importance of tempering temperatures is increasing the toughness values of the
samples. Charpy impact energy of the CNS s higher than that of the CS, which could be
reasonably explained by the lower hardness distribution of CNS. In general, the impact
toughness is proportional to the hardness of material, that is, the higher the hardness of
the material is, the lower impact toughness.

Figure9 Variations of impact toughness energy as a function of tempering temperatures for CS
and CNS

As shown in the figure, Charpy impact energy of the CNS is higher by about 60% than
that of the CS tempered at 200°C, which shows the opposite trend of hardness. Also, thin
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thickness and similar microstructure has been achieved in the CS and CNS which can be
lead to the decreased spacing between cracks or void initiation sites.

The figure aso indicates the increased impact energy about 45% and 110% with
increasing tempering temperature from 100 to 200°C for CS and CNS, respectively. This
implies that CNS have shown a high degree of impact energy increasing than CS.
Moreover, the temperature required for achieve peak of impact toughness energy is
200°C for CS and CNS. Occurrence of the highest impact toughness in the samples
transformed at 200°C can be as compound results of hardness and microstructure
properties of the samples. Distribution of the retained austenite especialy filmy shape
austenite as a softer phase has a considerable effect on crack blunting and crack closure
due to the compression caused by dilatation due to phase transformation. Therefore,
samples tempered at 200°C, has shown higher impact toughness.

3.3 Fatigue behaviour of the CSand CNS

According to the early section, maximum of the Charpy impact energy has been achieved
of the CS and CNS tempered at 200°C. Fatigue fracture maximum load of the
CS + tempered at 200°C, CNS + tempered at 200°C and untreated 16MnCr5 steel were
measured, and the data are summarised in Table 4. It can be seen that, lower stress level
or longer life are accordance with each other. It is obvious that, with increasing of
number of cycles, level of stress decreasing has been occurred. The surface treatments
have increased the fatigue strength with respect to the untreated 16MnCr5 steel. The
fatigue strength of the untreated steel was equal to 390 MPa, while that of the CNS
increased up to 750 MPa; a further increase up to 810 MPa was obtained for the CS at the
500,000 cycle number. Fatigue strength enhancement can be related to the high surface
hardness and probably also to the high compressive residual stresses resulted from the
surface treatment in the hardened layer. Fractography features near the fracture origin of
the specimens without surface treatment showed that crack nucleation occurred at the
specimen surfaces, while crack nucleation in the CS and CNS occurred at the interface
between the hardened layer and the substrate surface. Also, slightly high fatigue strength
of CS rather to the CNS, could be reasonably explained by the low hardness of CNS.
Calculation of the actual loads acting on the spindle has shown that acting load in the tool
by the workpiece is very low compared to the CNS fatigue strength. Therefore, relatively
low fatigue strength of CNS would not be a significant limitation of this substitution.

Table4 Number of cyclesto fatigue fracture of CS, CNS and untreated 16MnCr5 steel

Number of cyclesto fatigue fracture (Nf) 10,000 100,000 500,000
Maximum load for CS tempered at 200°C (MPa) 960 865 810
Maximum load for CNS tempered at 200°C (MPa) 915 815 750
Maximum load for untreated 16MnCr5 steel (MPa) 600 465 390

In the lower stress level or longer life region, the crack’s growth stage is a dominant
factor in determining of the fatigue life. Depending on the depth of the surface treatments
and its effect on the hardened layer of the samples, it can be claimed that crack
propagation of fatigue fracture is affected by surface treatment. At low stress level, the
factor of fatigue fracture controller is the crack initiation. Therefore, material with higher
surfaces hardness, have a longer fatigue life. According to the relatively high difference
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in fatigue strength of the surface treated and untreated samples at low stress levels, it can
be concluded that surface treatment has the large effect on the stage of initiation of
fatigue crack. Also, the surface region shows the higher fatigue strength than the centre
region, because of higher hardness and compressive residual stress.

Table5 Surface roughness (Ra and R;) values of CSand CNS

Sample Ra (um) Rz (um)
(O 182+0.12 795+ 0.6
CNS 1.92+0.22 952+ 111

Figure10 Typical SEM of fracture surface of impact samples, (a) (b) CS tempered at 100°C
(c) (d) CNS tempered at 100°C

@ (b)

(© (d)
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Since the surface quality of the sub-axis of the spindle can affect the machining accuracy,
the average roughness (R,) and ten-point parameter of roughness (R, values for each
surface treated samples were measured by using MAHRTM. Table 5 is a statistical
summary of the calculated R, and R, values. The mean R, and mean R, values of CNS
were increased compared to the CS. This implies that surface roughness of the CNS is
higher since this can be related to the growth of e-nitrides on the surface of the CNS
(Badisch et a., 2016), which lead to higher surface roughness.

3.4 Fractography of CSand CNS

SEM analyses of fractured surface after the impact toughness test are shown in
Figures 10 and Figure 11. The surface features clearly show that the mode of fracture
changed from brittle at low temperature to ductile at high temperature. The cleavage
fracture mode is mainly observed throughout the whole specimen, but some ductile
dimpled fracture mode is also found in the fracture surfaces. Therefore, the fracture mode
can be considered as quasi-cleavage fracture. Also, quasi-cleavage fracture appearance is
dominantly displayed in the hardened surface layer. The lower quasi-cleavage fracture in
CNS is obvious compared to the CS. This supports the increased impact energy in the
CNS. The hardness of the CS is higher than that of the CNS; while opposite trend of
Charpy impact energy has been achieved. These are responsible for higher quasi-cleavage
fracture of CS.

Table6 Summary of the microstructural features and mechanical properties of CS and CNS

Index Carburised Carbonitrided Description
specimens (CS specimens (CNS) P
Hardness number (HRC) 57 56 -
Depth of hardened layer 0.83 0.5mm -
(mm)
Microstructural feature Tempered martensite+  Tempered martensite + -
10% retained austenite  10% retained austenite
Charpy impact energy (J) 13 21 -
Fatigue strength at 810 750 -
500,000 cycles (MPa)
Ra (um) 1.82+0.12 1.92+0.22 -
How to fracture Quasi-cleavage Quasi-cleavage -
fracture fracture with some
ductile dimples
Weight loss after 40 min 0.0132 0.005 Y oozhashi and
wear (gr) Almasi (2018)

Summary of the microstructural features and mechanical properties of CS and CNS have
been shown in the Table 6. The CS and CNS are relatively similar in the properties such
as hardness, microstructure features, and how to fracture while show a difference in the
properties such as hardness distribution, depth of hardened layer, Charpy impact energy,
roughness and wear properties which achieved in the Y oozbashi et al. (2017) study. It is
important to be noted that due to the lower temperature required for the carbonitriding,
compared to the carburising, distortion during treatment will be deceased.
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Figure1l Typica SEM of fracture surface of impact samples, (a) (b) CS tempered at 250°C
(c) (d) CNS tempered at 200°C

@ (b)

(© (d)

4 Conclusions
e  Charpy impact energy of the CNSis higher than that of the CS, as aresult of lower
hardness distribution of CNS and retained austenite effects in the microstructure.

e Impact energy enhancement is about 45% and 110% with increasing tempering
temperature from 100 to 200°C for CS and CNS, respectively.

e The sum of the loads that the spindle endurances during machining is less than the
fatigue strength obtained through experimental tests. Therefore, relatively low
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fatigue strength of CNS compared to the CS would not be a significant limitation of
this substitution.

e A possible explanation for of surface roughness increasing during carbonitriding can
be related to the growth of e-nitrides on the surface of specimens.

e Considering all the above items, substitution of carburised 16MnCr5 used in
sub-axis of machine tool spindle by carbonitrided 16MnCr5 steel is recommended.
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