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Abstract

Since the sub-axis of machine tool spindles subjected to fatigue loading, the effects of different surface heat treat-
ments on fatigue behavior of 16MnCr5 steel have been investigated in the current work. The steel specimens were
prepared and surface heat treatments including carburizing, carbonitriding and a practical type of treatment involving an
initial nitriding followed by carburizing were done on samples. Rotating bending fatigue tests performed on the samples.
In addition, microhardness and microstructural evaluations were applied to analyze the achieved results. The fatigue
fracture surfaces were evaluated by scanning electron microscopy (SEM). The results showed that the fatigue strength
of the samples has been improved considerably by the use of surface heat treatments. In addition, the initiation region of
the fatigue crack from the samples surface has been transmitted to the interface of the hardened layer and the base metal
in the surface treated steels. Also a reduction in the number of crack initiation places in the treated samples is specified

compared to raw samples.
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1. Introduction

16MnCr5 Steel is a cemented steel with extensive us-
ages in the manufacture of poultry tendons, steering com-
ponents, pins, spindles of machines V. Cemented steels
have hard surfaces, soft and tough core and high abrasion
resistance .

Spindle of machine tool as one of the parts that
16MnCr5 steel is used in the making of its sub- axis.
Spindle is one of the important components of Comput-
er Numerical Control (CNC) machines. This complex
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which is an alternating current motor, has a significant
contribution in the speed, accuracy and quality of ma-
chining of CNC machines. In theory, the word of spindle
refers to a transferring rod of rotating force; but in gener-
al, the set of rotating systems and all its axes of a rotating
CNC machine is called a spindle. The main spindle of
the device is the motor that is used to rotate the tool. In
sub-axis spindle milling machines, the axis is a rotary
which rotates the pieces >'9. In this study, the fatigue be-
havior of a rotating axis which is made of the mentioned
steel, will be evaluated.

According to the base studies of materials engineer-
ing, it is essential to have a combination of high fracture
toughness and good fatigue strength to increase the range
of applied load and safety factor in engineering structures
D, The fracture toughness shows the resistance of pieces
against the impact loading. Fatigue indicates metal be-
havior under repetitive loading. If the load is exceeded
or the number of loading cycles becomes more than nor-
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mal, it will result in a sudden fracture of the piece. The
importance of fatigue fracture is such that at least 90%
of fractures due to mechanical reasons during work are
because of the fatigue loading '*19.

According to the loading conditions applied to the
sub-axis of rotating spindle, it has been observed that this
axle is mainly subjected to fatigue and abrasion condi-
tion. Therefore, this steel used by engineers in the car-
burizing condition in the sub-axis of spindle. In several
studies, the mechanical properties of the steel have been
studied under the conditions of various surface treatment
such as carburizing, carbonitriding, and nitriding '*'®.
Investigating on abrasive behavior of 16MnCr5 steel un-
der the influence of various surface treatment has been
studied by Yoozbashi et al. '”. Yoozbashi et al. *?, also
conducted research on the effect of tempering treatment
on the abrasion behavior of 16MnCr5 steel used in high
speed spindles. The results indicate that the abrasive be-
havior of the steel has improved with the application of
the mentioned thermal treatment.

Therefore, due to the lack of existing research and in

order to use the results of this research in spindles manu-
facturing industry, the fatigue behavior of the mentioned
steel in carburizing conditions has been evaluated and
compared to other surface treatments. Also, in order to
investigate the effect of surface treatment on the fatigue
strength, the fatigue behavior of the steel in the base con-
dition has also been evaluated. The surface treatment
used in this research have been selected in accordance
with conventional industrial treatment. Also used cycles
are selected according to the previous works of Yooz-
bashi et al. 2%, which have showed the highest wear
resistance among the used cycles.

2. Experimental Procedures

In the present study, rotational bending fatigue be-
havior of 16MnCr5 steel used in spindle of machine tool
has been studied according to DIN 50 113 standard 2".
Dimensions of fatigue samples which prepared in accor-
dance with the mentioned standard has been shown in
Fig. 1.
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Fig. 1. Dimensions of samples of rotational bending fatigue test.

Experimental samples of fatigue, microhardness and
microstructure were divided into four series after prepa-
ration. A number of samples remained in raw condition,
in other words tempered quench manner. Other series
have been subjected to surface treatment in accordance
with the following designed cycle in order to achieve
high surface resistance.

1- Surface treatment of carburizing:

1.1. Preheat at 550 °C for 2 hours;

1.2. Carburizing at 920 °C for 5 hours;

1.3. Normalizing;

1.4. Austenitizing at 840 °C for 30 minutes;

1.5. Quenching in oil;

1.6. Tempering at 200 °C for 1 hour.

Samples of this series were named CS (Carburized Sam-

ples).
2- Surface Treatment of carbonitriding:

2. 1. Preheat at 550 °C for 2 hours;
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2. 2. Carbonitriding at 920 °C for 5 hours in a gaseous
compound of 60% air, 20% ammonia and 20% LPG
(Liquefied Petroleum Gas) with 1 Bar inlet gas pressure;
2. 3. Tempering at 200 °C for 1 hour.

Samples of this series were named CNS (Carbonitrided
Samples).

3- Practical treatment of first nitriding and
then carburizing:

This treatment has been selected exactly according to
what is used in the industry as follows:
a- Nitriding of samples at 540 °C for 10 hours in a gas-
eous compound of 40% ammonia, 60% nitrogen and 1
bar with inlet gas pressure;
b- Carburizing treatment of Nitrided samples as follows;
1. Preheat at 540 °C for 2 hours;
ii. Carburizing at 920 °C for 5 hours;
iii. Rapid transfer to 840 °C and keeping at this tempera-
ture for 30 minutes;
iv. Quenching in oil;
v. Tempering at 200 °C for 1 hour.
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Samples were named PNCS (Practical Nitrided Car-
burized Samples). Raw samples were also named RS
(Raw Samples).

After performing various surface heat treatments, the
cross-sectional area of the samples was examined by op-
tical microscopy (OM) at different magnifications. Also
hardness variations profile of the samples from the sur-
face to the core of sample were achieved by microhard-
ness test under 100 gf load. For each surface treatments,
three different samples have been used for microhardness
evaluations. To investigate the depth of carbon diffusion,
in addition to the obtained microhardness profile, a scan-
ning electron microscope (SEM) equipped with an energy
dispersive spectroscopy (EDS) was used. Phase analysis
using X-Ray Diffraction (XRD) was used to investigate
the formation of carbide and nitride phases. XRD anal-
ysis was carried out using a Brucker™-D8 advance dif-
fractometer with monochromated Cuk,, radiation at 40
kV and 40 mA according to the ASTM E975-84 standard
2. Scanning was performed in the 20 range of 10°-120°
at a rate of 0.6 ° min".

The fatigue tests were performed by the rotational
bending fatigue machine at 2800 rpm in laboratory con-
ditions and ambient temperature. Because the samples
were subjected to surface treatments; estimating the first
maximum applied stress of steel from the references did
not yield the desired result. Therefore, the maximum ap-
plied stress of samples were determined according to the
trial and error. For each stress level, two to three sam-
ples were tested and subsequent samples were tested in
applied stress with 50 MPa steps. If the sample is not
fractured under the applied stress after about rounds; it is
considered as a fatigue limit. To avoid the dispersion of
fatigue results, the diameter of the samples was measured
with a micrometer with an accuracy of 0.01. Also, after
placing the end of the specimens in the jaw of the device,
the exact distance from the end of jaw to the exact loca-
tion of the force effect was measured with Collis, so that
the distance is equal.

3. Results and Discussion
3. 1. Hardness and microstructure properties

Table 1 shows the hardness values of raw sample
and samples subjected to surface heat treatments. It is
observed that due to surface treatment, the hardness of
raw samples has increased significantly. Also, the CS
samples have shown more hardness than other samples.
This behavior can be attributed to the formation of car-
bide compounds at the sample surfaces, which are harder
than nitride compounds.

Table 1. Hardness values of raw and surface treated

samples.
Sample RS CS CNS PNCS
Hardness (VHN) ~ 150£15 105015 98015 75015
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According to the nature of the martensite transfor-
mation and the change in the chemical composition of
the surface which occurs as a result of surface treatment,
the increase in surface hardness to certain distances from
the surface is predictable and can be described by using
microhardness results. Fig. 2 shows a profile of the micro-
hardness variations in terms of relative Vickers hardness
as a distance from the surface. Considering the hardness
criterion of 550 Vickers ?, to determine the depth of the
hardened layer, the depth of this layer in different surface
treatments is about 1 mm. According to the mentioned
contents in references, the depth of the hardened layer
is reported to be a maximum of 1.5 to 2 mm that the ob-
tained number is somehow in agreement with other ref-
erences 2.
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Fig. 2. Microhardness variations of 16MnCr5 steel after
different surface treatments.

The results of spectroscopy analysis of the car-
burizing samples based on the scattering of EDS is
shown in Fig. 3. Given that EDS analysis is not very
accurate in determining the amount of elements and
it is a semi-quantitative method; however because the
height of the carbon peak is comparable to the iron peak,
it can be mentioned that the concentration of carbon at
the surface of the samples has increased.

Fig. 3. The results of EDS analysis of the surface of the
carburized sample.

It is observed that with the addition of nitrogen in
the carbonitriding treatment, despite the low hardness
of nitride compounds compared to carbide compounds,
carbonitriding samples show a similar microhardness
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distribution with carburized samples. Also, the diffusion
depth of carbon and nitrogen elements is equal and more
than 0.5 mm. The reason for this is firstly the formation
of epsilon (¢) carbonitrided phase and chromium nitride.
Formation of the hard phase of iron nitride on the surface
of carbonitriding samples, determined by using XRD,
has been shown in the Fig. 4. Also, nitrogen by reducing
the critical cooling rate, leads to hardenability enhance-
ment. Diffusion of nitrogen into the inner layers and its
augmentation in the internal layers of the samples, caus-
es the stability of the austenite. Therefore, the reduction
of hardness in the inner layers of the samples has been
occurred. Finally, re-austenitization of the carburized
samples at 840 °C led to decarburization at this stage
and reduces the hardness of samples compared to the real
condition. Also the use of nitriding in PNCS series sam-
ples causes stabilization of retained austenite in the inte-
rior layer of the samples. Therefore, these samples have
shown less hardness in the internal layers.
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Fig. 4. The results of XRD analysis of surface of carbo-
nitrided sample.

The increase in hardness of samples from the surface
to the inside of the sample as a result of surface treatment
can be also described using microstructural studies. The
microstructure of the surface area of the samples after
the various surface treatment, which provided using OM
and SEM, is shown in Fig. 5. According to the figure, it
is clear that the surface microstructure of the samples has
changed due to surface treatment.

According to the references 2, the carbon diffusion
depth in the carburized samples is reported to be a max-
imum of 1.5 to 2 mm; while the carbon diffusion depth
according to Fig. 5 is less than 1 mm. This difference
can be attributed to the relatively high concentration of
manganese (0.7-0.9 wt. %) in the chemical composition
of the steel, which delays the diffusion of carbon into the
samples. According to %, the manganese element reduc-
es the activity of the carbon element.

Fig. 5b shows the microstructure of the surface of carbo-
nitriding samples. The observed white inner layer is related
to the formation of nitride compound during the carboni-
triding process. Due to the low temperature of the carboni-
triding treatment and the short duration of this treatment, the
thickness of this white layer is relatively low.
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The formation of an inner white layer consisting of
iron nitrides is also observed in Fig. 5c for the samples of
PNCS. The nitride layer formed during primary nitriding
prevents carbon diffusion during the subsequent carbu-
rizing. As a result, the only effect that carburizing treat-
ment have had on the microstructure of this sample is the
growth of the grains formed at the surface of the sample.

Fig. 5. Images of OM and SEM of the surface of samples;
a) Carburizing, b) Carbonitriding and c) First nitriding
and then carburizing

The results of EDS analysis of surface of PNCS series
is shown in Fig. 6. It is observed that concentrations of
carbon and nitrogen elements as a result of PNCS treat-
ment have increased on the sample surface compared
to other alloying elements. Also, in these samples, the
diffusion of nitrogen and carbon are observed in small
quantities.
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Fig. 6. EDS analysis results of surfaces of PNCS.
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3. 2. Fatigue behavior of raw and surface all fatigue tests, the broken samples at high stress levels
treated samples have endured low cycle of fatigue. So that with decreas-
ing stress, the number of fracture cycles has increased.
Also, in table 2 the fatigue limit values of the raw and
surface treated samples are shown. Thus, the importance
of surface treatment in improving fatigue strength can be
realized. For example, as a result of the surface heat treat-
ment of carburizing, the fatigue limit has been enhanced
by 130% compared to the raw state.

One way to present the fatigue results is to use the
Wohler curve (S-N curves), which is a graph of the maxi-
mum applied stress in terms of the number of fracture cy-
cles. The fatigue curves of the raw and the surface treated
samples are shown in Fig. 7. As shown in the figure, in

Table 2. Fatigue limit of raw and surface treated samples.

Sample RS CS CNS PNCS
Fatigue Limit (MPa) 350+10 800+10 750+10 850+10
At high stress levels, as the number of cycles decreas- As shown in Fig. 7, at low stress level, the samples
es and failure approaches the semi-static state; the con- are broken in larger number of cycles. At this level of
trolling factor of the fatigue fracture is the propagation stresses, the controlling factor of fatigue fracture is the
of crack stage. In other word, the more resistant to the fatigue crack initiation stage. This means that material,
propagation of fatigue crack, the materials are, the high- with more resistant against initiation of fatigue crack,
er fatigue strength, they show 2. Due to the relatively will show higher fatigue strength. Because of the oc-
high depth of carbon diffusion and its effect on the major currence of relatively large gap between of the fatigue
share of sample diameters, it can be concluded that the curves of the CS and RS at low stress surfaces, it can be
stage of propagation of fatigue crack has also been affect- inferred that carburizing treatment has had the greatest
ed by surface treatment. effect on the initiation stage of fatigue fracture.
ARS
1050 CS
* & X X BCNS
900 4
% 750
3
£
E
% 600
=
450 4
300
1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07

Cycles (Number)

Fig. 7. Maximum applied stress variations based on the number of fracture cycles.

3. 3. Examination of fatigue fracture surfaces formation at the interior layer of the treated samples,
which indicates a hardened surface, can be a reason for

In order to investigate the effect of surface treatment the absence of crack ipitiation in. sur.face r.egi01.1s of the

on fatigue fracture morphology, typical SEM micro- samples. Also, formation gf the ring in the interior layer
graphs of the samples are shown in Fig. 8. Three regions of the samples, can l?e evidence of the effect of surface
of initiation of crack, crack propagation and final frac- treatments on the fatigue fractur.e morpholf)gy. It can bF
ture are shown in this figure. It can be easily seen that said that fatigue crack propagation according to what is
crack initiation occurred at the interface of the surface discussed in the section of the fatigue curve, has been
treated and the base metal of the specimens and no in- affected by surface treatments. Reduction in the number
clusions were recognized as crack initiation sites. Ring of crack initiation places in the treated samples com-

13
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pared to the RS, which is quite visible in the figures, can
be the result of the major effect of surface treatments on
fatigue behavior of samples. From fractography anal-
yses, applying surface treatments has no effect on the
final fracture stages.

Fig. 8. Typical SEM micrographs of fracture surface of;
a) RS broken at 375 MPa at the cycle of 473900, b) CS
broken at 800 MPa at the cycle of 986900, ¢) CNS bro-
ken at 750 MPa at the cycle of 496900 and d) PNCS
broken at 875 MPa at the cycle of 646400. Numbers 1, 2,
and 3 indicate the initiation of crack, crack propagation
and final fracture zones, respectively.

4. Conclusion

In this study, the effect of surface heat treatment of
carburizing, carbonitriding and first nitriding and then
carburizing on microstructure, hardness, rotational bend-
ing fatigue strength and the fatigue fracture surfaces of
16MnCrS steel used in the sub-axis of spindle of the ma-
chine tool has been discussed and has given the follow-
ing results;

The hardness of the surface treated samples has in-
creased considerably compared to the raw sample. Hard-
ness of the raw samples is obtained about 150 HVN,
carburized samples 1050 HVN, carbonitriding 980 HVN
and first nitriding and then carburizing 750 HVN. Also,
according to microhardness test results, the hardened lay-
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er depth in all treatments is about 1 mm.

According to the microstructural investigations, the
depth of carbon diffusion in the carburized samples ob-
tained less than 1 mm. A low carbon depth can be attribut-
ed to the relatively high concentration of manganese (0.7-
0.9 Wt. %) in the chemical composition of steel, which
delays the diffusion of carbon into the interior layer of
samples. The repositioning of carburizing samples at 840
°C, during re-austenitization, resulted in decarburization
and consequently reduced carbon diffusion.

According to the microstructural results, the low tem-
perature of carbonitriding treatment and the short dura-
tion of this treatment led to relatively low thickness of
formed white layer due to the formation of nitride com-
pounds.

Examination of the fatigue behavior of the samples
indicates that due to the surface treatment, the fatigue
strength has significantly improved. For example, as a
result of the surface heat treatment of carburizing, the fa-
tigue limit has been improved by 130% compared to the
raw samples. The test results showed the fatigue limits
of the raw samples to be 350 MPa, carburizing 800 MPa,
carbonitriding 750 MPa, and first nitriding and then car-
burizing 850 MPa.

According to the surfaces of fatigue fracture, there are
three regions of initiation of crack, crack propagation and
final fracture zones. Also, transfer of crack initiation area
from the surface in non-surface treated samples to the
interface of the treated and base metal area is obvious.
Also, reduction in the number of crack initiation places in
the treated samples is specified compared to raw samples.
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