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ABSTRACT

Long-term fatigue tests have been conducted in order to clarify the effect of humidity on the fractu
mechanism in long life region more than' t@cles. The material used was a low alloy steel, JIS SNCM439
(AISI4340). Tests were performed using cantilever-type rotating bending fatigue testing machines operat
at a frequency of 3150rpm in laboratory air and in dry air. The dew point of dry air was — 60°C In laboratc
air, fatigue failure occurred at stress levels below the conventional fatigue limit, leading to a st&Nwise
curve. Also in dry air, the similar step-wiSeN curve was obtained, but the position of the horizontal line in
the SN curve shifted to high stress levied. short life region. Fracture mode at stress levels below the
horizontal line was fish-eye type in both environmenés cracks were initiated from a nonmetallic inclusion
at subsurface. Since two different fracture modessurface slip type and fish-eye type, coexisted, fatigue
life distribution was scattered at the stress level of the horizontal line. Therefore, it is concluded that 1
appearance of horizontal line was due to the scatter of fatigue life corresponding to the fracture mode.

INTRODUCTION

It has been indicated that fatigue failure often occurred at stress levels below the conventional fatigue limi
long life region [1-3], particularly seen in high strength steels and surface-treated steels [4]. Provided des
is conducted in accordance with the fatigue limit, the reliability of machine components could be faced witl
difficulty by the above aspect. Such a failure is known to be caused by fish-eye which is developed fron
nonmetallic inclusion in the interior of materials [1-4]. Furthermore, high strength steel is sensitive to tl
aqueous environments and hydrogen embrittlement is caused by the humidity in air [5]. It is recen
indicated that the formation of fish-eye can be related to the environmental effects such as hydro
embrittlement [6]. However, the source of this hydrogen is unidentified whether it is picked up in th
manufacturing process or during fatigue test. If hydrogen is picked up during fatigue test, it is expected t
the experiments in dry air would bring the interesting results which are different from those obtained
laboratory air. Many studies have been performed on the characteristic fatigue behaviour, while the effec
humidity on the fracture mechanism in long life region has not been fully understood. In addition, althou
fatigue testing machines operating at a high frequency more tfafzlfre used to save the time in high
cycle fatigue [1-2,7], most of the machine components are not subjected to such a high frequency of st
fluctuation. Moreover, it becomes difficult to detect the environmental effects in short time fatigue test
Accordingly, it seems that fatigue testing machine operating at a moderate frequency should be used, w
much time would be spent.



In the present study, fatigue tests were carried out in order to clarify the effect of humidity on the fractL
mechanism in long life region more tharf t9cles. Special emphasis is placed on subsurface crack initiation
mechanism.

EXPERIMENTAL PROCEDURES

The material used is a low alloy steel, JIS SNCM439 (AISI 4340), which was oil-quenched at 880°C a
then tempered at 200°C and 500°C; hereafter they are designated as QT200 and QT500, respectively.
mechanical properties are given in Table 1. After heat treatment, round bar specimens with a diameter o
mm as shown in Fig.1 were machined. Specimens were polished by emery paper and then buff-finished u
chromic oxide (CG4O3) before fatigue testing. Fatigue tests were performed using cantilever-type rotatin
bending fatigue testing machines operating at a frequency of 3150rpm in laboratory air and in dry air. T
dew point of dry air was — 60°C. Fracture surfaces of all specimens were examined using a scanning elec
microscope (SEM).

TABLE 1
MECHANICAL PROPERTIES
Tempering | 0.2%proof | Tensile Breaking Elongation | Reduction | Vickers
temperature stress strength | strength on of area hardness
final area
Go.2 Cg oT ) o) HV
MPa MPa MPa % %
200°C 1490 1863 2561 9 45 462
500°C 1158 1226 1909 10 56 379
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Figure 1: Specimen configurations
RESULTS
S-N Curves

Figure 2 shows th&N curve obtained in laboratory air for QT200. Although the conventional fatigue limit
(c=1000MPa : horizontal line) is seen, fatigue failure occurred at stress levels below the fatigue limit in lo
life region. A step-wis&-N curve was obtained, and the fracture mode at stress levels below the fatigue lirr
was fish-eye typei.e. cracks were initiated from a nonmetallic inclusion at subsurface, while surface sli
type was found above the fatigue limit. Two different fracture modessurface slip type and fish-eye type,
coexisted at the fatigue limit, and fish-eye type failure can be seen in longer life region.

The SN curve obtained in dry air for QT200 is shown in Fig.3. Also in dry air, the similar stepSMNse
curve is seen, but the position of the horizontal line in % curve shifted to high stress level
(c=1200MPa),.e. short life region. This horizontal line in dry air is not regarded as the fatigue limit and the
fracture mode was fish-eye type below the horizontal line, while was surface slip type above it. In additic
two different fracture modes coexist at the horizontal line.
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Figure 2: SN curve in laboratory Figure 3: SN curve in dry air

For comparison, th&N curves in laboratory air and in dry air were plotted in Fig.4. Fatigue lives above the
horizontal line in dry air are almost the same in both environments. In this region, the fatigue life is so shc
thus laboratory air exerted no influence on fatigue life. In the long life region below the horizontal line i
laboratory air, the fracture mode changes from surface to interior, thus it is expected that the effect
humidity on the fatigue life does not appear. Therefore, the difference in fatigue lives between laboratory
and dry air appears in the region between two horizontal lines. The specimens which did not Yaiyete40

at 700MPa in both environments were broken in liquid nitrogen and the fracture surfaces were clos
examined by SEM. The results will be described later.

The results of QT500 obtained in laboratory air and in dry air show the conver@iNnaurves,i.e. a step-
wise SN curve was not observed and the conventional fatigue limit was established in the range ug’to 2 x
cycles. Thus fatigue failure did not occur at stress levels below the fatigue limit. Fatigue lives and fatig
limit in dry air are superior compared with those in laboratory air. The fatigue limits in laboratory air and |
dry air are 625MPa and 650MPa, respectively. From SEM observation, the fracture mode of QT500 v
surface slip type in all specimense. no fish-eye type fracture was observed. Based on the results, it i
suggested that the conventional fatigue limit appears in high strength steels with Vickers hardness less
HV400.
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Figure 4: SN curves in laboratory air and in dry air



Fatigue Life Distribution

Fatigue life distributions were examined at three stress levels in laboratory air and in dry air, and
specimens were allocated to each stress level. The results were plotted on a Weibull probability pape
shown in Fig.5 and analyzed by a three-parameter Weibull distribution. The obtained distribution functio
are represented by the solid line in the figure, showing a good correlation with the experimental data. |
known that the characteristics of fatigue life distributions are strongly dependent on fracture mode. T
discontinuity of the distribution is seen at1000MPa in laboratory air and at1200MPa in dry air.
Microscopic observation on fracture surfaces revealed that two different fracture nedesface slip type

and fish-eye type, coexisted at those stress levels. Therefore, the distributions were re-analyzed using a n
Weibull distribution.
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Figure 5: Fatigue life distributions plotted on Weibull probability paper

At 6=800MPa, the fatigue life distributions in both environments are almost the same. Although tt
conventional fatigue limit was seen in laboratory aircalO00MPa, the fatigue lives are scattered as
described previously. The fatigue life distributions in both environments are almost similar except for tv
data points in laboratory air. The same tendency is also fouswll2DOMPa,.e. except for four data points

in dry air, the both distributions are similar. Therefore, it is confirmed that the appearance of the horizon
line in theSN curves is due to the scatter of fatigue life corresponding to the coexistence of two fractu
modes.

Quantitative Analysis of Fish-eye

Fish-eye fracture was examined in detail using SEM. From the observation of all the specimens, fish-eye
inscribed with the specimen surface, and nonmetallic inclusion was recognized at the center of fish-€
Figure 6 shows the relationship between the depth from surface to inclligioand the number of cycles to
failure, N;. The data obtained are considerably scattered and the correlation between both is not obser
However, most of inclusions are located within 0.12mm from the specimen surface irrespective of t
environment. It seems to be dependent on the loading condition of beinglistyess gradient.

Fish-eyes were analyzed quantitatively usiffgrea) method proposed by Murakami al[8]. The sizes of
inclusion and fish-eye were measured, and the geometrical paranieters), was calculated as a
representative size. Figure 7 shows the relationships betwW@eea and Ni. The sizes of inclusion
calculated by thé(area) method are almost constant regardless;o©n the other hand, the sizes of fish-eye
are scattered and the correlation between both is not observed. It is also seen that the sizes of inclusior
fish-eye are not dependent on the environment.
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Based on the results in Fig.7, the initial stress intensity factor raigg, for crack initiation from the
inclusion and for the transition from fish-eye to surface crack was evaluated by the following equatior

respectively;

whereA K=K ax because stress ratio is —cla is the stress at the inclusion site anglis the nominal stress.
Figure 8 shows the relationships betweeK;, andN;. The A K, for crack initiation from the inclusion is
almost the constant with increasing fatigue life, 1.0~4.2MPdm*?. On the other hand, the K, for the
transition from fish-eye to surface crack shows a considerable scatter.
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Figure 8: Relationships betweef K;,; and N

DISCUSSION

Mechanism of Subsurface Crack Initiation
Based on the results, a model of the fatigue failure at stress levels under the conventional fatigue limit is



proposed. Figure 9 represents the schematic illustration of stress distribution surrounding the inclusior
bending.

Specimen radius

Figure 9: Schematic illustration of stress distribution surrounding inclusion in bending

First of all, it is assumed that the deformation is not easier in subsurface region than surface, because
deformation is constraint in subsurface region. In other words, the priority of fracture is given to surfac
When stress levels above the fatigue lirajt)(are applied, failure occurs by surface slip. Although the high
stress should be generated around the inclusion by means of stress concentration, since the deformat
easier at surface than subsurface region, failure occurs at surface. However, in surface hardened smaterial
carburized and nitrided materials, fish-eye fracture also takes place at stress levels above the fatigue |
When stress levels are around the fatigue limit, failure occurs by means of either surface slip or fish-eye
shown in Fig.2 and 3. Two fracture modes coexist at the fatigue limit, and fish-eye type failure is found ir
long life region. When stress levels are below the fatigue limit, failure occurs by means of fish-eye
subsurface region, because failure at surface no longer takesi@gastegess levels are too low to generate
the surface slip. At this time, the higher stress more than the fatigue limit should be generated in the vicir
of the inclusion by stress concentration. This is the mechanism of fish-eye type fracture in long life region.
this mechanism, it is important whether the plastic deformation is generated or not around the inclusion
means of stress concentration. Therefore, this type of fracture is not seen in the low strength material
seems that the humidity in air enhances the crack initiation on the surface.

Failure Mechanisms and a Form 08-N Curve

Figure 10 represents the schematic illustration of the form o&tdecurve for high strength steels with a
change in environment. In laboratory air, a step-\Bidécurve is seen and fracture modes above and below
the fatigue limit are surface slip and fish-eye, respectively. Two different fracture modes coexist at the fatic
limit, thus the scatter of the fatigue lives becomes large. From these results, the appearance of the fat
limits in high strength steels is due to the scatter of fatigue life corresponding to the coexistence of t
fracture modes. Therefore, specimens would have to failure, provided the experiments is kept going
beyond 10 cycles. Also in dry air, the similar step-wi€N curve is obtained, but the position of the
horizontal line in theSN curve shifts to high stress levek. short life region. This horizontal line is not
regarded as the fatigue limit, because of short fatigue lives less thagclds. However, at this stress level,
two fracture modes coexist as well as in laboratory air. Above this stress level, fatigue lives in bo
environments are almost the same and the fracture mode is surface slip type.
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Figure 10: Schematic illustration &N curves Figure 11: SEM micrograph of fish-eye observed

at 10 cycles

Also in long fatigue life region more than “16ycles, fatigue lives in both environments become similar,
because of the transition of fracture mode from surface to interior. When stress level is further decreased.
secondary fatigue limit would be expected to appear at gigacycle region. Figure 11 shows SEM microgr:
of the fish-eye observed in the specimen which was interrupted ayd@s in laboratory air. Th&area) of
fish-eye is 4@m, and the depth to inclusion is 1&i. Since the specimen was broken in liquid nitrogen, the
fish-eye is surrounding by brittle feature. It is unclear whether this fish-eye is non-propagating one or n
Therefore, unless confirmed non-propagating, the secondary fatigue limit could exist at lower stress level.

Schematically illustrate@&N curve in a corrosive environment is also given in Fig.10. In steels except for
stainless steels, since the corrosion pits are generated on surface in agueous environments, the fatigue
would decrease, and it seems that the fracture mode does not change from surface to interior. However, |
are the subjects in the future.

CONCLUSIONS

Long-term fatigue tests have been conducted in order to clarify the effect of humidity on the fractu
mechanism in laboratory air and dry air using a high strength steel, JIS SNCM439 (AlISI4340). The rest
obtained are as follows;

(1) In laboratory air, fatigue failure occurred at a stress level below the conventional fatigue limit, leading
a step-wises-N curve. Also in dry air, the similar step-wiSeN curve was obtained, but the position of
the horizontal line in th&N curve shifted to high stress levieé. short life region.

(2) In both environments, fracture mode was fish-eye type at stress levels below the horizontal line, while
was surface slip type above the horizontal line. In addition, two fracture maesirface slip and fish-
eye, coexisted at the horizontal line.

(3) Since two fracture modes coexisted, fatigue life distribution was considerably scattered at the stress I
of the horizontal line. Therefore, it is concluded that the appearance of the horizontal line was due to
scatter of fatigue life corresponding to the fracture mode.

(4) The initial stress intensity factor ranges for crack initiation from the inclusion are almost the consta

regardless of fatigue life.e. 1.0~4.2MPa/m . On the other hand, the stress intensity factor ranges for the
transition from fish-eye to surface crack indicated a considerable scatter and no correlation between
was seen.



REFERENCES

=

Bathias, C. (1999%atigue Fract Engng Mater Struct 22, 559.

2. Wang, Q. Y., Berard, J. Y., Dubarre, A., Baudry, G., Rathery, S. and Bathias, C. EE@R)e Fract
Engng Mater Struct 22, 667.

Emura, H. and Asami, K. (198%yans Jpn SodMechEng A-55, 45. (in Japanese)

Shiozawa, K., Nishino, S., Ohtani, T. and Mizuno, S. (1998)Simall Fatigue CrackdMlechanics and
Mechanismspp.6-11.

Endo, K., Komai, K. and Imashiro, N. (1978ans Jpn SodMechEng 42, 2652. (in Japanese)
Murakami, Y., Nomoto, T. and Ueda, T. (19%3tigue Fract Engng Mater Struct 22, 581.

Bathias, C. and Ni, J. (19985TM STP 1211pp.141-152.

Murakami, Y., Kodama, S. and Konuma, S. (198&ns Jpn SodMechEng A-54, 688. (in Japanese)

B ow

© N O



