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In order to improve fatigue properties of steels, it is essential to inhibit crack ini-

tiation and crack propagation. Crack propagation mainly depends on the micro-
order structure, for example, the grain boundary and the texture. To the contrary;,
crack initiation depends on the nano-order structure, for example, precipitation,
dlip and dislocation motion. By the way, it is reported that Cu in steel exhibit high
resistance to fatigue crack initiation, but the mechanisms causing Cu to have this
effect have not yet been clarified in detail. Thus, in order to clarify the mechanisms
that make Cu in steel improve fatigue properties of steel, dislocation structure and
precipitates of Cu added steels under different precipitation conditions have been
observed and analyzed with electron microscopy. Consequently, it is clarified that
reduction of the cross-dlip frequency by Cu solid solution or Cu cluster in steel re-

tards fatigue crack initiation.

1. Introduction

There are myriad examples of failure of machinesfor transporta-
tion, for example vehicles, or ships, and of structures such as bridges
caused either directly or indirectly by structural fatigue. Of course,
there are applications of shapes and structures that reduce stress con-
centration, or designs that embody a certain degree of safety therein.
All are efforts to increase the reliability and life of these structures.
However, there are also many contradictionsin the form of environ-
mental protection, or running costs. For that reason, there are great
expectations for the development of materials that are conducive to
the improvement of endurance of such structures. For example, ma-
terials having superior fatigue characteristics are applied to vehicle
parts for which sheet thickness limits are predetermined for fatigue
durability, and the mass of those parts are reduced by making them
thinner to improve fuel efficiency and to contribute to protecting the
environmental.

In order to improve fatigue properties of steels, it is essential to
inhibit crack initiation and crack propagation. Crack propagation
mainly depends on the micro-order structure, for example, the grain
boundary and the texture. To the contrary, crack initiation depends
on the nano-order structure, for example, precipitation, slip and dis-
location motion. The steel plates used in large structures such said
ships or bridges are comparatively thick. For that reason, ceasing
the propagation of fissures or reducing the effect of the speed of
propagation can be very well expected to ensure the endurance and
durability of such large structures, but in the case of thin sheets such
as those used on the partsin vehicles, it is very important to inhibit
the initiation of cracksin some way.

Note that at room temperature Cu does substantially not disperse
in asolid solution in steel. However, at around 800°C, it does dis-
perse at about 2% in the solid solution. Therefore, after thoroughly
diffusing in solid solution, the piece is cooled. Then, by heat treating
the over saturated solid solution, it is possible to vary the state of its
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existencein asolid solution, clusters, bce coherent precipitation and
fcc incoherent precipitation™?. Not only is Cu abase element having
anotably ability to strengthen precipitates, it also has been reported®®
to beeffectivein inhibiting theinitiation of cracks dueto fatigue. How-
ever, there are still many unanswered questions relating to the un-
derlying reasons thereto. Thus, to clarify the mechanisms that im-
prove fatigue characteristics through the application of Cu, the sta-
tus of the Cu in the steel was varied. Then, observations and analy-
ses of the dislocation structure and precipitation were applied using
atransmission electron microscope for the test pieces provided for
testing of fatigue.

2. Test Methods
2.1 Test pieces

To eliminate the effects of base elements in an advancing type
solid solution, some test pieces were not added with Cu, and some
were varied at 1.5%, using the components of ultralow carbon steel
with the Ti additive as abase. Table 1 shows the chemica composi-
tions of the test pieces. Test pieces were melted in a 300 kg vacuum

furnace and cast into 100 kg ingots respectively, and those ingots
thus formed were rolled after heat trestment up to 1,200°C as shown
in Fig. 1. This created 40 mm hot bands. These were then refinished
into 5 mm sheets by hot rolling with the rolling temperature set above
the Ar, point. Fig. 2 shows the microstructure at 1/4 thickness of hot
rolled steel sheets. While the Cu additive steel had a tendency for
slightly mixed grains, the average grain diameter was substantially
equivalent to the steel without the Cu additive.

Then, steel sheets thus obtained were heat treated for 60 minutes
at 450°C to 750°C in order to change the state of Cu. Table 2 shows
arepresentative example of heat treatment and the state of Cu.

2.2 Tensiletesting

Tensile strength testing was performed based upon the JIS Z 2241
metal materials tensile strength testing method, using a JIS #5 test
piece. However, the tensile direction was set to be parallel to the
rolling direction.

2.3 Plane bending fatigue testing

A fatigue test piece of the shape shown in the Fig. 3 was cut out

so that the rolling direction and the length direction of the test piece

Table1 Chemical compositions of investigated steels

Steel C S Mn P S Al Ti N Cu
A 0.0018 0.01 0.20 0.004 0.004 0.04 0.05 0.0016 <0.002
B 0.0020 0.01 0.20 0.004 0.004 0.04 0.05 0.0016 151
Valuesin mass%
1200°C X 30min Table2 Heat treatment and expected Cu state of specimens
1050°C X30min Specimen Heat treatment Cu state
A Asrolled Cufree
FT=970°C \ B1 Asrolled Solid solution
FT=930C B2 550°C x 60min  Fine precipitation
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Fig. 2 Optical micrographsof microstructure of investigated steels

Fig. 3 Dimension of the specimen for stress controlled fatigue test
(plane bending test)
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Fig. 4 Dimension of the specimen for strain controlled fatigue test
(axial tension-compression test)
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were parallel. Then, to eliminate the effects of the surface, the front
and back faces of the test piece were ground. The plane bending
fatigue test was performed using an electro-hydraulic servo-motor
fatigue testing machine. Stressratio: —1; completely reversed; sin
wave: 5to 15 Hz.
2.4 Strain control fatigue testing

Thefatigue test piece of the shape shown in Fig. 4 was cut so that
the rolling direction and the length direction of the test pieces were
parallel. The front and back faces of the test pieces were chemically
polished to enable verification of changes in the status of the surface
during the fatigue test. The strain control fatigue test was performed
while controlling using signals from a differential transformer type
strain meter. The test was performed with alight load; strain ratio:
—1; complete compression triangular wave strain speed: 4 x 107/s.
2.5 Surfaceroughness observations

In order to observe the behavior for the initiation at the starting
point of fatigue cracks, the surface of the test piece under investiga-
tion for strain control fatigue was observed repeatedly at 1 x 10°
using a scanning type laser microscope.
2.6 Observations using a transmission electron microscope

After conducting predetermined strain control fatigue test, the
specimen for observation using the transmission el ectron microscope
was taken from a quarter of the thickness of the position shown in
Fig. 4. Acceleration voltage on the transmission electron microscope
(TEM) was 200 to 400 kV. At the same time, quantitative analysis
was performed for Cu on the test piece using EDS.

3. Experimentation Results
3.1 Theresultsof Cu additive affecting fatigue strength

Fig. 5 shows the effect of heat treatment temperatures on tensile
strength in the steels added with Cu and not added with Cu. While
strength was substantially not dependent on temperaturesin hesat treat-
ment for steels not added with Cu, steels added with Cu notably
increased in strength at temperatures around 550°C to 650°C.

Fig. 6 shows the relationship of heat treatment temperatures on
steel with and without the Cu additive, and strength over time, re-
peated 2 x 10° cycles (called fatigue strength below). In the same
way as tensile strength, the fatigue strength of steel without the Cu
additive is substantially unaffected by the temperatures in the heat
treatments. However, fatigue strength does increase in steel added
with Cu at temperatures between 550°C to 650°C. However, fatigue
strength increases less remarkably than tensile strength.
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Fig. 5 Effect of heat treatment temperature on tensile strengths of the
two investigated steels
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Fig.6 Effect of heat treatment temperature on fatigue strengths at
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Fig. 7 Relationship between tensile strength and fatigue strength of
investigated specimens

Fig. 7 shows the relationship between tensile strength and fa-
tigue strength. The dotted lines in the figure represent the ratio of
fatigue strength to tensile strength (called fatigue strength ratio be-
low). Normally, the fatigue strength ratio is generally between 0.4 to
0.6. However, in the Cu added steel, when treated at temperatures
between 450°C and 750°C, the fatigue strength ratio was extremely
high at approximately 0.7. This suggests that the solid solution, the
clustered Cu or the incoherent coarse Cu precipitate in the stedl, little
contributed to tensile strength, contributed somehow to the increase
in fatigue strength.

3.2 Theaffect of Cu additive affecting cyclic defor mation behav-
ior

Almost all the life span rate for fatigue life spans thoroughly
smooth test pieces that have no defects that will cause stress concen-
tration is alifespan where cracks are formed. In other words, lifeis
extended and fatigue strength rate increases astheinitiation of cracks
is suppressed.

On the other hand, because the phenomenon of cracks occurring
isthe dueto locally cyclic plastic deformation, fatigue strength can
be attained if the resistance to that cyclic plastic deformation is high.
Cyclic deformation behavior whether there was the presence of Cu
additive and when changed by heat treatment with the presence of
Cu additive was studied.

Fig. 8 shows the results of fatigue tests where strain amplitude
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Fig. 8 Cyclic stressresponse curves at total strain amplitude 0.3%

was controlled to a constant. The pieces with larger stress amplitude
under the same strain had higher resistance to plastic deformation.
While there were substantially no differences in the shape of the
stress response curves in the steel without Cu additive and not heat
treated, and the steel that was heat treated at 550°C, there was large
difference in the shape of the stress response curves depending on
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Fig.9 Cyclic stressresponse behaviorsfor thethreeinvestigated
specimens

whether there was heat treatment applied to Cu additive steel.

Fig. 9 shows standardized stress response behavior. The hori-
zontal axis represents the number of cycles normalized by ruptured
life; the vertical axis represents stress amplitude normalized by ten-
sile strength. At the very initial outset of repetitions, the Cu additive
increased stress amplitude. However, the material having the Cu ad-
ditive and that was not heat treated (hereinafter called the Cu solid
solution material) showed stable stress amplitude until rupturing in
all repetitions. However the heat treated at 550°C material having
the Cu additive (hereinafter referred to as the Cu precipitate mate-
rial) showed a continued drop in the stress amplitude until rupture
after reaching a peak at the initial number of repetitions indicating
behavior for cyclic softening.

3.3 The affect of Cu additive affecting cracking behavior

The occurrence of cracking from stressis directly related to the
formation of intrusion and extrusion which are the starting point of
the cracking on the material surface and is associated with the state
prior to cracking. Thefatigue test was stopped after the 1 x 10° cycles
which is the very beginning of the rupture repetition, and the depth
of the unevenness on the test piece surface formed with cyclic strained
and the numerical distribution were measured. Fig. 10 shows the
results. The rate of the shallower unevenness was greater on the Cu
additive material in comparison to Cu non-additive material regard-
less of the heat treatment conditions. This means that the formation
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Fig. 10 Distribution histograms of depth for slip steps on the surface of specimens
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of unevenness on the surface was suppressed, which is where for
cracking initiates. Stress concentration was reduced because the un-
evenness was a shallow. Thus, the suppression of the initiation of
cracking led to the improvement in fatigue strength.

3.4 The affect of Cu additive on dislocation structures

Fig. 11 shows TEM photographs of Cu non-additive material,
Cu solid solution material, and Cu precipitation material that 1 x 10°
cycles. The number of cycles of 1 x 10° is equivalent to approxi-
mately 1/10 of the rupture live. Itis prior to the peak of cyclic hard-
ness for the Cu precipitation material. While the dislocation struc-
ture suggests atypical cell structure on the Cu non-additive material,
and the Cu solid solution has avein structure, and the Cu precipitate
material suggests a planar array structure.

Fig. 12 shows TEM photographs after rupture of each material.
While the Cu non additive material had a cell structure, and the Cu
solid solution material had a vein structure and there was no change,
the Cu precipitate material changed from a planar array structure to
avein structure. The changes of the dislocation structure of the Cu
precipitate materials, correspond to the stress response behavior for
cyclic hardening shown in Fig. 9 to softening.

(a) Specimen A_ (b) Specimen B1 (c) Specimen B2
(Cufree) (Cu solid solution) (Cu precipitation)

Fig. 11 TEM micrographs of specimensat 1/10Nf cycles

(a) Specimen A (b) Specimen B1 (c) Specimen B2
(Cufree) (Cu solid solution) (Cu precipitation)

Fig. 12 TEM micrographs of ruptured specimens

4. Considerations

The results of experiments and observations are summarized in
Table 3. While the fatigue strength ratio (FS/TS) of the Cu non-
additive material is a general value, the Cu solid solution material
was extremely high. Thisis thought to be related to that Cu solid
solution shows highly stable stress amplitude up to rupturing in the
number of cyclesin the strain control fatigue test. In other words, the
Cu additive controls dislocation movement, and as a result of the
changes in the dislocation structure, the mode of the unevenness
caused by intrusion and extrusion on the surface changed which de-
layed the generation of the cracking®.

Load stress and Stack Fault Energy (or SFE) have been clari-
fied™ as factors that apply characteristics of dislocation structures
that are formed under cyclic loadsin fcc metals, beginning with Al
alloys. Furthermore, cross-dlip frequency has been proposed'®*? asa
substitute for this in bcc metals for which SFE cannot be, such as
iron and steel materials. Dislocation structures formed under cyclic
loads on materials where cross-dlip is easy, such as pure steel show a
cell structure®™. Becauseit is difficult to leave the primary dlip plane
for the dislocation on materials having difficult cross-slip, such as
that on Fe-Si aloys, aplanar-array dislocation array is shown under
low load stress. Under high stress, avein structure is reported'.

On the other hand, the frequency of cross-slip is an important
factor'® for dislocation structures at the extreme surface layer. Per-
sistent Slip Bands (PSBs) that are deeply related to the forming of
unevenness of the surface require cross-dlip in their forming so there
is no observation of this on materials that are difficult to cross-dlip.
The PSBsregion formed at the surface layer corresponds to the cell
formation region. The slip plane at the repeat deformationsiis lim-
ited by the boundary of that formed region. Still further, the edge of
PSBs correspond to the unevenness which is the starting point for
fatigue cracking on the surface. Non-dense and deep unevennessis
caused by the formation of PSBs!®. On the other hand, the concen-
tration of the uneven surfacesis shallow on the material having dif-
ficult cross-dlip. Ascan be seenin Fig. 13, this alleviates the concen-
tration of stress on the surface which leadsto adelay in theinitiation
of fatigue cracks™.

The fatigue strength ratio of the Cu precipitate material was ap-
proximately equivalent to that of the non additive material regard-
less of whether Cu was added. Therefore, there was no affect in the
adding of Cu. This shows that stress amplitude was at its maximum
value in the number of cycles of approximately 1/10 the rupture life
for the Cu precipitate material in the strained control fatigue test. It
is thought that after this shows cyclic softening behavior in the sec-
tion. In order to clarify the causes of cyclic softnessin the Cu pre-
cipitate material, TEM observations and EDS's measurements were
taken to observe Cu precipitate material after anumber of cycles of
1x 10°%.

Fig. 14 shows a TEM photograph and representative EDS spec-
trameasurement. Cu peaks were obtained in al dislocations observed.

Table 3 Fatigue propertiesincluding substructure and surface condition

Specimen FSITS Cyclic response Substructure Slip steps
N=1,000 Fracture
A (Cufree) 0.58 Gradually hardening Cell Cell Deep
B1 (solid solution) 0.69 Steady hardening Vein Vein Shallow
B2 (precipitation) 0.55 Softening from peak Planar-array Vein Shallow

-B3-
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Fig. 13Schematic illustrations of dlip steps growing into intrusions and
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Fig. 14 Resultsof the TEM observation and the EDS analysis

Table4 Quantitative EDS analysesin Cu segregation at 1,000 cycles

Specimen On matrix In dislocation

B1 (solid solution) 157 157

B2 (precipitation) 152 2.85
Values in mass%

See Table 4 for details on Cu quantitative measurements. In the Cu
solid solution material, the Cu amount did not change on the disloca-
tion or in other regions. However, there was Cu segregation on the
dislocation in the Cu precipitate material. In other words, aresult of
the fine Cu precipitate matter cutting at the repesat dislocation action
isalossin the precipitate strength because of the Cu precipitate matter
becoming thermodynamically unstable and becoming a solid solu-
tion again'®?), Thisisthought to indicate the softening behavior dur-
ing cyclic load. Therefore, for the degree that tensile strength in-
creasesfor the Cu precipitate material, fatigue strength does not arise.

5. ExampleApplication

The discussion above considers controlling the state of existence
of Cu to an appropriate degree and dramatically increasing fatigue
characteristicsin steel materials. Furthermore, the mechanism of that
increase was clarified. The following will describe an example of
applying in the effects of Cu to high strength steel sheetsrequiringin
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Fig. 15 Fatigue strength of Cu added dual phase steel under stress
concentration
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Fig. 16 Fatigueratio of Cu added dual phase steel under stress
concentration

improved fatigue characteristics.

In order to apply Cu effectively to the improvement of fatigue
characteristics, it is necessary to control the status of this existence
asasolid solution or clusters. In order to keep Cu from precipitating
after coiling in the hot rolling process, it is preferred to keep the
temperature of coiling below 400°C which islower than the Cu pre-
cipitate temperature. On the other hand, the hot rolling DP steel
sheets® which currently are used as a high fatigue strength steel
sheets are manufactured with acoil winding temperature below 400°C
in order to attain the compound structure of ferrite and martensite.
The test was made in-situ to increase fatigue strength by adding Cu
to hot rolled DP steel sheets on the optimum status of the existence
of Cu.

Fig. 15 shows fatigue strength under concentrated stress. In the
fatiguetest, aflat, bent test specimen notch was deformed. When the
stress concentration coefficient o exceeds 3.0, high strength steel
sheets having a high sensitivity attain the fatigue strength only of a
level equivalent to soft steel sheets. However, Cu added DP steel
sheets attained higher strength than steel sheets having tensile strength
equivalent for the stressed concentration coefficient o. at a max. of
3.0.

Fig. 16 shows the results of that of Fig. 15 organized under a
fatigue strength ratio. The fatigue ratio of Cu added steel sheetsis
superior to that of conventional steel sheets with a stress concentra-
tion coefficient a that isless than 3.0.
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6. Conclusion

In order to clarify the mechanism that improves fatigue strength
through Cu in steel, fatigue testsand aTEM replied to observed and
analyzed Didlocation structures and precipitates. The following were
clarified.

1. Cuinasolid solution or in clusters has the effect of improving
fatigue characteristics. Cu suppresses cross-dlip at various dislo-
cation structures under cyclic loads from cell to vein structures. It
suppresses the initiation of fatigue cracks making the unevenness
of the surface a shallow.

2. Fine Cu precipitate matter does not improve a peak strength to
the degree of tensile strength. Fine Cu precipitate matter reforms
asolid solution through dislocation cutting at the very initial stages
of life. Therefore, precipitate strength is lost.

3. Cu additive-hot rolled DP steel sheets apply to the improvement
of fatigue strength and its effects are verified. In arange less than
3.0 for the stress concentration coefficient, high fatigue strength
was attained compared to conventional steels having the same
strength level.
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