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ABSTRACT. Ultra-high-strength steels (with tensile strength higher than 980
MPa) are widely used in automobile manufacturing owing to their lightweight
that contributes to fuel efficiency. The fatigue strength of ultra-high-strength
steels with a notch tends to decrease, which is known as the effect of notch
sensitivity. In this study, 4-point bending fatigue tests were performed to
examine the fatigue strength and notch sensitivity of four steels; namely 590
MPa class steel, 980 MPa class martensitic steel, 980 MPa class bainitic steel,
and 980 MPa class precipitation hardening steel plates with three different
stress concentration factors. The results indicate that the fatigue strength and
notch sensitivity of 980 MPa class steel specimens were higher than those of
590 MPa class steel specimens. The notch sensitivities of tested plate
specimens were lower than those reported for cylindrical specimens of bainitic
ultra-high-strength steels. Fatigue crack observation revealed that the cracks
initiated in 590 MPa class steel, 980 MPa class bainitic, and martensitic steel
propagated vertically from the lowest bottom of notch. Although similar
initial crack propagation pattern was detected in precipitation hardening steel,
the crack changed direction when it reached the central part of the specimen.
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INTRODUCTION

and to surpress global warming. Reducing the vehicle weight is one of the most efficient methods to improve fuel

R ecently, automobile fuel efficiency has been receiving worldwide attention to reduce automotive carbon emissions
efficiency. Hence, this can be achieved by adopting lightweight steel with higher strength. For example, a similar
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performance can be obtained with 1/3 of the vehicle weight using three times stronger lightweight steel than conventional
steel.

Ultra-high-tensile-strength steel (UHTS) exhibits lightweight properties with relatively high tensile strength, higher than
980 MPa, compared to conventional mild steel with tensile strength of approximately 300 MPa. Multiple methods can be
used to enhance the tensile strength of steels, such as heat treatment and microstructural control. These methods allow
producing UHTS with varying properties, including extension rates and yield stress values.

However, despite the high fatigue strength of UHTS compared to conventional steel, its applications in vehicle parts are
limited owing to the significant decrease in UHTS fatigue strength when it is subjected to any stress concentration. The
fatigue strength of UHTS used in fillet welded joint has shown a behavior similar to that of conventional steel because of
the high stress concentration factor between the welded metal and substrate. Using UHTS in lap fillet joint of a suspension
frame is critical owing to the limitation of producing it using butt welding; however, UHTS may be susceptible to large
vibrations owing to the position of suspension frames.

The reduction in fatigue strength caused by stress concentration is known as notch sensitivity. This fatigue property is
inherent to each material. Notch sensitivity is quantified by the fatigue notch factor Kj; defined as

Kf =— (1)

where Scis the fatigue limit of smooth specimen and Sy is the fatigue limit of notched specimen [1].

Notch sensitivity is generally evaluated using cylindrical specimens. The evaluations have revealed that the higher strength
steel typically exhibits higher notch sensitivity. Fig. 1, which shows the notch sensitivity of cylindrical carbon steel with
different strengths in rotating bending fatigue test [2], indicates that the notch sensitivity of UHTS is seen to be higher than
that of a 787 MPa class specimen. Also, Fig. 1 shows that K; increases at a rate proportional to stress concentration factor
K, up to 2. Similar trend was observed in the latest bainitic UHTS [3]. Then, Ky values become almost stagnant as the K,
value increases. Notch sensitivity must be considered when using high-strength material in parts subjected to stress
concentration because the value of K, for high-strength materials tends to increase to approx. 3. However, most of the notch
sensitivity evaluations described above are obtained by a rotary bending fatigue test. Rotating bending test requires a
cylindrical specimen which is not feasible make out of steel sheets that are used in automobiles. Thus, any difference in
notch sensitivity related to the shape of the specimen must be considered to determine the appropriate design. In this design
stage, the fatigue notch factor is determined and the fatigue characteristics are evaluated using a thin steel plate sample. In
particular, when a high-strength material like UHTS with high notch sensitivity is used for automobile parts using thin steel
plates, its fatigue characteristics must be evaluated using a thin steel plate specimen with the existence of a stress
concentration.
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Figure 1: Relationship between Kiand K;of carbon steels with different tensile strengths [2].

The microstructure of materials must be considered in order to evaluate their fatigue properties because the crack
propagation behavior and fatigue strength can be changed based on the microstructural changes [4~06]. However, many
studies aimed at improving the fatigue strength of welded joints focused on the development of residual stresses induced
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by hammer peening [7] or shot peening [8] as methods to improve fatigue strength. However, in recent years, new UHTS
with different microstructures are developed to improve fatigue strength of UHTS by microstructural control.

Thus, further studies are required to evaluate the fatigue properties of UHTS welded joints with different microstructures.
In this study, fatigue tests and crack observations have been performed to evaluate the fatigue properties of UHTSs and
ultimately improve the fatigue properties of steels.

In order to improve the fatigue characteristics of UHTS plates with different tensile strengths and microstructures were
evaluated using flat specimens with notches simulating the stress concentration factor at the toe of the ovetlap fillet joint.

EXPERIMENTAL PROCEDURE

Materials and specimens
urface notch specimens, which simulate lap fillet joint, and smooth specimens were used in this study. Current
material (590 MPa class ferrite-bainitic steel), and 3 types of UHTS (980 MPa class bainitic steel, 980 MPa class
martensitic steel, and 980 MPa class precipitation hardening steel) are prepared for the fatigue test. Fig. 2 shows
microstructures of 4 types of steels. Bainitic steel has low ratio of martensitic phase inside bainitic based steel, while
martensitic steel consists of full martensitic phase. Precipitation hardened steel of this study was a precipitate of nano-sized
particles in full-ferrite steel. The mechanical properties of the tested steels are listed in Tab. 1.

Steels Tensi&%t:]ength Yield Stress [MPa] Elongation [%] Vicﬁﬁ;}ifgness
590 MPa class steel 610 464 26.0 192
Bainitic steel 988 860 15.0 307
Martensitic steel 1095 1008 111 356
Precipitation 1059 1014 17.6 333

hardened steel

Table 1: Mechanical properties of four types of steel.

Figure 2: Microstructutes 4 tes of steels (a) 590 MPa class steel, (b) bainitic steel, (c) martensitic steel, (d) and (e) precipitation
hardened steel [9].

Fig. 3 shows the sizes of fatigue test specimens. The notch depth is 1 mm, and the bottom of notch was processed with a
curvature radius of 0.1 mm or 0.2 mm. The stress concentration factor of lap fillet joint in suspension frame, shown in Fig.
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4, which had been estimated using finite element method, was approximately 2—3 using 1/4 sized model described in Fig.
5. Each samples notch was prepared with a stress concentration higher than that of a general lap fillet.. Thus, K, values of
2.6, and 3.6 were obtained for the specimens with the curvature radii of the notch bottom 0.2 mm and 0.1 mm, respectively.
Surfaces of smooth specimens were electro-polished to eliminate or reduce the roughness. Finite element analysis has been
performed to calculate stress concentration factor of welded joint and surface notch specimen using NASTRAN. Pulsating
load-controlled 4-point bending fatigue tests were conducted with stress ratio R = 0 (10-14 Hz). The definition of fracture
was of 0.25 mm deformation. Cyclic tests were stopped when the cross-head displacement reaches 0.25 mm or the number
of cycles reaches 3 x 10°. The stress range of non-fractured specimens under 3 x 10° cycles was used as fatigue limit to
calculate the fatigue notch factor K. The strain value was measured at 2000 cycles each points using strain gage.
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Figure 3: Sizes of tested specimens (mm).

Figure 4: Cross section image of lap fillet joint supposed in this study.
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Figure 5: Model used for FEM calculation.
Fatigue tests
The fatigue test results are shown in Fig. 3. The fatigue limits when K; = 1 for all of the steel specimens are almost equivalent
to their tensile strengths. The fatigue strength of notched specimens decreased with increasing stress concentration factor.
However, the fatigue strength of notched 980 MPa class steel specimen was higher than that of notched 590 MPa class steel
specimen. Though similar fatigue strength were obtained for notched bainitic steel and martensitic steel specimens, the
precipitation hardening steel is approximately 100 —150 MPa stronger than either of those steels. This result indicates the
significant effect of microstructure on the fatigue strength of steels.
The fatigue limit of precipitation hardening steel when K, = 3.6 was estimated as 500 MPa. The estimated fatigue limit value
with the data obtained from the fatigue test were used to calculate the notch sensitivities of all the tested specimens, as
shown in Fig. 4. The notch sensitivities of the steel plates were far lower than those of cylindrical specimens. This can be
attributed to the shape of surface notch specimen with one-side notch, and easiness of trapping of retention cracks. Materials
with high stress gradient is known to be easy to retain crack of crack tip [10]. Steel plate with 3 mm thickness in this study
has high stress gradient compared to conventional cylindrical specimens with 10 mm diameter used for evaluation of
relationship between K and K [2].
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Figure 6: Influence of specimen dimensions on fatigue strength (a) K, = 1, (b) K, = 2.6, (c) K, = 3.6.

Evalnation of data of strain gage

In order to elucidate the cause of high fatigue strength of precipitation hardened steel, evaluation on strain gage data was
conducted. The measured results by strain gage against the number of cycles in Fig. 8 indicated that crack propagation which
initiated at A, continued to propagate until the sample finally fractured at B. A is defined as the first point when the gradient
(calculated by the least square method) of the last 6000 cycles were lower than 0, a value which was calculated from adjacent
data point, starting from the fracture point, B to A.
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Figure 7: Relationship between K; and Kj, of tested specimens.
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Figure 8: Measured data of strain gage with increasing number of cycles (Precipitation hardened steel (688 kN, 82023 fraction)

Fig. 9 shows the S-N curves of the test samples from beginning of the test until A. The results shown the crack propagation
occurred faster for the precipitation hardened steel samples, then followed by bainitic steel samples and martensitic steel
samples, respectively. These results were coherent with the S-N curves shown in Fig. 6. As a results, the precipitation
hardened steel samples had shown high fatigue strength attributed to the numerous nano-sized precipitates inside its grains,
which intercept the movement of dislocation required for crack generation.

Fig. 10 shows the S-N curves of the same test samples used in Fig. 9, but from A to B, representing the length of crack
propagation of each samples. Coherent to results obtained in Fig. 9, the cycle range of crack propagation of precipitation
hardened steel was the slowest, followed by bainitic steel and martensitic steel.

To clucidate the cause of delay in crack propagation speed in precipitation hardened steel, SEM observation and EBSD
analysis was conducted.

SEM observation and EBSD analysis of cracks
Fig. 11 indicates the scanning electron microscope (SEM) images of fatigue crack growth in each specimen when K; = 2.6.
The fatigue cracks initiated in 590 MPa class steel, 980 MPa class bainitic steel, and martensitic steel specimens propagated
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vertically from the bottom of notch. Meanwhile, a similar initial propagation pattern was detected for the crack initiated in
the precipitation hardening steel specimen; however, secondary cracks branched out in opposite directions when it reached
the central part of the specimen. The cracks initiated in the 980 MPa class bainitic steel and martensitic steel specimens
propagated straight from the bottom of notch. However, the curve of fatigue crack of precipitation hardening steel
intercepted the crack propagation by spreading the energy of repeated stress. In order to observe the resulting
microstructural changes and eventually understand the crack propagation mechanism that caused the fatigue crack, an
electron back scattered diffraction (EBSD) analysis was conducted. Figs. 12 and 13 illustrated the results of EBSD analysis
performed for five crack points that initiated in the precipitation hardening steel specimen.
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Figure 10: S-N curves of cycle range of crack propagation

EBSD analysis revealed the fatigue crack characteristics of each steel. A linear crack growth pattern with numerous repeated
small refractions was observed in the 590 MPa class steel specimen. The crack propagation direction may change and grow
in grains when the crack propagates into adjacent crystal grain with different orientation, such as Grain A shown in Fig. 12.
Meanwhile, the EBSD analysis of 980 MPa class bainitic steel specimen revealed a neatly vertical crack propagation pattern
with repeated small branches and refractions from the bottom of notch; however, some of these refractions were intercepted
by certain grains such as Grain B shown in Fig. 12. Based on the SEM observations carried out after etching, it was
confirmed that this crystal grain was a martensitic phase. The fracture morphology formed during crack propagation in the
980 MPa class martensitic steel specimen was of transgranular character. When the crack changed its direction in the 980
MPa precipitation hardening steel specimen, the fracture morphology also changed. Since nano-sized precipitation
strengthen the ferrite grains in the precipitation hardened steel, the intergranular strength is relatively weaker than that of
transgranular. Hence, the transgranular crack was observed. Detailed EBSD analysis of the precipitation hardening steel
specimen is shown in Fig. 13. The arrow indicates the direction of fatigue crack propagation. Point b is an enlarged image
of the crack between the bottom of notch and its branch point, where the fatigue crack grew with transgranular fracture.
Point ¢ shows the intergranular fracture occurred when the crack propagated in the longitudinal direction after the crack
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branch was formed. The crack may change its direction in vertical direction of specimen, as shown in Point d, at which
transgranular fracture morphology was detected while the crack propagated vertically. A fracture morphology of
intergranular character was observed at Point e at the end of crack. This indicates that the fracture morphology is influenced
by microstructural control technique, which may delay the crack propagation range of material. Fig. 14 indicates the result
of EBSD analysis near the point b in Fig. 13. Before the crack reaches the branch point, many small cracks propagates in
horizontal direction. The fracture morphology of the small crack was of transgranular character. These small cracks is also
considered to spread the energy of repeated stress. Furthermore, concerning the refraction of the crack, it is considered that
the crack tip is blunted due to the sliding deformation of the slant crack [11].

Precipitation
hardened steel

Bainitic steel

Figure 12: Results of EBSD analysis.
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Figure 14: Result of EBSD analysis of precipitation hardening steel near point b.

CONCLUSIONS

n this study, 4-point bending fatigue tests were performed for four types of steel plates with surface notch (590 MPa

class current material, 980 MPa class bainitic steel, martensitic steel, and precipitation hardening steel). The notch

sensitivity of each steel specimen was evaluated in comparison to smooth plate specimens. In addition, SEM
observations and EBSD analysis of the cracks growth and propagation patterns were conducted. The following conclusions
were drawn:
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The fatigue strength of all the 980 MPa class steel plates were higher than that of 590 class steel plate. An almost
equivalent fatigue strength was obtained for the martensitic steel and bainitic steel specimens; however, the fatigue
strength of precipitation hardening steel was 100—150 MPa higher than either of these steels. Hence, the fatigue strength
was considered to be influenced by the microstructural control technique.

Based on the results of notch sensitivity evaluation, the descending sequence of the tested steel specimens shows similar
values for the 980 MPa class martensitic steel and 980 MPa class bainitic steel specimens, which are higher than that of
the 590 MPa class steel. Meanwhile, the notch sensitivity of 980 MPa class precipitation hardening steel is the lowest
amongst all tested specimens. However, the obtained notch sensitivity values were lower than those obtained with
cylindrical specimens.

Crack initiation of precipitation hardened steel is later than the other steels since nano-sized precipitates prevents the
movement of dislocation require to the crack initiation.

Crack propagation speed was slowest in precipitation hardened steel, followed by bainitic steel, martensitic steel and
590 MPa class steel, respectively. SEM observations confirmed that similar crack propagation patterns were detected in
the 590 MPa class steel, bainitic steel, and martensitic steel specimens. However, the crack of bainitic steel was
intercepted by martensitic phase inside the steel, this phenomenon is considered to be the cause of delay in crack
propagation. The fatigue crack formed in the precipitation hardening steel specimen showed quite different propagation
pattern, with changes in the crack direction after approximately 500 pm propagation.

EBSD analysis revealed the different fatigue crack propagation patterns in each steel. In particular, the change in the
fracture morphology of precipitation hardening steel from transgranular fracture into intergranular fracture was
revealed.
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