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Abstract

The relationship between fatigue strength and tensile properties has drawn widespread
concern in recent decades. It is gradually recognized that the fatigue strength is
dependent on the strength of the weakest zone in materials, while the regular tensile
test could only obtain the global strength. The present study, for the first time,
constructed a fast evaluation method, in which extremely slender specimens were
employed. It is found that, when the specimen is slender enough, i.e., the soft oriented
grain could occupy the whole section of the specimen, the strength of the soft domain
could be related to the fatigue strength. In the 18Ni maraging steels, the fatigue crack
would nucleate in the precipitate free zone (PFZ), which is the soft domain.
Furthermore, the fatigue strength of fully reversed loading test nearly equals to the yield
strength of the PFZ measured by the slender tensile test. This founding may shed light
on the fast evaluation of fatigue strength, which could bring great economic benefits
and save invaluable time.
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1. Introduction

Fatigue is referred to as the damage and failure of materials under cyclic loading.
Nowadays, the fatigue strength has already become an essential index for structural
materials selection. However, the fatigue tests to measure the fatigue strength would
take a lot of money and time. Therefore, many research efforts have been devoted to
relating the fatigue strength to mechanical properties that are easy to obtain, such as the
ultimate tensile strength (UTS) [1, 2]. In the 1870s, Wohler firstly found that the fatigue
strength and UTS followed a simple linear relation [1]. Recently, it has been found that
the high-strength steels do not follow this linear rule [2-4]. Therefore, Pang et al.
proposed a parabolic relation between the fatigue strength and UTS [2]. However, those
relations are mostly summarized from the experimental data. The parameters in Pang’s
formula obtained by fitting have no clear physical meanings. Therefore, they will
change when it comes to different materials or different fatigue damage mechanisms,
which are difficult to predict before knowing the fatigue property. Hence, it is
significantly important to establish a method to evaluate the fatigue strength quickly by
taking into account the fatigue damage mechanisms in detail.

For most general cases, the evolution of fatigue damage can be broadly categorized
into the following stages: 1) microstructural changes leading to the nucleation of
permanent damage; 2) the formation of microscopic cracks; 3) the growth of
microscopic cracks to dominant crack; 4) stable propagation of the dominant crack; 5)
final failure [5-7]. A significant fraction of research effort has been devoted to the study
about the effect of the microstructure on the first two stages. According to the sources
of fatigue damage, the conclusions can be divided into the following items. Firstly, the
fatigue crack generally nucleates from the stress concentration positions, such as
microscopic flaws, inclusions and pores [8, 9]. Secondly, the fatigue crack often
nucleates from the soft domain, such as the secondary phase, and the precipitate-free
zone [4, 10]. Even for those materials without metallurgical defects, the microstructural
inhomogeneity exists commonly. Several instances can be listed as follows. Firstly, in
the polycrystalline metals, the soft oriented grains would be generally the soft domain

[11]. Secondly, abnormal large grains produced by partial recrystallization during cold



rolling and tempering would induce the microstructural inhomogeneity according to the
Hall-Petch relationship [12-14]. Thirdly, different phases have different strengths in the
multiphase metals, such as the ferrite/martensite duplex steels [10, 15, 16] and the
alpha/beta titanium alloys [17]. Fourthly, the attendance of the precipitate-free zone
(PFZ) in the aging strengthening materials would generate the microstructural
inhomogeneity, particular among the aluminum alloys, titanium alloys and maraging
steels [4, 18-20]. In a word, there is always a relatively soft domain in the materials,
which is the preferred site for fatigue cracking.

In general, the crack would appear first in the soft domain for metals without
metallurgical defects under cyclic loading [12, 18-20], which means that the fatigue
strength is mainly determined by the local strength of the soft domain. Liu et al. reported
that abnormal large grains produced by partial recrystallization would nucleate fatigue
crack first due to the relatively low strength compared to the fine grain domain and the
fatigue strength approximately equals to the yield strength of the large grain [12, 21].
The possibility exists that the yield strength of the large grain could be detected by the
microhardness test. However, the microhardness test of the lamellar shaped soft
domains, such as PFZ in the precipitation strengthening materials, would face
challenges. Liitjering et al. reported that the PFZ would deform preferentially under
cyclic loading in high-strength aluminum alloys and beta titanium alloys, which had a

strong influence on fatigue strength [20]. In that study, a minimum fatigue strength of

maraging steel occurs when the PFZ appeared at an angle of 45° to the loading

direction, which produced the maximum shear stress [20]. Because the PFZ has great
influence on the fatigue property, a new evaluation method to detect the strength of PFZ
is required. Here, we will introduce our ideas as follows.

Similar to the performance of the soft domain in high-cycle fatigue (HCF), the soft
domain would also start the dislocation slip first during monotonic tension [22], merely
it would not nucleate crack immediately. When achieving the yield strength of the soft
domain, the surrounding hard domains remain elastic so that the soft domain cannot

deform freely until the hard domain matrix yields [22]. However, as for cyclic loading,



when the maximum stress achieves the yield strength of the soft domain, the tiny plastic
deformation would accumulate due to the slip irreversibility leading to the nucleation
of microcrack [6]. That is to say, the tensile test could only obtain the global yield
strength of materials, while the fatigue strength is mainly dependent on the yield
strength of the local soft domain. But the conclusion above is only based on the
traditional tensile specimen. Things might become different if the tensile specimen
could be manufactured extremely slender to the extent that a single soft grain could
occupy the whole section of the specimen. Therefore, the soft domain could deform
freely and such a tensile test might be able to measure the yield strength of the soft
domain.

In the present study, some extremely slender tensile specimens were manufactured,
and the differences of deformation behaviors between the slender and the regular
specimens were carefully investigated. The damage mechanism of the slender
specimens was revealed and the relationship between the yield strength and fatigue
strength for the two kinds of specimens was established.

2. Experimental procedures
2.1. Materials fabrication

18Ni Co-free maraging steel was employed in this study, of which the elemental
compositions were obtained by the chemical analysis and the results were shown in
Table 1. Some bars were cut from the as-received hot forged plate, and then were
solution heat treated at 850 °C for 1 h, followed by the water-quench and aging
treatment. The aging treatments used in the present study were 500 °C for 5 h, 550 °C
for 5 h, 600 °C for 3 h and 630 °C for 3 h, respectively.

Table 1 Elemental compositions of the experimental maraging steel (wt.%).

Ti Cr Mo Ni Si Mn P S C Fe

1.55 021 324 184 0.07 <0.005 <0.005 <0.003 <0.02 Bal

The metallographic samples were cut from the bars after aging treatment, then

electropolished at a voltage of 21 V in a solution of 10% HClO4 and 90% CH3COOH



for 40 seconds at room temperature. The microstructures of the samples under different
aging treatments were observed by SUPRA 35 scanning electric microscope (SEM),
with a working distance of 12 mm, and the detector of Inlens. The distributions of
elements were detected by the energy-dispersive X-ray spectroscopy (EDS) with the
Octane Elite EDS System, of which the detector incorporated a new silicon nitride
(Si3N4) window, operated at the accelerating voltage of 20 kV and the working distance
0f 9.6 mm.
2.2.  Slender tensile tests

The preparation of the slender tensile (ST) specimens consisted of several steps.
Firstly, the specimen was cut off from the aged bar by the wire cut electrical discharge
machining (WEDM) and sanded to remove the rough surface caused by WEDM. Since
the specimen is too flexible, the whole specimen needs to be supported when the side
was being sanded. Then we used a piece of plasticine to accomplish that task. After the
sanding, the section of the specimen is about 200x200 pm?. Secondly, the dimension
reduction of the section of the specimen was allotted to the electrochemical etching
method. A home-made device was set up to implement the electrochemical etching
machining and to control the dimension of the specimen through the compliance
method. The device had two main modules: the electrochemical etching module and
the compliance measurement module. The composition of the etching solution was 10%
HCI1O4 and 90% CH3COOH and the supply voltage was 6 V. As for the compliance of
the specimen, it was caused by its own gravity when the specimen was put into incline.
When the real-time compliance reached the target value that was calculated using the
target specimen configuration dimension as shown in Fig. la, the electrochemical
etching was ceased manually. Then the specimen was cleaned by ultrasonic with
alcohol. The final specimen and the testing process can be seen in Figs. 1b and Ic,
respectively. The ST tests were carried out on the MMT110N testing machine at a strain

rate of 5107 s”! at room temperature.
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Fig. 1. The details of the slender tensile test. (a) The configuration of the slender tensile
specimen. (b) The photo of the final specimen of the slender tensile test. (c) The photo
of the slender tensile test.

2.3.  Regular tensile and high-cycle fatigue tests

The regular tensile (RT) tests were conducted on a universal testing machine
(model: Instron 5982) using plate tensile specimens, of which the dimensions
configurations can be seen in Fig. 2a, at a strain rate of 5x10"* s™! at room temperature.
Plate fatigue specimens (Fig. 2b) were machined from the aged bar, then electrolytically
polished to remove any defects caused by machining. Because the specimens had
shallow notches, the fatigue strength reduction factor for this geometry was close to 1.
The HCF tests were conducted on an Instron 8801 test machine with a stress ratio of
R = -1, and the frequency here was 30 Hz. The tensile and fatigue damage
morphologies on the specimens and fractured surfaces were observed using SUPRA 35

SEM.
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Fig. 2. The dimensions of specimens used for (a) regular tensile tests and (b) fatigue
tests.

2.4. The fatigue strengths

In the present study, two fatigue strengths were obtained. One is the fatigue
strength at the conditional life of 2x10° cycles. It was determined by the staircase
method in which at least three pairs of specimens were tested. The other one is the
fatigue strength at infinite life. It was acquired by fitting the data of the stress amplitude-
cycles to failure curve using the Tanaka model [23], which will be introduced later.
3. Experimental results
3.1. Microstructure

It has been long known that the microstructure of 18Ni Co-free maraging steel is
mainly lath martensite [4, 24-26] with rod-shaped precipitates [27]. The microstructures
of the specimens under different aging treatments are revealed by the electropolishing.
Because different phases and structures have different reaction rates, they have different
surface topographies that can be summarized as precipitates, matrix, and boundary as
shown in Fig. 3, respectively. The microstructure is approximate to the classic lath
martensite structure [28, 29]: prior austenite grains are divided into packets, packets are
subdivided into blocks, and blocks contain interleaved laths as schematically illustrated
in Fig. 4a. During the aging treatment, the precipitates nucleate and grow up, and the
reversion of the martensite matrix to austenite also occurs. The reverse austenite is
caused by the segregation of nickel that is the austenite stabilizing solute at the lath

boundary [24, 25]. As illustrated in Fig. 4b, in the meantime of the reversion of



martensite to austenite, the PFZ emerges due to the dissolution of the precipitates near
the boundary [30], and the alloy rich austenite forms. With the change of aging
treatment, the shape of the reverted austenite varies. As shown in Fig. 4c, when the
aging temperature is 500 °C, the reverted austenite can only be seen along the lath
boundary, while the aging temperature is relatively high, the reverted austenite exists
in both inter-lath and intra-lath. It can be seen from Fig. 3c-d that the reverted austenite
formed intra-lath is isolated from the lath boundary during the coarsening process and

elongates parallel to the boundary until two of them converge.
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Fig. 3. The SEM images of microstructure for the 18Ni maraging steel aged at (a)
500 °C for 5 h, (b) 550 °C for 5 h, (c) 600 °C for 3 h, and (d) 630 °C for 3 h. The matrix
with precipitates and strip-like boundaries can be recognized. All the images are in the

same magnification.
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Fig. 4. Schematic illustration of microstructures for the 18Ni maraging steel. (a) The
classic lath martensite structure. (b) The mechanism of austenite reversion in the present
steel and the formation of the precipitate free zone (PFZ). (c) The schematic illustration
of the evolution of the microstructures for the specimens under different aging
treatments, e.g. 500 °C for 5 h, 550 °C for 5 h, 600 °C for 3 h and 630 °C for 3 h.



3.2. [Tensile properties of regular and slender specimens

Fig. 5 presents the tensile stress-strain curves of RT and ST tests under different

aging conditions. Typical effects of aging treatment and specimen size on UTS and

yield strength (YS) can be seen in Table 2. Examination of the influences of aging and

specimen dimension on tensile properties reveals some interesting features. Firstly, all

the UTS and YS of the ST tests are lower than those of the RT tests under all aging

conditions. Secondly, the uniform elongation of the ST test is less than that of the RT

test under all aging conditions and there is almost no plastic elongation for the specimen

aged at 500 °C for 5 h in the ST test. Thirdly, in the ST test the fracture occurs almost

immediately after the stress reached the UTS point, while in the RT test there is a

relatively high plastic strain between the UTS point and the fracture point.
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Fig. 5. Results of regular tensile (RT) and slender tensile (ST) tests of specimens under
aging treatments of (a) 500 °C for 5 h, (b) 550 °C for 5 h, (c) 600 °C for 3 h, and (d)

630 °C for3 h



Table 2. Tensile and fatigue properties of specimens aging at different temperatures.

coﬁfiigfns ofls (MPa) off (MPa) oyt (MPa) oS (MPa) ol,(MPa)
500°Cfor5h 1970+ 17 1730+ 15 (1440) ® 698 688
550°Cfor5h 1780+23 1480 + 36 (1140)* 665 660
600 °C for3h 1600 + 25 1170+ 7 560 £ 21 595 578
630°Cfor3h 1340+ 13 715 £ 11 540 +42 555 547

 Value of the sample with the smallest sectional area.

*ghls and ofd : ultimate tensile strength and yield strength (0.01% offset) of the

regular tensile test; oya : yield strength (0.01% offset) of the slender tensile test; 6£;:
fatigue strength at conditional life of 2x10° cycles (staircase method, R = —1) of the
bulk material; o’ : fatigue strength at infinite life (fitting by the Tanaka model, R =
-1).

Fig. 6 shows typical SEM images, depicting features of surfaces around the
necking of the fractured specimens in the RT tests under different aging conditions.
Although the mechanical properties vary for the specimens under four aging conditions
there is an indication of the similar surface deformation bands (DBs) distributing
throughout the grains or the pockets. Note that, at the aging treatments of 600 °C for 3
h and 630 °C for 3 h with similar elongation to failure of 8.0% and 8.5%, respectively,
the surface DBs around the necking of the latter have less protuberance. The
morphologies of surfaces away from the necking part of the fractured specimens are
shown in Fig. 7. It is evident that there are relatively less DBs on the surfaces of
specimens under 500 °C for 5 h and 550 °C for 5 h with uniform elongation of 0.3%
and 0.9%, respectively, and much more under 600 °C for 3 h and 630 °C for 3 h with

uniform elongation of 4.3% and 4.0%, respectively.
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fig. 6. The SEM images of the regular tensile specimens around the necking under
aging conditions of (a) 500 °C for 5 h, (b) 550 °C for 5 h, (c) 600 °C for 3 h, and (d)
630 °C for 3 h.

Fig. 7. The SEM images of the regular tensile specimens around the uniform elongation
parts under aging conditions of (a) 500 °C for 5 h, (b) 550 °C for 5 h, (c) 600 °C for 3
h, and (d) 630 °C for 3 h.



Fig. 8 shows typical SEM images, revealing features of surface slip bands (SBs)
of the ST specimens after failure under different aging conditions. On ST specimens
aged at 500 °C for 5 h, there is barely necking with a flat shear fracture at an angle of
about 50°. Figs. 7b-e reveal some interesting features. Firstly, when aged at 500 °C for
5hand 550 °C for 5 h, there are some SBs within the lath, while for the specimens aged
at 600 °C for 3 h and 630 °C for 3 h, there are still some SBs between the laths, to be
more precise, along the PFZ. Secondly, when aged at 500 °C for 5 h and 550 °C for 5
h, the SBs are in large numbers, while each SB only bears a small amount of plastic
deformation. However, when aged at 600 °C for 3 h and 630 °C for 3 h, there are only
several local SBs on the specimen surface, while each of them undertakes a lot of plastic
deformation so that some steps are formed. It should be noted that, the sectional area of
the ST specimen is about 80x80 um? that is smaller than the average grain or pocket
size. Therefore, the plastic deformation is mainly concentrated in a preferred oriented
pocket that is subjected to the maximum shear stress. And, there should be no plastic

deformation outside that pocket.
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Fig. 8. The SEM images of the slender tensile specimens after failure (a) in macro views,
and details under aging conditions of (b) 500 °C for 5 h, (¢) 550 °C for 5 h, (d) 600 °C
for 3 h, and (e) 630 °C for 3 h. The arrows mark the local deformation.

3.3. High-cycle fatigue behavior

Fig. 9 summarizes the results for correlation of the stress amplitude and the
number of cycles to failure for the specimens under different aging conditions. It is
obvious that for the four aging treatments the HCF strength enhances when the aging
temperature decreases, i.e. the HCF strength improves as increasing the UTS. The
fatigue strength staircase diagrams of the specimens under different aging treatments
are displayed in Fig. 10. Compared to the results of Wang et al. [4], the fatigue strength
of the unpolished specimens firstly improves as the UTS increases and then reduces

dramatically. It can be confirmed that the surface roughness has a significant impact on



the fatigue strength for ultra-high strength steels.
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Fig. 9. The stress amplitude-number of cycles to failure curves for specimens under
different aging treatments
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Fig. 10. The fatigue strength staircase diagrams of specimens under different aging
treatments. (a) Aged at 500 °C for 5 h; (b) aged at 550 °C for 5 h; (c) aged at 600 °C
for 3 h; (d) aged at 630 °C for 3 h.

Figs. 11-14 show typical SEM images revealing the features of fatigue crack



initiation sites of the fatigued specimens. For the specimen aged at 500 °C for 5 h, the
macroscopic view of the fatigue crack initiation and growth are displayed in Figs. 11a-
d. It can be seen that the fatigue crack initiated from the grain at the corner of the
specimen and the details of the microstructure can be seen in Figs. 11e-f. It is apparent
that the crack mainly initiated along the boundary of the lath and the angle between the
lath and the load direction is about 45°, which is the case of the maximum shear stress.
As shown in Fig. 11c, after initiating along the lath boundary, the crack branches when
its length is about 50 um in horizontal. The new branch is perpendicular to the loading
direction. As for the original branch, it continues to grow for about 20 pm long in
horizontal before ceasing. For the specimen aged at 550 °C for 5 h (Fig. 12), due to the
boundary coarsening, it is evident that the crack grows inside the PFZ as shown in Fig.
12f. For those specimens aged at 550 °C for 5 h, 600 °C for 3 h, and 630 °C for 3 h the
results are similar to those for the specimens aged at 500 °C for 5 h. It should be
mentioned that there are no defects like inclusions, oxides, and voids in the fatigue
crack initiation location. Thus, it may be the accumulation of irreversible strain in the

PFZ that caused the fatigue crack initiation.



Fig. 11. The crack initiation location of specimen aged at 500 °C for 5 h. The side views
(a) and (c) and the fractographies (b) and (d) of the crack initiation location. (e) and (f)

The high magnification images of the places marked in (¢).

Fig. 12. The crack initiation location of specimen aged at 550 °C for 5 h. The side views
(a) and (c) and the fractographies (b) and (d) of the crack initiation location. (e) and (f)
The high magnification images of the places marked in (c).



Fig. 13. The crack initiation location of specimen aged at 600 °C for 3 h. The side views
(a) and (c) and the fractographies (b) and (d) of the crack initiation location. (e) and (f)
The high magnification images of the places marked in (a) and (c).

Fig. 14. The crack initiation location of specimen aged at 630 °C for 3 h. The side views
(a) and (c) and the fractographies (b) and (d) of the crack initiation location. (e) and (f)
The high magnification images of the places marked in (a) and (c).



Comparing the fracture morphologies of regular specimens subjected to the fatigue,
RT and ST tests some similarities can be disclosed. Firstly, the PFZ is the weakest part
of the microstructure for both the fatigue and tensile tests. Secondly, both the tensile
and fatigue damages occur first on the oriented martensite lath that is subjected to the
maximum shear stress. On the other hand, it is worth noting that when aging at 600 °C
for 3 h and 630 °C for 3 h, the fatigue strengths are roughly equative to the YS of the
ST.
4. Discussion

Based on the experimental results above, it is evident that the YS of the slender
specimens is very close to the fatigue strength when aged at 600 °C for 3 h and 630 °C
for 3 h. There might be an essential connection between the tensile test of the slender
specimens and fatigue tests. To explain that connection and extend this relationship to
the engineering application, the corresponding model and theory need to be built. The
main idea is that both the ST and fatigue tests could reflect the strength of the PFZ,
which is the soft domain. During the ST process, the soft domain will start the
dislocation slip first to produce the plastic strain [22]. During the fatigue process, the
soft domain will cause strain concentration, which is candidly related to the localization
of fatigue damage [23, 31-34]. Furthermore, the fatigue strength is controlled by the
critical stress for slip initiation (CSSI) in the soft domain [35]. As the bridge of tensile
and fatigue properties, the effect of the PFZ will be discussed firstly.
4.1. Formation and weakness of precipitate-free zone

The main factors affecting the formation of PFZ in aging strengthening alloy
should be solute and vacancy depletion [36, 37]. In the present steel, the concentration
of Ni in the reverted austenite is considered to explain the occurrence of the PFZ [24].
The result of the EDS (Fig. 15) confirms the Ni concentration in the reverted austenite.
Based on that, it is suspected that, due to the diffusion of Ni towards reverted austenite,
a lamella shaped Ni depletion zone will form alongside the reverted austenite, thus the
Ni3Ti in that zone will dissolve, and the lamella shaped PFZ will subsequently occur as
shown in Fig. 4a. According to the observation results in Figs. 8, 11-14, it can be

concluded that the PFZ is the relatively soft domain in the microstructures of the present



steels because the surface steps as result of plastic deformation occurred in the PFZ
under ST tests and the crack initiated in the PFZ under cyclic loading. Similar results

in Ti and Al alloys were also reported by other researchers [18-20].

200 } NIPREIFIIE T ) Ry ™10 7 SR LAY SN )

R (b)1500 . - .
' Reverted ! €
1400 | ! . 1 ——Ni
I austenite ! )
i i —Ti
1300 | : :
PR T
8 I [
¢ 1100 F : :
£ 1 1
1
1
I

100

1
1
I
1 1
1

O L L1 ' '
0 200 400 600

- Distance (nm)

Fig. 15. The EDS results showing the concentration of Ni in the reverted austenite aging
at 600 °C for 3 h. (a) The SEM image of the location of the scan line. (b) The EDS

results.

4.2.  Characteristics of the tensile test of slender specimens

The main difference between the ST and RT is that the sectional area of the ST is
smaller than its average grain or pocket area. The average grain or pocket area in the
present study is about 100x100 um? and the sectional area of the ST specimens is
intentionally shrunk to about 80x80 um?. By breaking through that critical sectional
area, a single pocket will occupy the whole section for a short term as schematically
illustrated in Fig. 16. Thus, significantly different tensile deformation behaviors for RT
and ST specimens can be observed in the present Co-free maraging steel, which can be
revealed by the elongation reduction and the early yielding.
4.2.1. Elongation reduction

The observed reduction in the elongation (Fig. 5) can be divided into uniform
elongation (UE) and post-necking elongation by the necking point. The decline of UE
is mainly caused by the absence of the extra hardening ability of polycrystalline
materials. As shown in Fig. 16, for the RT, when the dislocation motion starts at the
weakest oriented grain, the hard domain remains elastic, thus the yielding might not

occur until the accumulative stress forces the dislocation motion in the neighbor hard



grain [22]. Therefore, the successive hardening of each grain produces a homogeneous
distribution of strain and further a larger uniform elongation. As for the ST, there is no
extra limitation for the weakest oriented grain so that it would sustain the most strain to
the failure. That is to say, the reduction of UE happens only when the sectional area of
the specimen is smaller than the average grain size. Otherwise, the specimen dimension
has no evident influence on the uniform elongation, as reported by Zhao et al. [38], in
which the grain/sub grain sizes are in the range of 100 nm — 1 um and specimen
thickness is greater than 250 um. However, the specimen dimension indeed tends to
have a significant effect on the post-necking elongation. It is been reported that the
decrement of the post-necking elongation mainly originates from the strain definition
[38]. That is to say, the post-necking strain is defined by the result of post-necking
displacement divided by gauge dimension, thus, when the aspect ratio is as large as that
of the ST in the present study the post-necking strain is negligible.
4.2.2. Early yielding

As for the early yielding phenomenon of the ST, before mechanism analysis, it is
necessary to declare that the section of the ST specimens is about 80x80 um?, and it is
much large than the critical value of the size effect caused by dislocation starvation [39].
The reasons for the early yielding might be attributed to two aspects. Firstly, the
polycrystalline structure in the RT specimen could delay the yielding that should have
occurred in the weakest oriented grain to the general yielding, while the single grain
occupied section of the ST specimen would directly yield, as schematically illustrated
in Fig. 16. All the materials with four different aging treatments may be affected by this
aspect. It should be noted that, in the ST specimen, there might be often the case that
single grain or pocket occupying the section occurs at different regions in one specimen,
but only the weakest oriented grain or pocket will yield and determine the yield strength
during the tensile test. Secondly, the attendance of the PFZ, which is the soft domain,

might further reduce the yield strength.
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Fig. 16. Schematic illustration of the difference in specimen size during tensile tests

between the regular and slender specimens, which affect their stress-strain curves.

4.2.3. Soft domain

The attendance of the soft domain might and might not further reduce the yield
strength. The results need to be confirmed by the subsequent SEM observations on the
fracture morphologies, as shown in Fig. 8. In order to better understand the deformation
characteristics in Fig. 8, they are summarized as illustrated in Fig. 17. For those
specimens aged at 500 °C for 5 h and 550 °C for 5 h, there are some SBs within the
lath. The SBs are in large numbers, while each SB only bears a small amount of plastic
deformation. That is to say, the soft domain around LB cannot deform freely and the
measured yield strength is the weakest oriented grain, not the soft domain. For those
aged at 600 °C for 3 h and 630 °C for 3 h, there are some SBs between the lath, to be
more precise, along the PFZ. There are only several local SBs, while each of them
undertakes a lot of plastic deformation so that the step is formed. In other words, the

soft domain can deform freely, and the measured yield strength is of the soft domain.
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Fig. 17. Schematic illustration of the difference between two kinds of tensile

deformation characteristics summarized from Fig. 8.

By the combination of the above analysis and the SEM images in Fig. 8§, it is
feasible to conclude that the ST tests of the specimens aged at 600 °C for 3 h and 630 °C
for 3 h reveal the yield strength of the PFZ, while that of 500 °C for 5 h and 550 °C for
5 h do not.

4.3. Characteristics of fatigue strength

The fatigue strength listed in Table 2 was obtained by the staircase method, which
is the fatigue strength at a conditional lifetime (2 X 10°). On the other hand, according
to the dislocation model for fatigue crack initiation [23, 31-34], the material without
metallurgical defects has a fatigue strength at infinite life cycles determined by the CSSI.
4.3.1. Fatigue strength at infinite life cycles

According to the Tanaka model [23], the simplified form of the model can be given

as follows:
AW
(Ua - Jcr)z'

where N; is the number of cycles to fatigue crack initiation, the value of W; is the

specific fracture energy for a unit area, o, is the stress amplitude, o, is the uniaxial
tensile stress corresponding to the CSSI, and A is a constant depending on the material

properties. Furthermore, it can be written as:

Oq = Ocr T AVVS/\/ﬁl (2)
The N; isreplaced by Ny since the fatigue crack initiation occupied the most of

the total HCF life [40]. By fitting the data plotted in Fig. 9 using Eq. (2), the g,-N¢



curves of the specimens aged at 500 °C for 5 h, 550 °C for 5 h, 600 °C for 3 h, and

630 °C for 3 h are expressed as follows, respectively:

0, = 688 + 14114 /,/N;, 3)
0, = 660 + 23002/,/N;, (4)
0, = 578+ 21680/,/N;, (5)
0, = 547 + 18458/,/N;. (6)

The fatigue strengths at infinite life cycles are listed in Table 2.
4.3.2. The fatigue strength

The above two kinds of fatigue strengths were obtained by different methods. In
the view of the Tanaka model, the fatigue strength determined by the staircase method
is higher than that determined by the CSSI because of the conditional lifetime feature.

This conclusion could be supported by Eq. (2). More specifically, when N; in Eq. (2)
is a finite value, AW,/ \/ﬁl is larger than zero. Therefore, it is clear that the fatigue

strength at infinite life cycles is the one that equal to the CSSI, so it should be the one
to be compared with the yield strength of the ST.
4.4. Bridging the slender tensile and fatigue properties

Based on the above analyses, two conclusions can be drawn. Firstly, the local yield
strength of the PFZ could be obtained by the tensile test of the slender specimens.
Secondly, the fatigue strength of the bulk material could be considered as the CSSI in
the PFZ. Assuming that the CSSI of the PFZ in the bulk material equals to that in the
slender specimen, the fatigue strength of the bulk material should be the same as the
local yield strength of the slender specimen. This is the only and essential assumption
in the present theory that the fatigue strength of metals could be ascertained by the ST.
Table 3 shows the ST and fatigue results of 600 °C for 3 h and 630 °C for 3 h supporting
this assumption. As for 500 °C for 5h and 550 °C for 5h, the ST tests fail to obtain the
yield strength of the soft domain. It is believed that some thinner tensile specimens are
required to make the soft domain deform freely and methods other than the tensile test

are needed to be developed.



Table 3. Comparison between the yield strength of slender specimens and fatigue

strength of bulk specimens.

Aging treatment  Yield strength, oye (MPa) Fatigue strength, o', (MPa)
600°C for 3 h 560 + 21 578 £ 10
630°C for3 h 540 £ 42 547 £ 11

As a supplement, the identity of the damage distribution conditions between ST
and fatigue could give an insight into the present theory. It is well known that the fatigue
damage could be highly concentrated, thus the initiation of the fatigue crack is limited
in one particular grain in general, and this particular grain is chosen because it has the
lowest strength among all the grains [12]. Things are the same for the ST, and the
weakest grain will yield first as long as the ST specimen size is appropriate. Therefore,
the CSSI in the soft domain could be treated as the connection to bridge the tensile and
fatigue properties.

5. Conclusions

Based on the experimental results of 18Ni maraging steels (250 grade) under
different aging treatments, the relationship between fatigue and tensile properties is
systematically discussed and analyzed, and the following conclusions can be drawn:
(1) The relatively low fatigue strength of the present steels is imputed to the attendance

of the PFZ, which is caused by the segregation of Ni during the aging treatment.
The fatigue strength is determined by the strength of the soft domain.

(2) The abnormal behaviors of slender tensile tests, including the elongation reduction
and the early yielding, can be attributed to that a single grain or packet occupies the
whole section of the specimen. In another words, the section area of the specimen
is less than the grain size. In the present study, the PFZ, which is the soft domain,
also contributes to the early yielding.

(3) The equation between the fatigue strength of bulk specimen and the yield strength
of the slender specimen can be attributed to that the damage mechanism in the two
types of tests is identical: the weakest grain will start the dislocation motion first.

As long as the validity of the yield strength obtained by the tensile test of the slender



specimen can be guaranteed, the fatigue strength at infinite life cycles should be
predictable for slip bands cracking metals by using the slender tensile test.
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