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Abstract: As material for key parts applied in the aerospace field, the Cu-Be-Co-Ni alloy sustains
cyclic plastic deformation in service, resulting in the low cycle fatigue (LCF) failure. The LCF behaviors
are closely related to the precipitation states of the alloy, but the specific relevance is still unknown.
To provide reasonable regulation of the LCF properties for various service conditions, the effect
of precipitation states on the LCF behaviors of the alloy was investigated. It is found that the
alloy composed fully of non-shearable γ′ precipitates has higher fatigue crack initiation resistance,
resulting in a longer fatigue life under LCF process with low total strain amplitude. The alloy with
fine shearable γ′I precipitates presents higher fatigue crack propagation resistance, leading to a longer
fatigue life under LCF process with high total strain amplitude. The cyclic stress response behavior
of the alloy depends on the competition between the kinematic hardening and isotropic softening.
The fine shearable γ′I precipitates retard the decrease of effective stress during cyclic loading, causing
cyclic hardening of the alloy. The present work would help to design reasonable precipitation states
of the alloy for various cyclic loading conditions to guarantee its safety in service.
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1. Introduction

The Cu-Be-Co-Ni alloy possesses a strength similar to ultra high strength steel and superior elastic
properties benefited from the significant precipitation strengthening effect [1]. Besides, it possesses
high fatigue strength, thermal conductivity and wear resistance [2]. Owing to these remarkable
properties, Cu-Be-Co-Ni alloy is widely applied in the mechanical components of aviation, aerospace,
military industry and other fields, such as the axle sleeves and pivots on the landing gear of large
aircraft [3]. The stress sustained by these components exceeds the elastic limit when the aircraft takes
off and lands, indicating that the plastic deformation appears during the cyclic loading process and
finally leads to the low cycle fatigue (LCF) failure [4]. The cyclic plastic deformation would cause cyclic
hardening or cyclic softening of the alloy, which has great influence on the LCF life. Cyclic softening
would cause excessive plastic deformation and finally lead to the failure. Therefore, the components
suffering to large strain amplitude cyclic deformation must select the alloy presenting cyclic hardening
or stability during LCF process [5]. Consequently, the LCF behaviors, especially the cyclic hardening
and softening behaviors, of the Cu-Be-Co-Ni alloy need to be further investigated for the safety and
reliability requirements.

The LCF behaviors of the precipitation strengthening alloy are closely related to the states of
precipitation. Delbove et al. [6] investigated the role of the microstructure on the LCF behavior of
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Cu-Ni-Si alloy and reported that dislocation sheared the δ-Ni2Si precipitates, causing the dissolution of
precipitates and local plastic deformation. According to the research of Hockauf et al. [7] on aluminum
alloys, the precipitates which were coherent with the parent phase contributed to slip localization,
resulting in early failure during LCF loading. However, Wang et al. [8] found that dislocations can shear
the fine and coherent precipitates and glide more-or-less reversibly during cyclic loading, resulting
in fostering fatigue crack growth (FCG) resistance. Therefore, it is essential to reveal the relationship
between the precipitation states and the fatigue life.

Another important factor that affects the safety in LCF process is the cyclic response behavior.
The cyclic hardening and cyclic softening behaviors are directly relevant to the isotropic hardening and
kinematic hardening of the alloy during LCF process, which can be described by the effective stress
and internal stress, respectively. Generally, the effective stress reflected the stress from the short-range
motion under cyclic loading, whereas the internal stress reflected the stress from the long-range
motion of dislocations [9]. The effective stress is the stress required locally for a dislocation to move,
i.e., the short range interactions of forest dislocations [10]. The level of effective stress depends on the
density of forest dislocations during the deformation. For the precipitation strengthening alloy, the
density of forest dislocations depends on two contradictory effects from the precipitates [11,12]. On the
one hand, the precipitates can act as the trapping sites for mobile dislocations, accelerating the storage
of dislocations. On the other hand, the Orowan loops generated from the mobile dislocations bypassing
the precipitates would also accelerate the annihilation of dislocations. The competition between the
accumulation and annihilation decides whether the alloy exhibits strain hardening or softening.
Chen et al. [9] found that severe dislocations accumulation occurred in during the LCF process of
the pre-hardening Hadfield steel because the dislocation motion was blocked by twin boundaries,
resulting in the effective stress hardening. However, the effective stress softening was found in the
Ti-6Al-4V alloy [13], which was mainly related to the dislocations annihilation and precipitates shearing
mechanism. The plastic strain incompatibilities and heterogeneity of the spatial dislocation distribution
cause the long-range internal stress [14]. According to Xu et al. [13], the heterogeneity of microstructure
in the materials caused the pile-ups of dislocations and led to the internal stress hardening, while the
uniform plastic deformation brought about the reduction of internal stress. Thus, it is important to
figure out the revolution of effective stress and internal stress during the LCF process.

The two separated parts of the cyclic stress, effective stress and internal stress, can be directly
obtained from the cyclic stress–strain hysteresis loops [15]. Based on Cottrell’s [16] framework,
Kuhlmann-Wilsdorf et al. [17] proposed a method to evaluate the effective and internal stress, referred
as the KWLC technique. In this method, the hysteresis loop was only composed of elastic portion
and plastic portion and the whole cyclic loading process was taken into consideration. Another
method proposed by Handfield and Dickson [18] was called the HD technique, which have taken the
quasi-elastic portion after elastic portion into account. It is more suitable to use the HD technique
when the elastic portion is relatively short during the reverse loading.

In the present study, we design two different precipitation states and investigate their effect on the
LCF behaviors of the Cu-Be-Co-Ni alloy. Theories about isotropic hardening (contributed by effective
stress) and kinematic hardening (contributed by internal stress) were applied to explain the cyclic
hardening and cyclic softening behaviors of the alloy.

2. Experimental Details

2.1. Materials and Sample Preparation

The Cu-Be-Co-Ni alloy ingots (in the shape of 120 mm × 100 mm × 70 mm) were first
homogenized at 800 ◦C for 180 min. The composition of the alloy is listed in Table 1. Then, the ingots
were hot-rolled to 9 mm (87% rolling reduction) at 650–740 ◦C, followed by quenching in water
immediately. The hot-rolled sheets were solution treated at 780 ◦C for 30 min, followed by water
quenching to room temperature (RT). Finally, the sheets were subjected to two different aging
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treatments to obtain different precipitation states: (1) normal aging (NA) at 320 ◦C for 180 min;
and (2) double aging (DA) consisting of aging at 370 ◦C for 5 min followed by water quenching to RT
and then aging at 280 ◦C for 360 min.

Table 1. The composition of Cu-Be-Ni-Co alloy (wt %).

Element Be Ni Co Cu

Content 1.9 0.2–0.3 0.1–0.2 Bal.

The precipitates of the alloy were characterized employing an H-8100 transmission electron
microscope (TEM) (HITACHI, Tokyo, Japan) and an FEI Tecnai G2 F20 high-resolution (HR) TEM
(FEI, Hillsboro, OR, USA), operating at 200 kV. Thin foils for TEM observations were prepared via
twin-jet electro-polishing, using a solution of 70 vol % methanol and 30 vol % nitric acid as the
electrolyte under the temperature of −25 to −30 ◦C. The employed voltage and current were 9.5 V and
20 mA, respectively.

2.2. Tensile and Low Cycle Fatigue Test

Samples for mechanical properties tests were cut from the sheets after aging treatments, parallel
to the rolling direction. The monotonic tensile tests (INSTRON, Boston, MA, USA) were carried out at
a strain rate of ~10−3 s−1. For each aging condition, three samples were tested.

Low cycle fatigue (LCF) tests were conducted according to ASTM E606 standard. Cylindrical
samples were machined with a parallel gauge section 13.8 mm long and 6 mm in diameter (as shown
in Figure 1). The LCF tests were performed on an INSTRON 8801 electro-hydraulic servo fatigue
testing machine (INSTRON, Boston, MA, USA) at different total strain amplitudes of 1.2%, 1.4%, 1.6%,
1.8% and 2%. Sinusoidal waveform loading with a zero mean strain (R =−1) and a constant total strain
rate of 8 × 10−4 s−1 was applied during the LCF tests. The strain was measured by an extensometer
with the gauge length of 12.5 mm. At least two samples were tested at each set of testing parameters.
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Figure 1. Geometry of the LCF test sample, all dimensions are in mm.

The Cu-Be-Co-Ni alloy after NA and DA treatments presented an excellent linear relationship
during the elastic loading and reloading process. Besides, there were large differences between
the tension and compression curves [19]. Hence, the KWLC technique [17] was used to calculate
the effective and internal stress of the alloy during LCF tests in the present study. As shown in
Figure 2, the effective stress (σf) and internal stress (σb) can be directly obtained from the hysteresis
loop, where σf is determined at a reversed plastic strain offset of 1.0 × 10−4 as suggested in the
literature [14,15,20] and σb can be calculated by σb = σa − σf.
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Figure 2. Determination of the effective stress and the internal stress from fatigue hysteresis loops by
KWLC technique. The hysteresis loop data are taken from the fifth cycle of the DA samples under the
total strain amplitude of 2%.

3. Results

3.1. Precipitation Microstructure

As shown in Figure 3a, the NA alloy mainly contains slender strips of γ′ precipitates.
The “arrowheads” could be observed in the corresponding selected area diffraction pattern (SADP),
which was considered as the sign of a change in habit planes from the former metastable phase [21].
The slender strips of γ′ precipitates were parallel to

(
131

)
α

and
(
121

)
α

. Unlike slender strips, a striated
microstructure was observed in the DA alloy (Figure 3b). From the HRTEM images (Figure 3d,f),
the lattice parameters of the precipitates could be measured and then compared with the results
from Monzen et al. [22]. The corresponding digital fast Fourier transform (DFFT) patterns of Area 1
(Figure 3e) and Area 2 (Figure 3g) were utilized to further confirm the results from HRTEM images.
Consequently, it could be inferred that the precipitates in the DA alloy were composed by γ′I and
γI phase.

3.2. Monotonic Tensile Properties

The tensile properties of the Cu-Be-Co-Ni alloys under different aging conditions are listed in
Table 2. Despite sharing nearly the same values for Young’s modulus (E) and ultimate tensile strength
(UTS), the yield strength (YS) of the DA alloy was about 80 MPa lower than the NA alloy, while the
uniform elongation (εu) of the DA alloy was 34% higher.

Table 2. Tensile properties of the Cu-Be-Co-Ni alloys under different aging conditions.

Aging Condition Young’s Modulus (GPa) YS (MPa) UTS (MPa) Uniform Elongation (%)

DA 134.2 1131 1308 7.1
NA 135.7 1213 1300 5.3



Metals 2018, 8, 444 5 of 15

Metals 2018, 8, x FOR PEER REVIEW  5 of 15 

 

  

 

Figure 3. Transmission electron microscope (TEM) images of the alloy under different aging 

conditions: (a) normal aging (NA); (b) double aging (DA); (c) high-resolution transmission electron 

microscope (HRTEM) images of the precipitates in (b); (d) higher magnification and (e) fast Fourier 

transform (FFT) of Area 1 in (c), respectively; and (f) higher magnification and (g) FFT of Area 2 in 

(c), respectively. HRTEM images are obtained with an incident beam parallel to the [110]α direction. 

The differences in tensile properties are also reflected in the strain hardening behavior. As shown 

in Figure 4, the strain hardening behavior is described by the plot of the flow stress (σflow) and 

instantaneous strain hardening rate (Θ = dσflow/dεp) vs. the true plastic strain (εp). All the strain 

hardening curves showed an initially very rapid decrease, which was associated with the 

elastic/plastic transition [23]. After the elastic/plastic transition, the decreasing of strain hardening 

rate (Θ) slowed down and then followed a linear reduction, which was coincidence with the work 

hardening behavior of polycrystalline fcc metals described by the Kocks–Mecking–Estrin (KME) 

model [24,25]. While the Θ decreased with the increase of εp, the σf kept increasing. The necking 

occurred when these two dependent variables were equal [26]. As shown in Figure 4, the decreasing 

rate of Θ in the transition section on the strain hardening curve under DA condition was far slower 

than that under NA condition, leading to a considerable increase of uniform elongation. 

3.3. Low Cycle Fatigue Behaviors 

3.3.1. Cyclic Stress Response Behaviors 

Figure 5 shows the variation of cyclic stress amplitudes with the number of cycles under 

different strain amplitudes during LCF tests for the alloy under two different aging conditions. As 

the increase of applied total strain amplitude, the stress amplitude of the alloy under both aging 

conditions increased and the fatigue life decreased. When the total strain amplitude was less than or 

equal to 1.4%, the stress amplitude kept almost steady at the first 100 cycles followed by cyclic 

softening until fracture. As the total strain amplitude became greater than or equal to 1.6%, 

Figure 3. Transmission electron microscope (TEM) images of the alloy under different aging conditions:
(a) normal aging (NA); (b) double aging (DA); (c) high-resolution transmission electron microscope
(HRTEM) images of the precipitates in (b); (d) higher magnification and (e) fast Fourier transform (FFT)
of Area 1 in (c), respectively; and (f) higher magnification and (g) FFT of Area 2 in (c), respectively.
HRTEM images are obtained with an incident beam parallel to the [110]α direction.

The differences in tensile properties are also reflected in the strain hardening behavior. As shown
in Figure 4, the strain hardening behavior is described by the plot of the flow stress (σflow) and
instantaneous strain hardening rate (Θ = dσflow/dεp) vs. the true plastic strain (εp). All the strain
hardening curves showed an initially very rapid decrease, which was associated with the elastic/plastic
transition [23]. After the elastic/plastic transition, the decreasing of strain hardening rate (Θ) slowed
down and then followed a linear reduction, which was coincidence with the work hardening behavior
of polycrystalline fcc metals described by the Kocks–Mecking–Estrin (KME) model [24,25]. While the
Θ decreased with the increase of εp, the σf kept increasing. The necking occurred when these two
dependent variables were equal [26]. As shown in Figure 4, the decreasing rate of Θ in the transition
section on the strain hardening curve under DA condition was far slower than that under NA condition,
leading to a considerable increase of uniform elongation.

3.3. Low Cycle Fatigue Behaviors

3.3.1. Cyclic Stress Response Behaviors

Figure 5 shows the variation of cyclic stress amplitudes with the number of cycles under different
strain amplitudes during LCF tests for the alloy under two different aging conditions. As the increase of
applied total strain amplitude, the stress amplitude of the alloy under both aging conditions increased
and the fatigue life decreased. When the total strain amplitude was less than or equal to 1.4%, the stress
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amplitude kept almost steady at the first 100 cycles followed by cyclic softening until fracture. As the
total strain amplitude became greater than or equal to 1.6%, differences of the LCF behaviors between
the NA and DA alloy began to appear. The NA alloy still presented cyclic stability followed by
cyclic softening, and the slight cyclic hardening behavior was occurred only when the total strain
amplitude was 2%. Rather than cyclic stability at the beginning, the DA alloy showed considerable
cyclic hardening at the first 10 cycles followed by cyclic softening until fracture when the total strain
amplitude was greater than 1.6%.
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(a) NA; and (b) DA.

Cyclic hardening ratio (CHR) and cyclic softening ratio (CSR) were frequently utilized to
characterize cyclic deformation behaviors of metallic materials. CHR and CSR were determined
using CHR = (σmax − σ1)/σ1 and CSR = (σmax − σmid)/σmax, where σ1, σmax and σmid represented
the stress amplitude at the first cycle, the maximum stress amplitude and the stress amplitude at the
mid-life, respectively [9]. The CHR and CSR results of NA and DA alloys during LCF tests are shown
in Figure 6. With the increase of total strain amplitude, the CHR increased while the CSR decreased
slowly with a slight change. Under the same total strain amplitude, both the CHR and CSR of the
DA alloy were greater than the corresponding value of the NA alloy, which indicated that the stress
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amplitude of DA alloy varied more apparently during the LCF tests. When the total strain amplitude
was greater than 1.6%, the CHR was higher than the CSR under the DA condition. As for the NA
condition, the CHR was higher than the CSR only when the total stain amplitude was 2%. Furthermore,
the CSR under both aging conditions was almost zero at the total strain amplitude of 2%, indicating
that the stress amplitude reached the maximum value at the mid-life.
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The cyclic stress–strain scatters and the corresponding monotonic stress–strain curves are shown
in Figure 7. The cyclic stress and strain correspond to the maximum tensile stress and strain of the
hysteresis loops at mid-life. It is seen that the cyclic stress–strain curve is positioned slightly lower
than the monotonic one of the NA alloy, while the cyclic curve is higher than the monotonic curve for
the DA condition. Therefore, it can be deduced that the cyclic deformation causes cyclic softening for
the NA alloy and cyclic hardening for the DA alloy.
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3.3.2. Fatigue Life

Figure 8 shows the plot of the total strain amplitude and the number of cycles to failure (generally
known as ε–N curves) for the NA and DA alloy. It can be found that the fatigue life goes straight down



Metals 2018, 8, 444 8 of 15

with the increasing of total strain amplitude under both aging conditions. However, the fatigue life of
the NA and DA alloy under the same total strain amplitude was different. The fatigue life of the NA
alloy was significantly longer than the DA alloy at the relatively low strain amplitude (∆εt = 1.2%),
while it reversed at the higher strain amplitude (∆εt = 2.0%).
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The total strain amplitude (∆εt/2) could be expressed as elastic strain amplitude (∆εe/2) and
plastic strain amplitude (∆εp/2). The elastic part could be represented by the Basquin equation and
the plastic part could be described by the Coffin–Manson equation [27]:
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where E is Young’s modulus, Nf is the number of cycles to failure, σ′f is the fatigue strength coefficient,
b is the fatigue strength exponent, ε′f is the fatigue ductility coefficient and c is the fatigue ductility
exponent. For metals, high |b| value represents the high strength and high |c| value indicates the
good plasticity [28].

In the present study, the value of elastic or plastic strain amplitudes are taken at mid-life from
the hysteresis loops since the cyclic stress response behavior tended to be stable at this moment.
As shown in Figure 9, the LCF parameters can be obtained through linear regression analysis of the
LCF data. The specific value of these parameters is presented in Table 3. It could be seen that all the
LCF parameters value of the DA alloy were higher than the corresponding value of the NA alloy,
especially for the fatigue ductility coefficient, ε′f. The ε′f value of the DA alloy was approximately five
times higher than that of the NA alloy, suggesting a higher fatigue resistance.

Table 3. Low cycle fatigue parameters obtained for estimating the fatigue life of the alloy in this study.

Aging
Condition

Fatigue Strength
Coefficient, σ′f (MPa)

Fatigue Strength
Exponent, b

Fatigue Ductility
Coefficient, ε′f (%)

Fatigue Ductility
Exponent, c

NA 2135 −0.127 5.757 −0.925
DA 2455 −0.154 30.577 −1.209
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3.4. Fractography of Low Cycle Fatigue

As shown in Figure 10, the overall fracture surfaces can be separated into three stages: (i) fatigue
crack initiation (FCI) zone; (ii) fatigue crack growth (FCG) zone; and (iii) final fracture (FF) zone.
As indicated by the black arrows, the fatigue cracks initiated basically from the sample surface
and multiple FCI sites were observed in all the LCF samples, which was due to the high level of
applied stress amplitude. The FF zones were separated from the FCG zones by black dash lines.
With the increasing of total strain amplitude, the size of the FF zone on the fracture surface increased.
Furthermore, the NA alloy possessed larger size of the propagation zone (area including the FCI and
FCG zone) at relatively low total strain amplitude (1.2%), while the propagation zone of the DA alloy
was larger at higher total strain amplitude (1.8%). Since the size of the propagation zone on the fracture
surface is positively correlated to the cycles required for fatigue crack initiation and propagation, it can
be found that the feature of the fatigue fracture surfaces is agreed with the fatigue life results from
LCF tests.
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Figure 10. Scanning electron microscope (SEM) images of overall fracture surfaces of the alloy: NA alloy
fatigued at the total strain amplitude of: (a) 1.2%; and (c) 1.8%. DA alloy fatigued at the total strain
amplitude of: (b) 1.2%; and (d) 1.8%.

Figure 11 shows the details of the fatigue fracture surface in the FCG zones of the alloy at different
total strain amplitudes. At low strain amplitude (1.2%), relatively smooth facets and cleavage steps
could be observed on the fracture surface of both the NA and DA alloys. The fracture surface of
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the NA alloy was mainly composed of relatively smooth facets, surrounded by secondary cracks.
However, extensive tear ridges along with a few microcracks and dimples were founded on the
fracture surface of the DA alloy, suggesting larger plastic deformation was taken place in the DA
alloy. When it came to high strain amplitude (1.8%), the fracture surface was constituted by larger
numbers of tear ridges and dimples instead of the relatively smooth facets, indicating its similarity to
the tensile fracture. Some microcracks propagated along the grain boundary could also be observed.
The area in the white box on the fracture surface in Figure 11a,c,e,g is further magnified and illustrated
in Figure 11b,d,f,h, respectively. The fatigue striations could be observed under higher magnifications.
The spacing of fatigue striations could be utilized to estimate the FCG rate and the local FCG direction
was perpendicular to the fatigue striations. The spacing of fatigue striations increased with the
increasing of total strain amplitude for the both alloys. However, the fatigue striations spacing of
the NA alloy was larger than that of the DA alloy under the same total strain amplitude, suggesting
a higher resistance to the fatigue crack propagation for the DA alloy.
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Figure 11. SEM images of the fracture surface of the samples tested at total strain amplitude of:
1.2% (a–d); and 1.8% (e–h), showing the morphology in the FCG zone for: the NA alloy (a,b,e,f); and
the DA alloy (c,d,g,h).
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4. Discussion

4.1. Effect of Precipitation States on the Fatigue Life

According to Figure 8, the fatigue life of the two aging states alloy increases alternately under
various total strain amplitudes. The NA alloy presented a longer fatigue life under relatively low strain
amplitudes while DA alloy showed a longer fatigue life when it came to higher strain amplitudes.
As shown in Figure 12, the fatigue life (Nf) can be divided into initiation life (Ni) and propagation life
(Np), while the proportion of Ni decreases with the increase of stress amplitude [29]. According to
Figure 5, the stress amplitude of the alloy increases with the raise of total strain amplitude. Hence, it can
be deduced that the proportion of Ni increases with the decreasing of total strain amplitude for both
NA and DA alloys.
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Under low total strain amplitude, the fatigue crack initiation (FCI) life covers most of the total
fatigue life. The FCI life increases with the increase of deformation uniformity of the material [30].
For the aging hardening alloy, the interaction between the precipitates and dislocations is the essential
reason that influences the uniformity of deformation [31]. While the microstructure with non-shearable
precipitates trends to deform uniformly, the presence of shearable precipitates frequently leads to local
plastic deformation [32]. According to the previous study [19,33], the γ′ precipitates and γI precipitates
could only be bypassed by the dislocations while a considerable part of the γ′I precipitates could be
sheared by the dislocations. Therefore, the NA alloy fully composed of non-shearable γ′ precipitates
presented more uniform deformation than the DA alloy with shearable γ′I precipitates during the FCI
stage, indicating a longer FCI life of the NA alloy. As a result, the NA alloy presented a longer total
fatigue life under low total strain amplitude.

As for the high total strain amplitude, the fatigue crack quickly enters the propagation stage
after very short initiation stage, and the fatigue crack growth (FCG) life accounts for the most of the
fatigue life. According to the overall fracture surfaces (Figure 10), the DA alloy showed a longer critical
crack length (larger size of the propagation zone) under the high total strain amplitude. Furthermore,
the DA alloy presented a smaller spacing of fatigue striations (Figure 11), implying a lower FCG rate.
Both long critical crack length and low FCG rate can be attributed to the high fatigue crack propagation
resistance, which is closely related to the precipitation states. Owing to the larger number of shearable
precipitates in the DA alloy [19], the dislocations slip is partially reversible during the cyclic loading
process [7]. These “reversible” dislocations will not contribute to damage accumulation in the plastic
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zone, resulting in the increase of FCG resistance [34]. Consequently, the DA alloy possessed a longer
FCG life under high total strain amplitude, as well as the total fatigue life.

4.2. Effect of Precipitation States on the Cyclic Hardening/Softening Behaviors

The obtained cyclic stress response behavior results revealed that the NA and DA alloy displayed
different cyclic hardening and cyclic softening behaviors, especially under high total strain amplitude
(higher than 1.4%). The NA alloy presented cyclic stability followed by cyclic softening, while the
DA alloy firstly showed cyclic hardening and then cyclic softening. The cyclic stress during LCF
tests can be separated into effective and internal stress [15], which are two important parameters in
characterizing LCF behaviors [35,36].

Figure 13a,b shows the evolution of the effective stress and internal stress of the alloy with the
number of cycles (N) at different total strain amplitudes. As seen in this figure, the effective stress
makes more contribution to the cyclic stress than the internal stress. During the LCF tests, the effective
stress of both alloys decreased with the increase of N, while the internal stress increased at first and
then became saturated. Despite the similar variation tendency of effective stress and internal stress,
the DA alloy presented a higher level of effective stress while the NA alloy possessed larger internal
stress under the same total strain amplitude.
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Figure 13. Effective stress (a); and internal stress (b) of NA alloy and DA alloy as a function of number
of cycles at different total strain. Evolution of kinematic hardening effect with number of cycles of NA
(c) and DA (d) alloy at total strain amplitude of 1.8%. The kinematic hardening is indicated by shading
while the isotropic softening is displayed by the gray area.

As shown in Figure 13c,d, the kinematic hardening effect (internal stress) can be calculated by
subtracting the isotropic hardening effect (effective stress) from the total stress amplitude, i.e., the area
indicated by shading. Consequently, the cyclic hardening/softening behaviors of the alloy can be
attributed to the competition of kinematic hardening (shading area) and isotropic softening (gray area).
As for the NA alloy, the fast decrease of the effective stress causes a greater degree of isotropic softening,
which offsets the kinematic hardening effect at first 30 cycles. As a result, the NA alloy presented
cyclic stability at first. By contrast, the gentle decrease of the effective stress leads to a smaller isotropic
softening, which is less than the kinematic hardening at first 30 cycles. Hence, the DA alloy showed
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a considerable cyclic hardening during the early stage of LCF tests. The effective stress is contributed to
the isotropic hardening, which depends on the accumulation and annihilation of forest dislocations [11].
The effective stress softening is mainly related to the dislocation annihilation causing by dynamic
recovery [37]. The fine shearable precipitates in the DA alloy help to maintain a low dislocation
dynamic recovery rate during the deformation [19], so the effective stress decreases more gently with
the increase of N. Large non-shearable precipitates in the NA alloy can provide higher dislocations
accumulation rate, but the dislocations dynamic recovery rate is far more quickly than that of the
shearable precipitates [19], leading to faster decrease of the effective stress. Therefore, the decrease rate
of the effective stress of the DA alloy was much slower than that of the NA alloy during LCF process.

The internal stress is contributed to the kinematic hardening, which is caused by the elastic
loading of the non-shearable precipitates [38]. The internal stress hardening is due to the storage
of Orowan loops around the non-shearable precipitates bypassed by the mobile dislocations [23].
Naturally, the NA alloy with higher volume fraction of non-shearable precipitates possesses larger
internal stress. Furthermore, plastic relaxation occurs around the precipitates with the increase of
plastic strain, resulting in the stabilization of internal stress [38].

5. Conclusions

In this work, the effect of precipitation states on LCF behaviors of Cu-Be-Co-Ni was investigated.
The cyclic hardening and cyclic softening behaviors of the alloy were well explained by the evolution
of effective stress and internal stress during the LCF process. The main conclusions are summarized
below.

(1) During the cyclic loading, the effective stress of the Cu-Be-Co-Ni alloy decreased with the increase
of the number of cycles (N), while the internal stress increased at first and then became saturated.
The competition between the kinematic hardening and isotropic softening decided whether the
alloy exhibited cyclic hardening or softening. The fine shearable precipitates in the DA alloy
helped to maintain a low dislocation dynamic recovery rate during the deformation, resulting in
retarding of the decrease of effective stress, which caused the cyclic hardening in the early stage
of the cyclic loading.

(2) The precipitation state of fully non-shearable γ′ precipitates in the NA alloy fostered the uniform
deformation and promoted the fatigue crack initiation resistance, resulting in a longer fatigue life
under low total strain amplitude. The fine shearable precipitates in the DA alloy contributed to
the decrease of the damage accumulation in the crack tip plastic zone and promoted the fatigue
crack propagation resistance, leading to a longer fatigue life under high total strain amplitude.

(3) Under the cyclic loading with high stress, the fatigue cracks of the Cu-Be-Co-Ni alloy initiated
basically from the sample surface with multiple initiation sites. The macroscopic morphology
of the fracture surface presented good agreement with the fatigue life results from LCF tests
data. The greater the proportion of propagation zone (area including the FCI and FCG zone) on
the fracture surface is, the longer the fatigue life is. Furthermore, the smaller fatigue striations
spacing of the DA alloy suggested a higher fatigue crack propagation resistance compared to the
NA alloy.
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