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ABSTRACT
A novel procedure, proposed by Kujawski and Vasudevan 1, has been evaluated as an alternative to the ASTM E647 stand-
ard for determining the ∆Kth and Kmax,th thresholds. This method relies solely on the actual propagation of cracks, which oc-
curs only when both thresholds are satisfied simultaneously. For long cracks, a more efficient estimation of thresholds can be 
achieved. Compared to the ASTM E647 standard (R = 0.1, ∆Kth = 2.95 MPa√m), the new methodology for the same R yielded 
a value of ∆Kth = 2.50 MPa√m and determined a maximum stress threshold of Kmax,th = 3.35 MPa√m. A correlated parameter, 
K* = Kmax

α·∆K1-α, α = 0.5 for Al 2024 T3 alloy, was employed to provide an effective relation between the loading ratio and the 
threshold conditions, with K* values ranging from 2.8 to 3 MPa√m for R-ratios from 0.1 to 0.7. The implementation of this tech-
nique has the potential to reduce testing time and postprocessing efforts by minimizing the need for crack propagation calcu-
lations. This method provides valuable insights into the material behavior near the fatigue threshold for the specific cases and 
material investigated.

1   |   Introduction

An in-depth understanding of fatigue crack growth (FCG) rate 
is critical for the reliable prediction of the safe operational life of 
components in service. Moreover, the near-threshold regime is 
key for the proper establishment of inspection intervals, which 
in turn safeguards the integrity and longevity of such structural 
elements. FCG occurs in the near-threshold region for an aver-
age crack growth rate below 10−9 m/cycle [1]. In this region, the 
stress intensity factor (SIF) reaches the SIF range at threshold 
(ΔKth), which indicates a material's resistance to the propaga-
tion of cracks. ΔKth represents the SIF range (ΔK) value below 
which FCG does not occur [2]. ΔKth is also a limit for damage 
tolerance design (DTD) [3, 4], where a mere 1-MPa√m change 

could lead to an approximately 18% variation in residual life 
[5–7]. Determining ΔKth involves a complex and intricate pro-
cess that is not easily straightforward. This is due to the qualita-
tive and quantitative variations arising from the use of different 
experimental, numerical, and analytical methods, along with 
their corresponding assumptions  [6]. FCG curves, associated 
with physically small crack and those associated with micro-
structurally small crack, demonstrate distinct morphological 
characteristics [8]. Some studies have demonstrated [9] that 
crack propagation may continue even when the measured 
long-crack threshold, as defined by the ASTM test procedure 
[1, 3], has been surpassed. Hence, ΔKth is defined as the critical 
value of ΔK at which the crack growth rate (da/dN) falls below 
10−10 m/cycle [3, 10].
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Numerous research studies have examined the near-threshold 
fatigue of engineering alloys [11, 12]. The variation of thresh-
old values associated with different microstructures within the 
same alloy is significantly reduced at elevated R values in com-
parison to lower R values [13]. Instead of contributing to the R 
values, the contribution of Kmax,0 has been introduced, where 
Kmax,0 = ∆K0/(1-R), [14]. The threshold conditions for crack 
growth rate are overseen by two important driving force param-
eters, ∆K0 and Kmax,0. A constant value of Kmax,0 establishes the 
threshold at low R values. Meanwhile, a constant value of ∆K0 
determines the threshold conditions at high R values [15, 16].

The method for obtaining ΔKth is standardized by ASTM 647 
[1] or ISO 12108 [17] and involves a gradual reduction of the 
load for a constant R in a specimen after the precracking stage. 
This load-shedding process has undergone considerable criti-
cism through the years [18, 19]. When the field ∆K is abruptly 
reduced, the growth of the current crack at the tip, the largest 
previous plastic zone, which developed at the previous higher 
load level, can result a complete stop or in a retardation of FCG. 
In contrast, if the ∆K values are decreased gradually, certain 
materials may exhibit crack closure, resulting in early contact 
of the crack faces. This phenomenon can yield a seemingly ele-
vated ∆Kth value due to oxidation on the fracture surfaces and 
crack tip. The selection of a specific ∆K value can be somewhat 
arbitrary, significant experimental uncertainties and errors can 
impact the assessment of fatigue thresholds. Additionally, as the 
enforced ∆K diminishes with growing crack length, the crack 
growth detention threshold is measured rather than the initia-
tion crack growth threshold. The latter aspect is more important 
in most practical situations [20].

Several methodologies have been proposed to address these lim-
itations. A new technique was proposed based on entirely com-
pressive cyclic loads to induce self-arresting fatigue precracks in 
notched specimens, aiming to enhance their structural integrity 
and fatigue life [18, 19]. The material is exposed to cyclical ten-
sile loads that start below ∆Kth. If no crack growth is observed, 
the ∆K value is gradually increased until the threshold for crack 
growth is reached. Once the desired intensity is reached, a con-
stant cyclic load level of the fatigue test can be conducted.

A method of increasing the load ratio (R) for measuring an in-
trinsic fatigue threshold was popularized [21]. Maximum SIF 
(Kmax) is maintained at a constant level, while ∆K is gradually 
reduced by increasing R. When Kmax remains constant, the di-
mensions of the plastic zone at the crack tip remain invariant. 
Consequently, a reduction in load is not anticipated to induce the 

typical retardation effects associated with variable amplitude 
fatigue. Furthermore, at the high load ratio levels where ∆Kth 
is measured, crack face closure is nearly eliminated, making 
this method not suitable for investigating how load ratio affects 
crack growth rates near the threshold [22, 23].

It is important to recognize that the use of various methods to 
determine fatigue thresholds has led to notable variations in 
data accuracy and interpretation [20]. Care must be taken when 
analyzing crack growth mechanisms, as testing artifacts can 
easily overshadow the intrinsic effects of microstructural or me-
chanical factors. Additionally, the operational definition of ∆Kth 
is slightly subjective and varies across different techniques.

The threshold regime is influenced by microstructural features, 
for example, grain size and slip characteristics across various 
alloy systems. This phenomenon has been documented in alu-
minum alloys [24–26], ferrous alloys [27, 28], titanium alloys 
[29, 30], and nickel-base superalloys [31]. This accumulation of 
knowledge underscores the complexity and significance of mi-
crostructural influences on fracture mechanics within these 
material classes.

Aluminum alloy 2024-T351, a widely used aerospace material, 
is particularly susceptible to fatigue damage due to its inherent 
microstructure and the aggressive environments in which air-
craft operate [32]. The high strength-to-weight ratio and excel-
lent corrosion resistance of 2024-T351 make it a preferred choice 
for various aircraft components, including wings, fuselage, and 
landing gear. However, the cyclic stresses encountered during 
flight operations can lead to the initiation and propagation of 
fatigue cracks, ultimately compromising the structural integrity 
of these critical components [33, 34].

The transition between the Paris regime and the near-threshold 
regime generally occurs when the radius of the cyclic plastic 
zone (rc) approaches the characteristic microstructural dimen-
sion of the alloy, grain-size diameter (dg) in this case. This tran-
sition is realized when the Δ attains the SIF range at the knee 
transition point (∆Kn). Beyond this threshold, the growth be-
havior exhibits insensitivity to microstructural variations [30].

Roughness of the surface near a crack and the size of the grains 
near the crack tip also impact Δth [3, 35]. Larger grain sizes pro-
mote simultaneous oxide-induced crack closure (OICC) and 
roughness-induced crack closure (RICC) [36], resulting in higher 
Δth values when measured [37]. Therefore, in the load reduction 
method, rough surfaces can produce rubble that leads to early 
crack closure and increased Δth. The Δth diverges from mechan-
ically long and short cracks. Only in small-scale yielding condi-
tions in long cracks, linear-elastic fracture mechanics (LEFM) 
can be applied. In the literature [38], two distinct Δth levels can 
be found: a microstructural threshold applicable to short crack 
and a mechanical threshold relevant for long cracks [39].

In order to consistently generate R-ratio data, ASTM E647 [1] rec-
ommends a load reduction test procedure in the near-threshold 
and threshold regions. Researchers have found that this proce-
dure may lead to higher thresholds, ΔKth, which are attributed 
to remote plasticity-induced crack closure (PICC) resulting from 
the load reduction process [22, 23] and the induced load-history 

Summary

•	 This work applies the Kujawski and Vasudevan 
method as an alternative to the ASTM standard.

•	 The method reduces testing time and facilitates adap-
tive load adjustments.

•	 The K* parameter is employed to assess the R-ratio's 
impact on fatigue crack growth in Al 2024-T351.

•	 Combining ΔKth and Kmax,th provides a reliable evalu-
ation of fatigue thresholds.



3Fatigue & Fracture of Engineering Materials & Structures, 2025

effects on crack growth rate. This leads them to suggest that the 
ASTM standard may have an error in measuring ΔKth. In exper-
iments conducted at the near-threshold range, challenges have 
arisen due to the low resolution in measuring crack opening SIF 
(KOP). Many authors [22, 23] have noted the difficulty in making 
these measurements at this level, which allows for computing 
the threshold value but is insufficient for consistent correlation 
with the near-threshold FCG behavior [23, 37].

A detailed description of FCG requires consideration of two SIF 
parameters: ΔK and Kmax [40, 41]. The proposal suggests that for 
a crack to propagate, both ΔKth and Kmax,th thresholds must be 
simultaneously satisfied. If only one threshold is met, the crack 
will not propagate. Therefore, for a crack extension to occur, the 
applied ΔK must exceed ΔKth, and the applied Kmax must surpass 
Kmax,th. While there is an ASTM Standard (E-647) for measur-
ing ΔKth, no standard procedure was proposed for Kmax,th [42].

This article introduces the approach proposed by Kujawski [42] 
to characterize the ∆Kth and threshold at maximum SIF (Kmax,th) 
of aluminum alloy 2024-T351 samples. For the first time, this 
methodology effectively overcomes the limitations and drawbacks 
associated with existing standards. The implementation of this in-
novative technique aims to enhance the accuracy and reliability of 
the assessment of material properties, thereby improving its appli-
cability in the fields of engineering and structural design.

2   |   Material, Samples, and Setup

Compact tension (CT) specimens were employed under mode I 
loading conditions with constant cyclic loads. The materials uti-
lized in this study were sourced from an aluminum 2024-T351 
plate, the composition of which is presented in Table 1. The sam-
ples were cut in the T-L direction, facilitating crack propagation 
in alignment with the rolling direction. The dimensions of the 
samples are shown in Figure 1a, while the sample itself is pre-
sented in Figure 1b. The experimental setup was similar to that 
described previously [44]. Three specimens were used for the 
various R-ratios. Table 2 presents the mechanical properties of 
the aluminum alloy 2024-T351.

Prior to conducting any tests, the CT specimens undergo a sand 
polishing process (1200 grade SiC sandpaper) to enhance the 
accuracy of determining crack positions. In preparation for the 
fatigue test, these specimens are precracked to eliminate the nu-
cleation phase, thereby allowing for a focused examination of 
crack propagation.

The fatigue crack initiation and propagation tests were conducted 
using the Walter + Bai LFM-C 5 kN in situ fatigue test machine. 
Additionally, a camera was installed to monitor crack propaga-
tion and facilitate digital measurement of crack length, serving 
as an additional source of data. The MATLAB Image Viewer is 

TABLE 1    |    Composition in weight percentage of aluminum alloy 2024-T351. The balance is Al [43].

Cu Mg Mn Fe Si Zn Ti Cr

4.90–3.80 1.80–1.20 0.90–0.30 0.50 0.50 0.25 0.15 0.10

FIGURE 1    |    (a) Geometry of the CT specimen, the thickness is 5 mm and the W = 25 mm according to ASTM E399 [45] and (b) image of the alu-
minum sample after surface preparation. [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

TABLE 2    |    Mechanical properties of aluminum alloy 2024-T351 [44].

Young modulus Yield stress UTS Elongation at break Brinell Hardness

73 GPa 325 MPa 470 MPa 20% 137

https://onlinelibrary.wiley.com/
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used to measure the pixel length of the crack tip, allowing for 
the determination of the crack length. The precracking was con-
ducted under mode I loading at a frequency of 10 Hz, ed Table 3 
accounts for some more information about the precracking step.

The crack growth rate, denoted as da/dN, was calculated using 
numerical derivation in accordance with ASTM E647 [1]. This 
methodology entails the application of a fifth-order polyno-
mial fitting to a series of successive points on the a-N curve. 
Subsequently, the growth rate is determined by calculating the 
derivative of the fitted polynomial. Data points on the a-N curve 
were selected at 2000-cycles intervals.

3   |   Estimation of ∆Kth Through ASTM E647

ΔKth values are typically measured using a technique known as 
load shedding. In this methodology, crack propagation begins 
ahead of a starter notch in a CT specimen at a ΔK value that 
falls within the Paris regime of crack propagation. This approach 
allows for the systematic evaluation of crack growth behavior 
under specified loading conditions. The far-field stress range, 
along with the corresponding ΔK value, is systematically re-
duced in a series of stages, no more than 10%. In each stage of the 
constant far-field load range, the propagation of the fatigue crack 
occurs over at least four times greater than the maximum extent 
of the current plastic zone in order to avoid the previous plastic 
zone's influence over the next step. This process is repeated until 
ΔKth is reached, which is defined by either no crack growth or 
crack growth that is below 10−10 m/cycle.

The load-shedding process can induce crack closure when the 
crack faces come into contact before the minimum load in a 
fatigue cycle is reached, effectively reducing the actual driving 
force for crack propagation. This phenomenon can result from 
PICC [46] (due to residual plastic deformation at the crack tip), 
OICC [47], or RICC [20]. ASTM E647 acknowledges these effects 
and recommends maintaining a constant R to control crack clo-
sure influence. However, in low ΔK conditions, crack closure 
can lead to an overestimation of ΔKth, as the stress effective fa-
tigue threshold range (ΔKeff), the portion of ΔK actually driving 
crack growth, is lower than the nominally applied ΔK.

The fatigue test was performed using a constant force-decreasing 
loading approach, Figure 2a. The test commenced after the pre-
crack (in the beginning of the Paris regimen [48]), with a maximum 
10% reduction in ΔK at the initial stages, Figure 2b and Table 4.

The FCG rate as a function of the ΔK for R of 0.1, 0.3, and 0.7 is 
presented in Figure 3, following the standard procedures. To es-
tablish the fatigue threshold, a logarithmic regression was applied 

TABLE 3    |    Initial parameters for precracking stage.

R 0.1 0.3 0.7

Sample I III II

∆K (MPa√m) 7.00 6.00 4.00

af (mm) 7.83 7.64 7.28

Cycles 50,000 60,000 100,000

FIGURE 2    |    (a) Load decreasing strategy (in each level the crack 
grows 0.25 mm). ∆Kth is reached when ∆Fth is met; the crack length 
does not change at this level. (b) Diagram of the cycles performed; for 
each ∆F package, the ratio R remains constant at 0.1. [Colour figure can 
be viewed at wileyonlinelibrary.com]

(a) (b)

TABLE 4    |    Load decreasing steps and cycles for each R-ratio until 
reaching near-threshold regime.

R = 0.1/∆K 
(MPa√m)

R = 0.3/∆K 
(MPa√m)

R = 0.7/∆K 
(MPa√m)

6.30 6.00 3.70

5.67 5.40 3.44

5.10 4.87 3.33

4.85 4.38 3.16

4.61 3.87 2.92

4.38 3.45 2.59

4.16 3.11 2.31

3.95 2.79 2.27

3.75 — 2.17

— — 2.05

— — 1.94

— — 1.85

— — 1.76

— — 1.61

572,000 cycles 845,000 cycles 1,862,000 cycles

FIGURE 3    |    da/dN vs. ∆K diagram of the aluminum alloy 2024-
T351 following ASTM E647, showing the ∆Kth for R = 0.1, 0.3, and 0.7. 
[Colour figure can be viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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where the threshold was defined at a crack growth rate of 10−10 m/
cycle. The resulting threshold values are ΔKth = 3.35 MPa√m for 
R = 0.1, 2.56 MPa√m for R = 0.3, and 1.58 MPa√m for R = 0.7. 
The observed reduction in fatigue threshold with increasing R is 
primarily attributed to the phenomenon of PICC [37]. At low R 
values, the crack experiences greater closure due to residual plas-
tic deformation in the wake of the crack tip, effectively diminish-
ing the ∆Keff driving crack propagation [49, 50]. This explains the 
highest threshold observed at R = 0.1, as a greater portion of the 
applied ΔK is counteracted by crack closure effects.

As the R increases, the crack remains more open throughout 
the loading cycle, diminishing the influence of plastic-induced 
crack closure and leading to a lower fatigue threshold. This trend 
is evident when comparing the threshold values for R = 0.3 and 
R = 0.1, where the reduction in threshold at the higher R-ratio is 
attributed to a diminished crack closure effect. This effect be-
comes even more pronounced at R = 0.7, as the higher minimum 
load ensures the crack remains open for a greater portion of the 
loading cycle, minimizing the impact of crack closure and re-
sulting in the lowest threshold value.

4   |   Procedure for Determining ∆Kth by Kujawski

A method for determining the threshold that considers the in-
fluence of crack tip closure has been proposed by Kujawski [42], 
which was partially derived from early works [22, 37]. This method 
establishes the dependence of the crack growth threshold on two 
parameters: ΔKth and Kmax,th, for a specific R. The proposed ap-
proach eliminates the lengthy load reduction procedure outlined 
in ASTM standards, which fails to adequately account for the ef-
fects of precracking load history on ΔKth. Furthermore, the ASTM 
standard lacks clear guidance on how to determine the Kmax,th.

The procedure is illustrated in Figure 4, which comprises two 
steps. First, Kmax,th is determined, as shown in Figure 4a. Then 
ΔKth is obtained through the process depicted in Figure  4b. 
Initially, a set of load cycles (N* = 10) is applied at the Kn for the 
specified R, followed by a small increment in ΔK for 105 cycles. 
This process is repeated in steps, progressively increasing ΔK 
until crack propagation is observed. The ΔK value at which 
crack propagation begins defines ΔKth.

The Kmax,th procedure depicted in Figure  4a involves pausing 
the crack growth test at the minimum SIF (Kmin), while the ΔKth 
procedure in Figure  4b reaches a maximum K determined by 

Kmax. Both procedures initiate every step with an initial set of 10 
load cycles (N* = 10) applied at a specified R. This serves three 
critical purposes: (1) stabilizing the material after each block of 
loading, (2) creating striations on the fracture surface for further 
validation of test results, and (3) minimizing the residual stress 
resulting from precracking. Following this, a small increment 
(5% to 10%) in Kmax is introduced, and the loading is maintained 
for 105 cycles. The process is systematically conducted through 
successive steps, with progressively increasing Kmax values until 
the initiation of crack propagation is observed; in the previous 
steps, no propagation occurs. The Kmax value at which crack 
propagation commences establishes the Kmax,th value.

For the experimental investigations, various R-ratios of 0.1, 0.3, 
0.5, 0.7, and 0.9 were employed. The ∆Kn values were deter-
mined in accordance with the ASTM testing standards, aligning 
with prevailing literature [50–52].

The R = 0.1 test is described in detail. Following an initial 
10 cycles at ∆Kn, an additional 105 cycles were performed at 
a K1max of 2.79 MPa√m (this value was chosen because it is 
smaller than Kmax of ∆Kn), with no observed crack propagation. 
Subsequently, two further stages were performed, leading to a 
final stage where crack growth was detected. Consequently, 
the Kmax,th was determined to be 3.35 MPa√m, Figure 5a.

After determining the Kmax,th value, the researchers subjected 
a new portion of the same specimen to testing by performing 
10 cycles of ∆Kn, followed by applying a ∆K of 2.50 MPa√m 
for 105 cycles, during which crack propagation was observed. 
This indicated that the limit had been reached. Regardless of 
whether ΔK is increased or decreased between loading steps, 
the method remains valid because, after each increment or dec-
rement, the material at the crack tip is reconditioned through 
the application of an overload cycle at a higher ΔKn. This pro-
cedure effectively resets the crack tip conditions, allowing crack 
propagation to restart from a comparable mechanical state. As 
a result, the sequence of ΔK variations (increasing or decreas-
ing) does not influence the identification of the threshold. If, 
during a decreasing ΔK sequence, crack propagation ceases at 
a given ΔK value while it was observed at the previous higher 
ΔK value, the threshold can be determined between these two 
points. Similarly, if, during an increasing ΔK sequence, crack 
propagation is not initially observed but initiates at a higher ΔK 
value, the threshold corresponds to the last ΔK value at which 
propagation was observed. To confirm that this was indeed the 
threshold, an additional test was conducted to assess crack prop-
agation below this level. The results indicated no crack propaga-
tion, thus confirming that the previously established threshold 
value of ∆K at 2.50 MPa√m is valid, as illustrated in Figure 5b, 
to which 500,000 cycles have been applied.

One might think that this threshold value differs from the value 
obtained through the ASTM standard, as the threshold was 
initially measured at ∆Kth = 3.35 MPa√m. However, this is pri-
marily due to its significant dependence on the R-ratio. In this 
scenario, with a Kmax of 4.42 MPa√m, the Kmin is 1.92 MPa√m 
when ∆Kth is 2.50 MPa√m and R is 0.43; for R equal to 0.1, ∆Kth 
is 3.35 MPa√m, Figure 6a. Literature suggests that low R ratio 
values can result in plasticity effects, which affect crack clo-
sure under plain stress conditions, with the KOP not being null 

FIGURE 4    |    Schematic representation of loading procedures for 
measuring (a) Kmax,th with increasing Kmax at constant Kmin and (b) ΔKth 
with decreasing Kmin at constant Kmax. [Colour figure can be viewed at 
wileyonlinelibrary.com]

(a) (b)

https://onlinelibrary.wiley.com/
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[15, 53, 54]. The main parameters for the remaining R-ratios are 
quantitatively presented in Table 5 and Figure 6b.

The influence of the R on near-threshold fatigue crack propaga-
tion is frequently attributed to crack closure, which is commonly 
associated with the RICC mechanism. In the present investiga-
tion, the closure phenomenon was estimated using a linear equa-
tion within the near-threshold regime. Within this regime, the 
R is consistently affected by the crack closure effects, Figure 6a. 
As the ∆Kth decreases with increasing R, this suggests that even 
at high R values, the Kop remains higher than the Kmin.

The most demonstrating representation of the transition from a 
“closure-affected” to a “closure-free” threshold is depicted in a 
plot of ∆Kth versus Kmax,th in Figure 6b. The distinct change in 
slope observed strongly suggests a shift in the governing mech-
anism, concurrent with the elimination of global crack closure. 
Assuming a closure-affected behavior, both the closure SIF (Kcl) 
and the effective threshold SIF range (∆Keff,th) are unaffected 
by R, there exists a critical load ratio (Rc) at which Kmin = Kcl, as 
shown in Equation (1).

Under these conditions, Kmax,th is independent of the R below 
the critical value Rc. Conversely, the ∆Kth is independent of R 
above Rc. When plotted as Kmax,th versus ∆Kth, this transition 
manifests as a distinct “L” shape, indicating that the value of 
∆Kth is independent of Kmax when R > Rc, where global closure is 
no longer effective. The Schmidt and Paris [15] analysis reveals 
this transition approximation, where at Rs similar to Rc at which 
point Kmin equals Kcl.

As observed in Figure 6a and previously [55], this behavior is 
not universal. In most cases, the value of ∆Kth is not invariant at 
R > Rc, but rather decreases with increasing R. This suggests that 
either the Schmidt and Paris model is not properly described at (1)ΔKeff,th =

{

Kmax,th−Kcl<ΔKth, if R<Rc
(

Kmin,th<Kcl
)

Kmax,th−Kmin,th=ΔKth, if R>Rc
(

Kmin,th>Kcl
)

FIGURE 5    |    Historical sequence of SIF used to determine (a) Kmax,th and (b) ΔKth for R = 0.1. The units for ∆K and K are MPa√m. [Colour figure 
can be viewed at wileyonlinelibrary.com]

FIGURE 6    |    (a) ΔK versus R-ratio for ASTM and Kujawski data and (b) ∆Kth as a function of Kmax,th along with data collected for a growth rate of 
10−10 (m/cycle). [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

TABLE 5    |    Key parameters derived from the threshold calculation 
using Kujawski procedure.

R 0.1 0.3 0.5 0.7 0.9

∆Kn 3.79 2.80 2.10 1.89 1.69

∆Kth (MPa√m) 2.50 2.25 2.10 1.50 1.15

Kmax,th (MPa√m) 3.35 3.95 3.80 6.00 16.45

K* (MPa√m) 2.89 2.98 2.82 3.00 4.35

https://onlinelibrary.wiley.com/
https://onlinelibrary.wiley.com/
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R > Rc, or that additional mechanisms are at play. The Rc for this 
material is observed to be in the interval 0.55–0.74 and cannot 
be observed in Figure 6b.

∆Kth can also be theoretically determined for ductile materials, 
given that the propagation of fatigue cracks is largely governed by 
local cyclic plasticity occurring at the crack tip [56]. By using the 
Burgers vector (b) and the elastic modulus of the aluminum alloy 
(E), ∆Kth,threoretic is calculated through the Hertzberg's observation 
[57], Equation (2). For the 2024-T351 aluminum alloy, E = 73 GPa, 
Table  2, and b = a/√2, where a = 0.405 nm [57]. Therefore, the 
value of the ∆Kth,threoretic for the 2024-T351 Al is 1.24 MPa√m, 
which is consistent with Figures 3 and 6, where ∆Kth for R = 0.7 
is 1.58 MPa√m.

Kujawski introduces a driving force parameter for crack growth 
that overlays the da/dN versus ∆K curves for different R-ratios. 
This framework enables a strong correlation between the ef-
fects of the R-ratio and the rates of crack propagation, along 

with the corresponding threshold conditions, Equation  (3) 
[14, 51].

� is a parameter assumed to be dependant of the material, and 
for the aluminum alloy 2024-T351 is observed to be 0.5 [14, 51], 
and ∆K+ is the positive part of the range of the applied SIF. By 
calculating the two relevant parameters and employing K* as 
the fatigue crack driving force, the distant crack growth curves 
converge into a single curve, as illustrated in Figure 7. The influ-
ence of crack closure for varying R-ratios is disregarded, result-
ing in the coincidence of the curves.

The K* values corresponding to the threshold levels across the 
R-ratio range of 0.1–0.7, as shown in Table  5, fall within the 
range of 2.8–3 MPa√m. These results are consistent with previ-
ous research [14, 51], suggesting that the K* parameter is prop-
erly calibrated to align with the values specified by the ASTM 
standard after collapse, Figure 7.

(2)ΔKth, theoretic ∝ E ⋅

√

b

(3)K∗
=
(

Kmax
)

�

⋅

(

ΔK+
)1−�

FIGURE 7    |    Fatigue crack growth data of 2024-T351 Al for K∗ =
(

Kmax
)

�

⋅

(

ΔK+
)1−� and R = 0.1, 0.3 and 0.7, when � = 0.5. [Colour figure can be 

viewed at wileyonlinelibrary.com]

https://onlinelibrary.wiley.com/
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5   |   Discussion

The traditional methodology for fatigue threshold determination, 
mainly represented by the ASTM E647 standard [1], Figure  2, 
suffers from several significant limitations that may compromise 
the accuracy and practical applicability of the results. As pointed 
out in the article, the ASTM load reduction procedure can induce 
premature crack closure due to PICC generated in previous load-
ing stages [22, 23]. This situation leads to an overestimation of 
the ∆Kth value, since the actual ∆Keff is lower than the nominally 
applied ∆K [58]. Figure 3 illustrates the transition from R = 0.1 to 
R = 0.7, where ∆Kth decreases from 2.95 to 1.47 MPa√m due to 
PICC influence in the ASTM standard, as the theoretical thresh-
old is set to be 1.24 MPa√m, where there is no influence of any 
crack closure. Furthermore, the ASTM standard focuses primar-
ily on the determination of ∆Kth without providing standard-
ized guidance for obtaining Kmax,th, a parameter that, according 
to many authors [40, 41, 59], is equally critical for defining the 
threshold conditions for fatigue crack propagation.

In contrast to the ASTM approach, the methodology proposed 
by Kujawski [42] represents a significant innovation in ad-
dressing these fundamental deficiencies. His procedure, sche-
matized in Figure 4, is based on an independent and sequential 
determination of Kmax,th and ∆Kth by stepwise increments in 
the relevant loading parameters and direct observation of crack 
propagation initiation. This approach mitigates the influence 
of the load history associated with the gradual load reduction 
of the ASTM method, thus minimizing the effects of remote 
PICC that can distort the threshold measurement. The in-
clusion of the concept of Kmax,th as an independent threshold 
parameter recognizes the importance of the maximum stress 
level at the crack tip for fatigue propagation, especially in near-
threshold regimes. Although the estimated cycle counts range 
from 500,000 to 572,000–1,862,000 for the new procedure in 
comparison to ASTM standards, the time spent on postprocess-
ing is significantly reduced, as the crack position does not need 
to be calculated at each step, as is required for ASTM standards.

In Figures  3 and 6a, the various thresholds derived from the 
ASTM method illustrate the significant impact of PICC, recog-
nized as the principal contributor to the crack closure effect [37]. 
This influence leads to a decrease in the threshold value from 
2.95 to 1.47 MPa√m for R = 0.7 and 0.1.

The parameter K* is introduced to serve as a threshold indicator, 
coinciding with the ∆Kth for R close to 0. This relationship can be 
associated with any experimental value corresponding to Kmax,th 
or ∆Kth for a specified R, Equation (3). As depicted in Table 5 and 
Figure 7, the K* value offers pertinent information that can be ex-
trapolated to the remaining R-ratio conditions. The article reveals 
that the K* value typically ranges from 2.8 to 3 MPa√m, except for 
the R = 0.9 case, where it rises to 4.35 MPa√m, possibly due to the 
limited extension of the � parameter that influences Equation (3), 
where K* is calculated, to high R-ratio domains.

This methodology also has significant practical advantages. By 
eliminating the need for extensive crack propagation calculations 
and allowing adaptive adjustments to load levels based on direct 
observation of propagation initiation, test time and postprocess-
ing effort are greatly reduced compared to the ASTM standard. 

The application of stabilization cycles (N*) before each load incre-
ment ensures that the material is conditioned for the new stage, 
making the previous behavior independent of the test history. The 
accuracy of the method is contingent upon the number of steps 
executed within the process. Therefore, to improve accuracy, it is 
imperative to increase the number of procedural steps undertaken.

6   |   Conclusion

In summary, the methodology proposed represents an innova-
tive and more robust alternative to the ASTM E647 standard for 
the determination of fatigue thresholds. Its focus on the deter-
mination of both threshold parameters, Kmax,th or ∆Kth, together 
with the introduction of the unifying parameter K*, provides a 
deeper and more accurate understanding of material behavior 
near the fatigue threshold. The efficiency and reduction in test-
ing and postprocessing requirements make it a promising tool 
for engineering and structural design applications, although 
there is a recognized need to extend its validation to a wider 
range of materials. The fundamental nature of the method, 
which is based directly on the observation of crack propagation 
only when both thresholds are satisfied simultaneously, gives it 
a conceptual robustness that overcomes some of the limitations 
inherent in the traditional load-on approach. Future research 
should prioritize the extension of this methodology to a broader 
range of materials in order to evaluate its applicability, including 
medium-entropy alloys and brittle metals.

Nomenclature

ΔK	 stress intensity factor range

∆K+	 positive part of the range of the applied SIF

∆Keff	 effective stress intensity factor range

∆Keff,th	 effective threshold stress intensity factor range

∆Kn	 stress intensity factor range at the knee transition point

ΔKth	 stress intensity factor range at threshold

CT	 compact tension specimen

dg	 grain-size diameter

DTD	 damage tolerance design

FCG	 fatigue crack growth

Kcl	 closure stress intensity factor

Kmax	 maximum stress intensity factor

Kmax,th	 threshold at maximum stress intensity factor

Kmin	 minimum stress intensity factor

Kop	 opening stress intensity factor

LEFM	 linear-elastic fracture mechanics

OICC	 oxide-induced crack closure

PICC	 plasticity-induced crack closure

rc	 radius of the cyclic plastic zone

R	 load ratio

Rc	 critical load ratio

RICC	 roughness-induced crack closure

SIF	 stress intensity factor
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