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Abstract

Background Extensive research was conducted to analyze the ultrasonic fatigue behavior of ASGU-T64 cast aluminum
alloy under different humidity environments. The study placed particular emphasis on investigating the factors influencing
crack initiation, as well as the propagation of both short and long cracks. By examining the alloy's performance in various
moisture conditions, a comprehensive understanding of its fatigue behavior was achieved.

Objective The primary objective is to elucidate the mechanism underlying crack initiation and accurately predict the lifespan
of short and long cracks. The ultimate goal is to determine how crack initiation size affects the percentage of crack initiation
life in relation to the overall fatigue life.

Method Scanning Electron Microscope (SEM) and Electron Back Scatter Diffraction (EBSD) were employed and provided
valuable insights into the characteristics of the facets. Furthermore, computational methods were utilized, employing the
Paris crack growth law, to accurately determine the growth lives of both short and long cracks. By combining experimental
and computational approaches, a comprehensive understanding of the fracture behavior and crack growth mechanisms was
achieved, contributing to the advancement of knowledge in this field.

Results Through this study, it was discovered that fatigue cracks in the AS7TGU-T64 alloy consistently initiated on the surface
of the sample, primarily due to the presence of persistent slip bands (PSBs). Each facet observed on the fracture surface corre-
sponded to an entire grain within the short crack area. While the stress intensity factor fell within the range of 3.5 to 10 MPa- \/ m
for all three environments, it was found that the stress intensity factor in dry air exceeded that of saturated air and distilled water
conditions. Importantly, the percentage of fatigue life attributed to crack initiation was found to be heavily dependent on the
humidity of the testing environment and the applied stress amplitude. These insights highlight the intricate relationship between
environmental conditions, stress intensity factor, crack initiation, and the overall fatigue life of the AS7TGU-T64 alloy.
Conclusion Humidity negatively affects the ultrasonic fatigue life of the AS7GU-T64 alloy. Furthermore, the size of crack initia-
tion was identified as a significant factor influencing the percentage of crack initiation life in relation to the overall fatigue life.

Keywords Ultrasonic fatigue - Cast aluminum alloy - Facet formation - Life prediction - Crack initiation life

Introduction

Cast aluminum alloys are largely used in automotive indus-
try because of their low density, high strength/weight ratio
and good corrosion resistance. Some components in vehicle
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like engine head and cylinder block experience more than
10% alternative cycles in their service life. As the number of
cycles to failure is very large, in the VHCF regime, the com-
ponent needs to be designed to endure until 10° or even 10'°
cycles under similar loading conditions. Ultrasonic fatigue
testing has attracted more and more people’s attention due
to its high testing frequency (20 kHz). With this testing tech-
nique, the fatigue stress-life (S—N curves) data generation
can be greatly accelerated [1, 2]. Therefore, it is vital to bet-
ter understanding the fatigue properties of aluminum alloys
in the very high cycle regime.
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Table 1 The chemical composition of AS7TGU-T64 (by weight)

Table 2 The mechanical property of AS7TGU-T64

Al Si Cu Mg Fe Ti Mn Sr

Bal 7.04 048 036 0.11 0.14 0.06 0.03

Most of the testing data regarding the VHCF are conducted
based on ultrasonic fatigue testing instrumentation. Engler-Pinto
et al. [3] found out that for a cast aluminum, environment humid-
ity has a great impact on the fatigue life obtained at ultrasonic
frequency. Wei, Weir and Stanzl-Tschegg [4—6] have shown that
crack growth rate can be accelerated in the presence of humidity
and this phenomenon attributed to hydrogen embrittlement. Zhu
et al. [7] observed similar results for E319 cast aluminum that
longer ultrasonic fatigue life in lab air compared to ultrasonic
fatigue tests submerged in water. Numerous studies [8—10] have
shown that porosity has the most significant effects on the fatigue
strength in HCF and VHCEF regime, because it usually acts as a
preferential crack initiation site. Paris et al. [11] developed Paris-
Hertzberg-McClintock crack growth rate law and found out that
crack initiation life is a significant portion of total fatigue life
instead of crack growth life in VHCEF regime. Nakasone and Hara
[12] have used FEM method to simulate the crack growth life and
obtained same conclusion that crack growth life is in the range of
10%-10° cycles which is negligible compared to crack initiation
life. However, contrary to the previous researchers, Omata [13]
observed that crack propagation life is a dominate portion in total
fatigue life if crack originated from an inclusion.

In this study, a thorough examination of the fracture surfaces
was conducted using SEM. Special attention was given to identi-
fying the areas of crack initiation, as well as the regions associated
with short and long crack growth. With regards to crack initiation,
the mechanisms involved in the formation of facets were carefully
considered. In addition, predictions were made regarding the por-
tions of crack initiation and crack propagation life.

E Yield strength Ultimate strength (MPa)  Elongation
(GPa)  (MPa) (%)
77.8 210 294 7.8

Experimental Details
Material and Tensile Test

The cast aluminum alloy in the present study is designated
as AS7GU and the chemical composition is detailed in
Table 1. The test samples were extracted from brand new
cylinder heads, as illustrated in Fig. 1(a). Figure 1(b) shows
the typical microstructure of the material, which consists of
primary alpha-aluminum and Al-Si eutectic structure. The
surface material underwent rapid quenching, resulting in a
high solidification rate. As a result, the secondary dendrite
arm spacing (SDAS) is small and the presence of casting
defects such as pores, oxide films, and non-metallic inclu-
sions is nearly absent. It is important to note that the severe
loading conditions only apply to the surface material. All
12 samples were extracted from the surface of the cylinder
head, and their respective locations are marked in Fig. 1(a).

The tensile mechanical properties at room temperature
are summarized in Table 2. The Young’s modulus was deter-
mined by subjecting all specimens to cyclic loading at a fre-
quency of 1 Hz and an amplitude of +30 MPa for 10 cycles;
the average value for all the samples is reported in Table 2.
The SDAS (23um) was measured by Image Pro software on
a 500mm? finely polished area (up to 1um oxide aluminum
powder), and over 100 measurements were conducted for
each average value.

The geometry of ultrasonic fatigue sample is illustrated
in Fig. 2. To minimize manufacturing residual stress, a low
stress turning technique was employed during the machining
process of ultrasonic fatigue specimens. After machining,
all specimens underwent longitudinally polishing using 600
grit abrasive paper achieve a surface roughness (Ra) of less
than 0.2um.

Fig.1 (a) Brand new cylinder head, (b) Microstructure of AS7TGU-T64
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Fig.2 Geometry of ultrasonic fatigue test specimen

Ultrasonic Fatigue Test

Ultrasonic fatigue test was conducted using a fatigue test
machine which was developed by the Institute of Physics
and Materials Science, University of BOKU, Vienna, Aus-
tria, as shown in Fig. 3. The key component of ultrasonic
fatigue testing machine is ultrasonic transducer, which
converts the sinusoidal voltage signal into mechanical
movement at a frequency of 20 kHz using piezoelectric
ceramic. The amplitude of this mechanical movement was
then amplified by an ultrasonic horn, which has a con-
tinuously reduced cross section. The amplified vibration
waves were directed into the specimen and reflected by
the opposite end. When the resonance frequency of speci-
men matches 20 kHz, the injected and reflected waves
will superimpose to create a resonant vibration. More
comprehensive information on ultrasonic fatigue testing
can be found in references [14—16]. All specimens were
subjected to fully reversed loading condition (R =-1). To
ensure that specimen temperature remained below 25°C,
ultrasonic loading is applied in well-control pulses, with
a 200 ms on/2000 ms off cycle.

Fig. 3 (a) Humidity air genera- ‘
tor, (b) Ultrasonic fatigue test- (a)
ing system

Control unit

A specially designed device, as depicted in Fig. 3(a),
was utilized to generate dry air and saturated air for the
experimental conditions. Compressed air was injected into a
humidity generator, and a controlled volume of dry air was
directed into a water reservoir to create saturated air. By
adjusting the volume ratios of the dry air and saturated air,
air with varying levels of humidity could be produced. In
order to conduct ultrasonic fatigue testing in distilled water,
the specimens were submerged in the water. To ensure that
the environmental conditions did not interfere with the sys-
tem's vibrations, an environmental chamber was positioned
at the neutral node point of the lambda rod, as illustrated
in Fig. 3(b).

Results and Discussion
S-N Curves

Figure 4 illustrates the S-N curve for the ultrasonic fatigue
testing of AS7GU-T64 alloy under various humidity levels.
The specimens that did not fail, also known as run-outs, are
indicated by arrows pointing to the right. The solid lines
represent the medium S—N curves, which were determined
using the random fatigue limit (RFL) model [3, 17]. It is
evident from the results that ultrasonic fatigue testing con-
ducted in dry air exhibited the highest fatigue life, while test-
ing performed in distilled water resulted in the lowest fatigue
life. This clearly indicates that humidity has a detrimental
effect on the ultrasonic fatigue life of this particular alloy.
These findings are consistent with the previous research
conducted by Engler-Pinto et al. [3], Zhu et al. [7], and
Stanzl-Tschegg et al. [18], who also observed a decrease in
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Fig.4 AS7GU-T64 ultrasonic 200

fatigue test results in various
humidity levels
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ultrasonic fatigue life for cast aluminum alloys with increas-
ing humidity.

Crack Initiation and Facets Formation Mechanisms

For this study, all specimens were carefully extracted from
the deck surface of a high-performance cylinder head. It is
important to note that these specimens were characterized by
very low levels of casting defects, such as porosity, oxides,
and non-metallic inclusions. The absence of such defects,
which can potentially serve as crack initiation sites, led to
the occurrence of all fatigue cracks initiating from the sur-
face of the specimens. This initiation mechanism primarily
involved the formation of slip facets, as illustrated in Fig. 5.

Figure 6 presents the fracture surface of selected speci-
mens subjected to ultrasonic frequency testing under vari-
ous humidity environments. It is apparent that a significant
number of facets are formed along the crack propagation
path, particularly in specimens tested under dry air condi-
tions as illustrated in Fig. 6(a) and (b). Conversely, the pres-
ence of facets decreases notably in tests conducted using
saturated air and distilled water. Notably, these facets tend
to be located in close proximity to the fatigue crack initiation
site, highlighting that their formation predominantly occurs
during the short crack propagation stage.

To gain a deeper understanding of these facets, certain
specimens that did not fully separate during the fatigue

Fig.5 (a) SEM of the crack
initiation site, (b) Magnified
view of boxed area
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test were sectioned and polished. This allowed for the
exposure of the fatigue crack path, as depicted in Fig. 7.
The observed facets on the fracture surfaces were found
to form an angle approximately 45 degrees relative to the
loading direction, which corresponds to the maximum
shear stress direction.

Research conducted by Zhu et al. [7], Miao et al. [19],
and Tiryahioglu et al. [20] provides evidence that facets
in differing materials could potentially originate from slip
bands. To inspect the characteristics of the facets in this
current examination, an Electron Backscattered Diffraction
(EBSD) analysis was carried out, with the results demon-
strated in Fig. 8. Figure 8(a) and (c) displays SEM images
with the facets marked by red arrows. Figures 8(b) and (d)
showcase the corresponding inverse pole maps that were
obtained from the EBSD analysis, with varying colors
representing different crystallographic orientations, or
in other words, different grains. Observation drawn from
Fig. 8 indicates that the facets are consistently located
within the grains, thereby eliminating the hypothesis of
the facets corresponding to twin boundaries. Specifically,
Figs. 8(c) and (d) illustrate a slip facet that traverses an
entire grain; this is then succeeded by the propagation of
the fatigue crack along the grain boundary, moving from
left to right in the particular image.

According to Zhu et al. [21] and Wei [5], it has been
demonstrated that the rate of crack propagation is not
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Fig. 6 Fracture surfaces of ultrasonic specimens tested in different environment. (a) 110 MPa in dry air, (b) 130 MPa in dry air, (¢) 110 MPa in
saturated air, (d) 130 MPa in saturated air, (¢) 110 MPa in distilled water, (f) 130 MPa in distilled water

solely dependent on the stress intensity factor, but also  the "water exposure" term, represented by the ratio of
influenced by the humidity of the environment. Wei pro-  water vapor pressure (P) to the testing frequency (f). Itis
posed that the effect of humidity can be quantified using  evident that an increase in environmental humidity leads

Fig.7 (a) The failed sample from ultrasonic fatigue with a crack on the surface. (b) A magnified view of the area where the crack occurred. (c¢)
and (d) are polished cutting surfaces
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Fig.8 (a) and (c) are SEM ! HEET
pictures, (b) and (d) are inverse
pole maps from EBSD analysis

to a higher rate of crack propagation and a decrease in the
percentage of facets.

In all the ultrasonic fatigue tests conducted in various
humidity environments, the fatigue crack consistently origi-
nated from the surface of the specimen. Drawing upon the
present investigation and previous studies [21, 22], a prob-
able explanation for the formation of facets can be summa-
rized as follows:

¢ During cyclic loading, localized cyclic plastic deforma-
tion occurs, leading to the formation of persistent slip
bands (PSBs) on grains that are favorably oriented with
respect to the loading direction (slip system oriented
close to the maximum shear stress direction).

e Fatigue crack initiation takes place at these PSBs, caus-
ing stress concentration at the crack tip and leading to the
formation of a cyclic plastic zone.

1. In the early stage of crack, the average crack growth
rate within the initiation area can be as low as 107> m/
cycle [18]. Cyclic plastic deformation accumulates
ahead of the crack tip, resulting in the development of
slip facets. The crack then "jumps" to the next grain;

2. Once the crack length reaches a threshold value
and the crack propagation rate becomes sufficiently
high, the accumulated cyclic deformation no longer
causes the crack to propagate through the slip plane.
Consequently, slip facets do not form, and the crack
propagates through traditional fatigue mechanisms
(such as striation formation);

e The presence of water at the crack tip accelerates the
crack propagation rate

@

1. In tests performed under 20 kHz and dry air, the
absence of humidity significantly reduces the crack
propagation throughout the test, resulting in long
fatigue lives and higher percentage of facets;

2. However, when tests are conducted at 20 kHz and
humidity, is a corresponding reduction in fatigue life
and the percentage of facets. This is because higher
humidity promotes a higher crack propagation rate;

Quantitative Evaluation of Short and Long Crack
Growth Region

The fracture can be categorized into four parts: crack ini-
tiation area, short crack growth area, long growth area and
final fracture area, all based on the facet feature, as shown
in Fig. 9. The crack initiation region is characterized by
small facets that are formed as a result of the mecha-
nisms related to PSBs. On the other hand, the short crack
region is distinguished by large facets, which are formed
when the crack propagates through an entire grain. Each
facet in this region corresponds to a grain. In contrast, the
long crack growth region is identified by the presence of
river lines, which are similar to other crack growth areas
observed in samples that failed due to High Cycle Fatigue
(HCF). a, and q; are the length of short crack growth
area where large amounts of facets were formed and long
crack growth area in the crack propagation direction,
respectively. For all the specimens, the fracture surfaces
were carefully examined and the value of a; and a were
measured accordingly. Since all the cracks were initiated
from the surface through the mechanism of PSBs, both
the starting points of a, and a were located on the surface.
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Fig.9 (a) Diagram showing the semi-circular fatigue crack growth from a to ¢; and finally a. (b) Short and long crack area features and meas-

urements of a, for specimen fatigued at 130 MPa in distilled water

Fatigue Life Prediction

It is reasonable to make the hypothesis that the total fatigue
life can be divided into three parts which are associated with
(1) micro-crack initiation life (&,,,), (2) stable micro-crack
propagation life (N, _,) and unstable macro-crack propaga-
tion life (N, _,), respectively.

Nmml = Nint + Nan—ai + Nai—a (1)

Since the stable micro-crack and unstable macro-crack
propagation life can be estimated by Paris-Hertzberg-
McClintock crack growth law [11],

3
AK

da _p =4 @)

dN EVb

where a is the crack length, N is the cycle number, b is the

magnitude of the Burger’s vector, AK is the effective stress

intensity factor, and E is the Young’s modulus.

The effective stress intensity for semi-elliptical crack,
AKeﬂ, can be calculated as follows [23]:

AKgﬁ = 0.650,\/7na 3)

Since the driving force for crack propagation under cyclic
loading is primarily influenced by the tension part of the
load, the amplitude of stress (instead of range of cyclic load)
was used to calculate the effective stress intensity factor in
the present paper.

Estimation of short crack growth life portion, from a, to a;

At the beginning of stable crack propagation (the threshold
corner of crack growth curve), equation (2) yields.

da AKO ao E2
—=band—=10r—=ﬁ 4)
dN EVb b 0.65*z(Ao)

where AK, denotes the stress intensity factor of crack size aj.

The fatigue life consumed from a, the initiated crack
size, to a;, the transition point from short to long crack, can
be determined by integration the crack growth law, equation
(2) and we can obtain:

3 3 3 3
AK : :
dN EVb EvVb) \% 4o

and integrating this equation with short crack limits, from

a, to a;, give us:

3

N L) /aii}da=%(1— o, 6)
b a;

ag—ai b was

Substituting equation (4) into equation (6), we can get an
expression which can be used to calculate the fatigue portion
consumed by short crack propagation, from the threshold
corner, a, up to the transition point denoted by a;:

4.73E> a,
N .= 1—,/2
e 5)2( ai) 7

Estimation of long crack growth life portion, from a, to a

According to the ASTM standard [24], it has been
reported that in the short crack propagation area, the
crack growth rate can be significantly higher than in
the long crack propagation area, even when the nominal
driving force is the same, primarily due to the absence
of crack closure effect. As a result, the crack growth
rate in area (q; to a) reduced by a factor of “1/33” [25],
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compared to crack growth rate in area (q, to a;). Hence,
substituting the factor into the crack growth law formula,
we can obtain:

3 2 2
da _ b AK ) (a)\*_bfa}) ®)
dN x3 E\/E ao x3 ao
and integrating crack growth law from a semi-elliptical crack
size a; to final crack size a, give us:

3
3 2 a
Na‘_azﬂ/ d_?zﬁ X @—x31/@ )
‘ b @ b a; a

As %" is given by equation (4) and finally we can get the
formula which can calculate the number of cycles consumed
by a semi-elliptical surface crack, from transition point, g; to
the final failure size, a:

2 [a la
Na__a — 473E2 x3 _0 _x3 _0
' 7(Aoc) a; a
The fatigue life for the crack initiation can be predicted
as N, =Ny =N, _, — N, _,. Previous studies [260] have

a

(10)

observed that the factor of x is approximately 3 for low stress
ratios (R <0) and 1 for high stress ratios (R > 0.8). There-
fore, in this study, we assign the value of x as 3.

The predicted fatigue crack initiation, propagation life and
stress intensity factor (at a;,where the change of the crack prop-
agation mechanism occurs) under various humidity environ-
ment are summarized in Tables 3, 4 and 5, respectively.

Figures 10 and 11 show the N,,,/N;(%) as a function of N,
and stress amplitude in various environment. In dry air, more
than 90% fatigue life was consumed in crack initiation, when
life cycles exceed 10° cycles or stress amplitude smaller than
160 MPa. Even for specimen tested at 160 MPa in dry air, the
crack initiation portion occupies 88.62% of total fatigue life.
As aresult of that, the crack propagation life can be reason-
ably ignored in dry air condition and micro-crack initiation
life is nearly equals to total fatigue life and the maximum
error is less than 12%. The value of N, /N;(%) exhibited
same trend that increasing stress amplitude corresponding
to roughly linear decreased micro-crack initiation percent-
age. For instance, more than 99% fatigue life consumed in
micro-crack initiation stage for specimen tested at 60 MPa in
distilled water and 90 MPa in saturated air. However, more
than 50% percentage fatigue life consumed in fatigue crack

Table 3 Predicted fatigue crack initiation and propagation life and SIF in dry air

Stress (MPa) Cycles to failure ag(mm) a,(mm) a (mm) Ny, Nyu N, SIF
(MPa*m~"?)

105 7.30E+07 0.032 2.94 3.67 1.81E+05 5.98E+04 7.28E+07 6.56
(0.25%) (0.08%) (99.67%)

105 4.26E+07 0.028 3.11 3.98 1.83E+05 6.02E 404 4.24E4+07 6.75
(0.43%) (0.14%) (99.43%)

110 1.17E+07 0.031 2.81 3.44 1.65E+05 5.03E+04 1.1SE+07 6.72
(1.41%) (0.43%) (98.16%)

110 5.96E+07 0.042 3.18 3.86 1.63E+05 5.28E+04 5.94E+407 7.15
(0.27%) (0.09%) (99.64%)

120 2.78E+06 0.036 3.50 4.25 1.39E+05 3.93E+404 2.60E+06 8.18
(5.01%) (1.41%) (93.58%)

120 8.55E406 0.033 2.75 3.75 1.38E+05 6.58E+04 8.35E406 7.25
(1.61%) (0.77%) (97.62%)

130 4.43E+06 0.034 2.53 3.33 1.17E+05 5.31E4+04 4.26E+06 7.53
(2.64%) (1.2%) (96.17%)

130 3.08E+06 0.036 3.54 4.25 1.19E+05 3.14E404 2.93E406 8.91
(3.86%) (1.02%) (95.13%)

140 3.20E+06 0.028 2.43 5.27 1.02E+05 1.06E +05 2.99E+06 7.95
(3.18%) (3.31%) (93.51%)

140 4.96E +06 0.023 1.61 2.86 1IE+05 9.18E+04 4.77E+06 6.47
(2.02%) (1.85%) (96.13%)

150 7.81E+06 0.032 2.99 3.76 8.89E+04 3.0E+04 7.69E 406 9.45
(1.14%) (0.38%) (98.48%)

150 1.59E+06 0.036 3.06 3.89 8.84E+04 3.28E+404 1.47E+ 06" 9.56
(5.56%) (2.07%) (92.37%)

160 8.87E+05 0.029 2.88 3.52 7.84E+04 2.25E+04 7.86E+05 9.89
(8.84%) (2.54%) (88.62%)




Experimental Mechanics (2024) 64:129-141 137

Table 4 Predicted fatigue crack initiation and propagation life and SIF in saturated air

Stress (MPa) Cycles to failure ap(mm) a,(mm) a (mm) Nyp=a, Nyea N, SIF
(MPa*m™""?)

90 491E+07 0.023 2.25 3.25 2.48E+05 1.26E+05 4.87E+07 4.92
(0.50%) (0.26%) (99.24%)

95 1.77E+07 0.025 2.12 231 2.20E+05 3.05E+04 1.74E+07 5.04
(1.25%) 0.17%) (98.58%)

100 5.03E+06 0.033 2.75 3.75 1.99E+05 9.48E+04 4.74E+06 6.04
(3.95%) (1.89%) (94.16%)

110 4.75E+06 0.02 2 35 1.66E+ 05 1.22E+05 4.46E+ 06 5.67
(3.49%) (2.56%) (93.95%)

110 1.84E+06 0.033 2.5 3.75 1.63E+05 1.05E+05 1.57TE+06 6.34
(8.87%) (5.71%) (85.42%)

120 1.78E+06 0.015 1.25 2.71 1.38E+05 1.47E+05 1.49E+ 06 4.89
(7.75%) (8.26%) (83.98%)

130 1.48E+06 0.018 1.54 3.44 1.18E+05 1.28E+05 1.23E+06 5.88
(7.96%) (8.62%) (83.42%)

130 9.49E+05 0.01 1.75 3.25 1.22E+05 7.17E+04 7.55E+05 6.27
(12.86%) (7.56%) (79.58%)

140 1.42E+06 0.032 2.5 3.64 1.01E+05 5.96E + 04 1.26E+06 8.06
(7.11%) (4.19%) (88.69%)

150 3.34E+05 0.036 1.96 3.39 8.57E+04 8.7TE+04 1.61E+05 7.65
(25.67%) (26.04%) (48.29%)

150 3.50E+05 0.022 1.88 2.92 8.85E+04 5.72E+04 2.04E+05 7.49
(25.27%) (16.36%) (58.37%)

160 4.52E+05 0.025 1.92 2.31 7.72E+04 2.37E+04 3.51E+05 8.08
(17.09%) (5.25%) (77.67%)

170 2.48E+05 0.015 1.67 3.33 6.99E + 04 5.77TE+04 1.2E+05 8.00
(28.19%) (23.25%) (48.56%)

propagation stage when specimen tested at 140 MPa in water Also, Figs. 12 and 13 shows the variation of SIF in dry

and 170 MPa in saturated air, respectively. air, saturated air and distilled water environments, where the

change of crack propagation mechanism occurs. Although

Table 5 Predicted fatigue crack initiation and propagation life and SIF in distilled water

Stress (MPa) Cycles to failure ag(mm) a,(mm) a Ny —q, N, 4 N, SIF
(mm) (MPa*m™1?)

60 1.06E+08 0.032 2.53 423 5.5E+05 4.27E+05 1.05E+08 3.48
(0.52%) (0.40%) (99.08%)

70 1.20E+07 0.025 1.86 4.16 4.03E4+05 4.72E+05 1.11E+07 3.48
(3.36%) (3.94%) (92.71%)

80 427E+06 0.016 1.67 2.92 3.15E+05 2.25E+05 3.73E+406 3.77
(7.37%) (5.26%) (87.37%)

90 2.36E+06 0.023 2.05 2.95 2.46E+05 1.31E+05 1.98E+06 4.69
(10.44%) (5.56%) (84.01%)

100 1.09E+06 0.02 1.82 3.18 2E+05 1.54E+04 7.36E+05 492
(18.33%) (14.11%) (67.56%)

110 5.83E405 0.033 1.82 2.34 1.6E+05 7.92E+04 3.44E+05 5.41
(27.38%) (13.58%) (59.04%)

120 6.05E+05 0.024 1.76 2.63 1.37E+05 8.89E +04 3.79E+05 5.80
(22.62%) (14.70%) (62.68%)

130 3.46E+05 0.023 1.98 2.43 1.18E+05 3.74E+04 1.91E+05 6.66
(34.05%) (10.81%) (55.14%)

140 2.05E+05 0.026 2.12 2.36 1.01E+05 1.78E+04 8.6E+04 7.43
(49.39%) (8.67%) (41.94%)

SEM
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Fig. 10 N,,/N,(%) as a function
of Nf in various environments

Fig. 11 N,, /N, (%) as a function
of stress amplitude in various
environments

Fig. 12 SIF versus cycles to
failure in various environments
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Fig. 13 SIF versus stress ampli- 12
tude in various environments M Dry air
.'—:—. A Saturated air
=, 10 u
£ | @ Distilled water
* -
&
= B8 - m A A
— | | @ 2
= [} =
S A= @
-~ A A a
o [ %
2 @
= A
] L] A
@ @
2 ¢ @
= e o
w
W
&,
&
1]
a0 60 a0 100 120 140 160 180 200

the value of SIF located in a certain range of 3.5 to 10
MPa - \/ﬁ for these three environments, SIF in dry air is
larger than in saturated air and distilled water conditions.
The transition point from short to long crack growth in
an aluminum-environment system is often associated with
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tip hydrogen embrittlement mechanism proposed by Wei and
co-workers [4, 27, 28]. According to the suggested model,
the reaction kinetics in the aluminum-environment system
play a crucial role in enhancing the crack growth rate in a
saturated and distilled water environment. The crack growth
rate can be divided into two components: crack growth rate
caused by cyclic loading and crack growth rate induced by
environmental humidity. In the short crack area, the crack
growth rate is significantly enhanced by the humidity, result-
ing in a smaller value of the crack growth rate transition
point (a;) in saturated air and distilled water compared to
dry air conditions. On the other hand, in the long crack area,
the crack growth rate is high, and the effect of humidity is
minimized. Consequently, the stress intensity factor (SIF) in
dry air conditions is higher than in saturated air and distilled
water conditions.

Fatigue cracks typically initiate from casting defects
such as pores, oxide inclusions, and segregation, among
others. These defects tend to have larger sizes compared
to the observed value of a in the present study. To inves-
tigate the effect of crack initiation size on the value of
N/ Np(%), ay was also assigned as 0.05 and 0.1 times
the value of g;. The results are presented in Fig. 14. The
findings in Fig. 14 align with the conclusions drawn
from Figs. 10 and 11, indicating that a larger value of q,
results in a smaller portion of micro-crack initiation. For
instance, when the crack initiation size was assumed to be
0.0167 mm ((0.01qy), the value of N;,,/N;(%) was found
to be 47.44% when the specimen was tested at 170 MPa
in saturated air. However, under the same conditions,
when the crack initiation size was assigned as 0.0835 mm
(0.05a;) and 0.176 mm (0.1a,), the corresponding total
fatigue life was 20.96% and 1.12%, respectively.

In conclusion, humidity has a detrimental effect on the
ultrasonic fatigue life of cast aluminum alloy, and the envi-
ronmental impact should be carefully considered when
using this fatigue data in component design. Moreover, as
crack initiation constitutes a significant portion of the total
fatigue life in the very high cycle fatigue (VHCF) regime,
it is recommended to minimize potential defect sizes to
enhance the ultrasonic fatigue performance of the material.

Conclusions

The present study involved conducting ultrasonic fatigue
tests on cast aluminum alloy AS7GU-T64 under differ-
ent humidity conditions. The objective was to investigate
the crack initiation mechanism and propose a probable
explanation for the formation of facets. In addition, the
crack lengths were characterized by measuring from the
fracture surfaces. The fatigue life of the crack initiation
stage, short crack growth, and long crack growth regions

was predicted using the Paris-Hertzberg-McClintock crack
growth law. The main conclusions drawn from this work
are outlined below:

1. Humidity has a detrimental effect on the ultrasonic
fatigue life of cast aluminum alloy. Therefore, it is cru-
cial to carefully evaluate the service environments when
utilizing fatigue testing data in component design.

2. The observed facets on the fatigue fracture surfaces
are identified as persistent slip bands, which formed by
cyclic plastic strain accumulation during short crack
propagation regime; these facets are confined within sin-
gle grains with slip systems aligned with the maximum
shear stress direction.

3. The distinction between crack initiation, short crack
growth, and long crack growth areas is determined by
analyzing the fracture morphology. Under dry air con-
ditions, a significant portion of the ultrasonic fatigue
life is consumed by crack initiation, making crack
propagation life relatively negligible. The error asso-
ciated with neglecting crack propagation life is found
to be less than 12%.

4. The percentage of fatigue life attributed to crack ini-
tiation strongly depends on the humidity of the test-
ing environment and the stress amplitude applied. The
length of a,, representing crack initiation size, also sig-
nificantly influences this percentage.

5. Although the length of g, does not alter the trend of
Niy/Np(%) (crack initiation fatigue life over total fatigue
life) versus fatigue cycles/stress amplitude, it does have
a significant impact on the absolute values obtained.
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