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Embrittlement of ductile structural members, whether under the presence of static or cyc-
lic loading, can occur when surrounded by a corrosive environment. Several examples of
catastrophic failures due to a form of environmentally assisted cracking (EAC) are available,
with the failures of Liberty Ship hulls most commonly referred. Liquid metal embrittlement
(LME) is a subset of EAC that results in the embrittlement of structural materials when inti-
mately contacted by specific liquid metals. Several theories exist with the goal of identify-
ing the key microstructural failure mechanism; however, most cannot account for all
solid–liquid couples and do not incorporate a form of load dependency. Static and dynamic
mechanical testing of notched and cracked specimens, respectively, was implemented to
identify the dominant microstructural failure mechanisms and incorporate a load depen-
dency on the life expectation of components. Results reveal crack initiation life behavior
that is dependent on the time and load that the structural component remains subjected
to LME conditions.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Environmental attack has led to the premature failure of structural components in a variety of industries, including mar-
itime, aerospace and petrochemical processing [1–4]. Environmentally assisted cracking (EAC) describes a broad spectrum of
cracking and embrittlement phenomena, including stress corrosion cracking (SCC), corrosion fatigue (CF), hydrogen embrit-
tlement (HE) and liquid metal embrittlement (LME). Notable failures have occurred in which cracking of materials was aided
by the environment, such as the Liberty Ships and Aloha Airlines Flight 243 failures [5]. Embrittlement via SCC and enriched
salt environments has driven research in fracture mechanics and subsequently been applied to various other EAC phenom-
ena [6]. Particular interest is in solid–liquid couples in which liquid materials degrade the ability of the solid material to re-
sist fracture [7].

Liquid metal embrittlement is the inhibition of a solid metal to flow plastically when in intimate contact with a liquid
metal. If proper wetting of the solid occurs, liquid metal reduces the fracture energy and fracture processes are more depen-
dent on crack initiation; however, crack tip velocities have been investigated by various researchers, including Rhines et al.
[8] Robertson [9], and Glickman [10]. Rhines and co-workers [8] use a simplistic pipe-flow model, suggesting the crack tip
velocity is similar to that of the velocity of a fluid flowing through a pipe, i.e.,
v ¼ Dpa2

8gl
; ð1Þ
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Nomenclature

a pipe radius
B thickness of fracture specimen
Cj concentration of thermal kinks
C0 equilibrium concentration of liquid
C1L equilibrium solubility
d atomic diameter
D diffusion coefficient
E elastic modulus
fm moment correction factor
f(a/w) geometric function
G configurational force
h crack width
H diffusion length
k boltzmann constant
K strength coefficient
KIc plane strain fracture toughness
Kt stress concentration factor
l length of pipe
n hardening exponent
PQ peak load in calculating plane strain fracture toughness
S nominal/remote stress
Sgb grain boundary spreading effect
Sp span distance
T temperature
v velocity
w width of fracture specimen
b constant
c surface energy
DP difference in pressure
e notch tip strain
g viscosity
h contact angle
rt notch tip stress
x, X atomic volume
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where Dp is the pressure difference, a is the radius of the pipe, g is the viscosity of the liquid metal and l is the length of the
pipe. Robertson [9] describes the maximum crack tip velocity by a numerical constant, solid metal properties and the inter-
action of the two metals, i.e.,
vmax ¼
1

2k
X2E

d
CoD

T
; ð2Þ
where k is the Boltzmann Constant, X is the atomic volume of the solid, E is the elastic modulus, d is the atomic diameter of
the lattice atoms, Co is the equilibrium concentration of the liquid, D is the diffusion coefficient of the solute in the liquid and
T is the temperature. The grain boundary crack velocity, as described by Glickman [10], is dependent on the equilibrium con-
centration of thermal kinks at the solid–liquid interface, CJ, the diffusion coefficient of the solid in the liquid, DL, the equilib-
rium solubility of the solid in the liquid (given by the phase diagram), C1L, the atomic volume, x, configurational force, G,
grain boundary spreading effect, Sgb, the crack width, h, and the characteristic diffusion length in the liquid phase, H, i.e.,
v ¼ CJDLC1L

kT

� �
xðGþ SgbÞ

hH

� �
: ð3Þ
Each velocity model is dependent on various assumptions and mechanisms, developed fully in the body of each work.
Experimental evidence is provided and correlates well with other independent works, where crack tip velocities were ob-
served on the order of centimeters per second [11,12].

Not only do the crack tip velocity models differ with their assumptions, the underlying microstructural failure mechanism
is still not fully understood. Various mechanistic models exist in effort to describe the crack tip driving force. Four particular
models are briefly discussed here: the Decohesion model [13,14], Adsorption Induced Dislocation Emission (AIDE) model
[15], Dissolution Condensation Mechanism (DCM) model [9,16], and the Grain Boundary Diffusion (GBD) model [17].
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Of the most widely accepted models is the Decohesion model that was proposed by both Stoloff and Johnston [13] and
Westwood and Kamdar [14]. Additionally, these two sets of researchers built upon the previous work of Nichols and
Rostoker [18]. In dealing with the surface energy of the solid–liquid couple, the embrittling liquid would ultimately lower
the cohesive strength of the solid metal, allowing for failure at a stress lower than the ultimate strength of the material,
Fig. 1A. The theory does not account for any ductility, as the failure mode is considered to be a purely brittle fracture.
Evidence of any ductility observed, either qualitatively or quantitatively, on the fracture surface would strongly oppose this
theory.

The AIDE model, originally proposed by Lynch [15], allows for some plasticity ahead of the crack tip. Working along the
lines of the Decohesion model, Lynch viewed fractured specimens under SEM and drew the conclusion that there was some
plastic flow ahead of the crack tip, albeit reduced when compared to fractures in air, Fig. 1B. Through adsorption of the liquid
metal, nucleation and egression of dislocations at the surface is facilitated, microvoids in the solid would be generated and
coalesce to propagate the crack. The liquid environment would thus enable plastic flow through shearing of the atomic
bonds, opposing the notion of the Decohesion model that no plastic flow was exhibited. Lack of ductile dimples on fractured
surfaces would fail to provide substantial evidence of this theory.

The Dissolution Condensation Mechanism (DCM) model, an updated form of the Stress Assisted Dissolution model pro-
posed by Robertson and Glickman, independently in the late 1960s, works in conjunction with Grain Boundary Wetting
(GBW). Cracks can propagate under the application of an applied stress, albeit very small, through the mass diffusion of solid
metal away from the crack tip, through either bulk-, grain boundary- or surface solid state diffusion, Fig. 1C. Fracture
mechanics methods provide a means for an experimental platform in analyzing crack tip kinetics and the extension of an
LME crack. Uncertainty in the mechanism arises when solubility in the liquid is nearly zero, as results for couples with little
solubility in the liquid phase have been observed to have fast crack tip extension.

The Grain Boundary Diffusion (GBD) model provides evidence for the diffusion of liquid metals along the grain boundaries
of solid metals. Through a reduction in strength of along the grain boundaries, components would fail intergranularly, i.e.
decohesion of grain boundaries. Transgranular and cleavage-like fractures provide support that this model does not accu-
rately describe all solid–liquid couples [19].

A variety of experimental routines have been implemented to study the effect of LME, in addition to the works mentioned
previously [20–24]. These tests include standard tensile, delayed fracture, slow strain rate and fracture mechanics experi-
ments. A majority of the works reported vital information on the crack tip behavior, most notably the crack tip velocity when
exposed to the embrittling substance. Additionally, efforts have been made at understanding the time to rupture of compo-
nents when subjected to a static stresses and stress intensities [25,26]. Results indicate that a general trend is apparent in the
life, in that incubation periods precede subcritical crack growth periods and are followed by unstable crack growth/rupture,
as generalized in Fig. 2 [27].
Fig. 1. Existing failure mechanisms regarding LME: Decohesion model (A), AIDE model (B) and the DCM model (C).



Fig. 2. Typical time to rupture plot of specimens subjected to static stresses and stress intensities.
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While understanding the failure mechanism is of utmost importance in the design of equipment to be operated in the
presence of embrittling materials, it is equally important to have the ability estimate the life of the component. Knowledge
of the solid–liquid material couple should be well known, as well as the ultimate tensile stress, ruts, and the critical stress
intensity, KIc, of the solid when in intimate contact with the liquid. As such, lives of notched and cracked specimens in a par-
ticular solid–liquid couple, representative of components found in design, are explored within the scope of this study.

The focus of the remainder of this study will focus on the development of experimental methods and the observed results.
Along with these quantitative results from experiments, qualitative results from microscopy and related material analysis
will be presented.
2. Experimental routines

Experimental routines aimed at determining the susceptibility of structural materials to LME are highly subjective to the
solid–liquid couple used, as well as the test method employed. By controlling the materials and employing a variety of test
routines, both initiation and propagation processes are able to be observed.

For this study, an aluminum alloy, Al 7075-T651, known for its high strength and susceptibility to EAC was chosen as the
solid metal. Selected mechanical properties and chemical composition are provided, Tables 1 and 2, respectively. The liquid
embrittler chosen was liquid mercury, as the solubility parameter difference between the two metals is high, resulting in less
of an interaction between the solid and liquid metals [28]. By limiting the amount of interaction between the solid–liquid
couple, emphasis can be placed on the stress-related interactions instead of the material interactions, such as diffusion of
liquid into the solid.

Sessile drop experiments assist in characterizing the interaction between a solid–liquid couple, as information about the
surface energies is readily attainable. Through contact angle measurements of a sessile drop on a solid surface, as shown in
Fig. 3, Young’s equation, i.e.,
cSV ¼ cSL þ cLV cos h; ð4Þ
and the Equation of State, i.e.,
Table 1
Mechanical properties of Al 7075-T651 in air [39,40].

S–L T–L L–T

Yield strength, ry (MPa (ksi)) 430 (62.5) 489 (70.9) 498 (72.3)
Ultimate strength, ruts (MPa (ksi)) 462 (67.1) 540 (78.3) 563 (81.7)
Rupture strain, ef (%) 1.32 4.8 6.27
Fracture toughness, KIc (MPa

p
m (ksi

p
in)) 17.6 (16.0) 24.2 (22.0) 28.6 (26.0)

Elastic modulus, E (GPa (Msi)) – – 71 (10.3)
Poisson’s ratio, m – – 0.33



Table 2
Chemical composition of Al 7075-T651, wt.%.

Al 87.1–91.4 Mg 2.1–2.9 Zn 5.1–6.1
Cr 0.18–0.28 Mn Max 0.3 Ti Max 0.2
Cu 1.2–2 Si Max 0.4 Fe Max 0.5

Fig. 3. Sessile drop technique that utilizes the contact angle to calculate the surface energies (A) and an example of a liquid Hg drop on an Al 7075-T651
plate specimen (B).

150 S.G. Keller, A.P. Gordon / Engineering Fracture Mechanics 84 (2012) 146–160
cSL ¼ cLV þ cSV � 2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
cLVcSV

p
e�bðcLV�cSV Þ

2
; ð5Þ
can be simultaneously solved to provide the surface energy of the solid when in contact with the liquid. In these equations, c
is surface energy and the subscripts relate to the surface tension between the solid–vapor, cSV, solid–liquid, cSL, and the li-
quid–vapor, cLV, h is the contact angle the drop makes on the surface and b is a constant [29]. Utilizing drop experiments, the
contact angle at the solid–liquid interface can be measured and related back to the surface energy [26]. Coupling these obser-
vations with the strain-energy release, rupture of the solid when exposed to the liquid can be approximated.

Time to rupture curves can be generated for a variety of controlling quantities, with the focus on two for this particular
study; stress and stress intensity. The first controlling quantity, stress, can be obtained either by smooth or notched tensile
specimens, while the latter is achieved by using fracture mechanics specimens with a mechanically generated crack. By
observing the time a smooth or notched specimen, without the presence of a crack, resists rupture, a critical stress for
the particular solid–liquid couple can be associated with crack initiation processes. Through fracture mechanics specimens,
either compact tension (C(T)) or four-point bending C(B), and blunt notch tensile specimens, the propagation of an existing
crack can be monitored and used to determine the amount of subcritical crack growth. Upon rupture, the two sets of time-
dependent rupture data can indicate remaining life for the corresponding solid–liquid couple.

Experiments were carried out on two uniaxial test frames; a MTS Insight electromechanical frame utilizing customized
TestWorks4 routines and a MTS servohydraulic frame with the Teststar IIs controller. Combined, the two frames are capable
of statically and dynamically loading specimens, either via displacement-, strain- or load-rate, and maintaining desired
stress/strain levels. Stress-based experiments were primarily conducted on the electromechanical frame, whereas experi-
ments based on stress intensity were conducted on the servohydraulic frame.

Specimens were machined out of Al 7075-T651 plate in the S–L orientation, Fig. 4. Two specimens were primarily used in
this investigation, namely a notched tensile specimen and a C(T) fracture specimen, Fig. 5. The notched tensile specimen
incorporates a stress concentration of 1.87 at the notch tip, as calculated by common formulae [30]. Normalizing the stress
facilitated at the notch root of each specimen, without the presence of a crack, the influence of the stress concentration on
each specimen is provided as a function of the distance from the geometric discontinuity, as shown in Fig. 6. In un-cracked
specimens, a C(T) specimen that is subjected to a bending moment, denoted as C(B), has the most steep stress gradient and
the notched tensile specimen has the least. The inclusion of C(B) specimens is relevant in this study and will be developed in
more detail shortly.

The notches in tensile specimens were generated through standard machining practices while the starter notches for C(T)
and C(B) specimens were generated via EDM machining. An additional polishing process was taken for notched tensile spec-
imens, such that notch roots were polished with cotton twine immersed in a 0.5 lm alumina solution while rotating in a
lathe to reduce the number of micronic stress risers. As notch roots were already smooth as machined, this process of pol-
ishing allowed for minimal removal of material, while having the ability to remove the oxide layer, which is expected to be
only several atomic radii thick [31].

The presence, or lack thereof, of an oxide layer will influence the results obtained in experiments; as such, the amount of
time between polishing and testing will be discussed further in Section 4. Each specimen was machined in the S–L orienta-
tion so that the crack would propagate in the direction of rolling (e.g. L), through the center of the plate and have a uniform
microstructure ahead of the desired crack path. Furthermore, data regarding this orientation is not as widely available as it is
for other orientations, i.e. T–L or L–T.



Fig. 4. S–L-oriented compact tension (left) and S-oriented notched tensile (right) specimens used in the experimental portion of this study.

Fig. 5. Dimensions of the C(T) and notched tensile specimens used in the current study.
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Stress-based time to rupture experiments, loaded via load control, involved forming a disposable environmental chamber
around the notch, capable of subjecting the highly stressed region to liquid mercury, Fig. 7. An extensometer (MTS Model
#634.11E-25) was used to directly measure the remote elongation and strain. In the event of plasticity at the notch tip, local
stress is approximated by solving Neuber’s rule and the Ramberg–Osgood relationship simultaneously through an iterative
process. Neuber’s rule makes use of the nominal stress and strain concentration factor, i.e.,
rtet ¼
ðKtSÞ2

E
; ð6Þ
where rt is the local notch tip stress, et is the local notch tip strain, Kt is the stress concentration factor, S is the remote or
nominal stress and E is the elastic modulus [32]. During plastic deformation, the stress–strain nonlinearity is approximated
through the Ramberg–Osgood equation, e.g.,
e ¼ r
E
þ r

K

� �1
n
; ð7Þ
where K is the strength coefficient and n is the strain hardening exponent, both of which are material constants [33]. Utiliz-
ing a Newton–Raphson iteration technique, Eqs. (6) and (7) can be solved simultaneously to approximate the notch tip engi-



Fig. 6. Influence of the stress concentration as a function of the distance from the geometric discontinuity for the three specimens used in this study.

Fig. 7. Experimental setup for notched tensile specimens, with disposable environmental chamber, liquid Hg in the notch and extensometer.
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neering stress and strain. Approximation of local strains was provided by extensometry at the remote section, as it was as-
sumed that any extension would be a result of deflection in the reduced section due to difference in stresses experienced at
the nominal and gross cross-sections.

Stress-based load control experiments involved stepped-load routines that utilized five load steps, with an incubation
time at each step. Upon reaching the final load, the routine would maintain the final load until rupture or run-out, which
was 106 s (or 11.57 days). It was expected that routines with higher load steps would result in shorter rupture times.
Stepped-load histories provide the advantage of being able to observe the effect plasticity has in rupture processes in a single
test and the influence plasticity has on LME.

Stress intensity-based experiments required the development of a new method of applying load and liquid embrittler to
the specimen. Pursuant to plane-strain fracture toughness testing, particularly ASTM E399, test configurations can be imple-
mented, including tensile or three-point bending apparatus can be used [34]. Initial testing was conducted under typical ten-
sile loading, in which C(T) specimens were completely submersed in liquid Hg, as detailed in [35]. Subsequent tests were
conducted using a modified four-point with the objective of enabling the use of standard C(T) fracture specimens and in
doing so, rendering them as C(B) specimens, Fig. 8. Most notably, this design allows for the incorporation of a clip gage
(MTS Model #632.02E-20) capable of directly measuring crack tip opening displacement (CTOD). Stress intensities for



Fig. 8. Experimental setup for C(B) specimens in the modified four-point bending apparatus, with liquid Hg at the starter notch and clip gage for CTOD
measurements.
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C(T) and C(B) specimens were calculated based on the plane-strain fracture toughness equation after a mechanically devel-
oped crack of length a was generated, e.g.,
KI ¼
PQ

B
ffiffiffiffiffiffi
W
p � f a

W

� �
; ð8AÞ

KI ¼
PQ Spfm

B
ffiffiffiffiffiffi
W3
p � f a

W

� �
; ð8BÞ
where P is the load, Sp is the span distance, fm is a moment correction factor, B is the thickness, W is the width and f(a/W) is a
geometric function based on the fracture specimen and ratio of crack length to width. The moment correction factor, fm, is
used to account for the difference between applied moments in three- and four-point bending, which equated to 0.65 for
current experiments.

Both the stress- and stress intensity-based time to rupture curves were conducted via load control conditions. Fracture
mechanics specimens were pre-cracked in the liquid environment followed immediately by the incubation period, without
removal from liquid Hg in between. Upon reaching a predetermined load, or approximate stress intensity, the frame would
then maintain load and allow the specimen to incubate until complete rupture or run-out, whichever was achieved first.
Estimations of the stress intensity due to the crack are used; however, after rupture, actual values were calculated based
on post-mortem analyses.

Post-mortem analyses were conducted on samples from each type of test. Along with macroscopic images, scanning elec-
tron microscopy (SEM) images were taken on select fracture specimens fractured in air and liquid Hg environments. Addi-
tionally, energy dispersive X-ray (EDX) was used on specimens fractured in liquid Hg to ensure liquid embrittler was present
at various locations on the fracture surface. Together, post-mortem analyses assisted in understanding the failure mode of
aluminum subjected to LME conditions.

3. Experimental results

Sessile drop experiments revealed consistent contact angles between the polished aluminum plates and liquid Hg. Drops
of varying mass were placed on the surface, all of which resulted in a contact angle of approximately 128�. The corresponding
surface energy for the solid–liquid couple, cSL, using Eqs. (4) and (5), is 210 mJ/m2. In calculating the effective surface energy,
as in [26], the solid–liquid surface energy is insignificant in comparison to the plastic deformation work.

Similar to S–N curves used in fatigue life analyses, typical time to rupture plots employ a static load until rupture of the
specimen is noted. In this study, a constant stress intensity was maintained on compact fracture specimens while a constant
notch tip stress was maintained on notched tensile specimen until failure, Figs. 9 and 10, respectively.

Constant stress intensity to failure time provided a mixture of results, with rupture occurring at various times during the
loading regime, as shown in Fig. 9. Here, specimen prefixes denote the test method used, where SL-identifies conventional
C(T) specimens and CTB-identifies specimens that utilized the four-point method. Some specimens were observed to fracture
upon mechanical precracking (not included in results), initial load application, after an incubation period or did not rupture
and were considered to be a ‘‘run-out.’’ Additionally, some specimens were observed to rupture at locations other than the
fatigue starter notch, whether a fatigue pre-crack was present or not, which were not included in the results [35]. Such re-
sults were the motive behind the modified four-point bend assembly, as well as further rounding the fillet at the knife edge
valley, as shown in Fig. 5.



Fig. 9. Incubation life for static stress intensity experiments on Al 7075-T651 in Hg.

Fig. 10. Incubation life for static notch stress experiments on Al 7075-T651 in Hg.
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Constant notch tip stress to failure plots provided similar results, with some specimens rupturing upon the initial load
and others sustaining load for a period of time, as shown in Fig. 10. Specimens that were polished and immediately tested
revealed a large amount of scatter in the time to rupture plot. With a severely diminished, or nonexistent, oxide layer, LME
conditions are more readily achieved, i.e., intimate wetting of the aluminum surface by the mercury. Rupture of specimens
appeared random, with no discernable trend. Some specimens ruptured during the initial load ramp, while others lasted al-
most the entirety of the allotted test time, similar to results for SIF-based incubation.
4. Discussion

Resistance to rupture of fracture specimens, whether in air or in liquid Hg, yielded similar results, as KIc was measured as
23.51 ksi

p
in (25.84 MPa

p
m) and 22.74 ksi

p
in (24.99 MPa

p
m), for air and Hg environments, respectively. Plane strain
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fracture toughness values were obtained were from C(T) specimens with starter notch formed by EDM and from relatively
thin sheets of aluminum (1.0 in. or 2.54 cm). The sessile drop data provided evidence that the effective surface energy is
insignificantly affected by the addition of mercury to the surface. The dominating factor is the plastic work done during
mechanical loading. As such, an insignificant drop in the fracture toughness, as observed, is expected. Additionally, it is
known that the elastic response of the material is not affected in the embrittling environment [36]. The plane strain fracture
toughness is captured under the premise of nominally elastic response at the crack tip and it is therefore reasonable to be-
lieve that a significant drop in the plane strain fracture toughness is not expected.

Furthermore, environmentally assisted cracking is a highly time-dependent process, which requires a period of time for
interaction between solid and liquid metals. During the plane strain fracture tests, results are obtained instantaneously, not
permitting a sufficient amount of interaction time between the two metals. In order to determine the effect on the plane
strain fracture toughness, presoaking specimens for a period of time prior to conducting a test could reveal a more dramatic
drop in the plane strain fracture toughness value. Critical pre-exposure times can be obtained through such a routine. This
experimental procedure will be investigated in a future study.

In SIF-based incubation experiments (Fig. 9), a few specimens failed prior to expected incubation times, as noted by an
‘‘X’’ on the KI0-axis at t0 = 1 s. These specimens lasted the entirety of the pre-cracking routine only to rupture upon ramping
to the static load. Displacements and loads remained nearly constant up until complete fracture of the specimen occurred.
Complete rupture was observed to occur in less than 0.1 s, as such, crack growth data was not able to be extrapolated, as the
sampling frequency was 10 Hz. The crack was able to extend through the width of the specimen before a subsequent data
point was captured, but expected to be consistent with previous research [23,24]. As such, the crack tip velocity models pre-
sented, Eqs. (1)–(3), were unable to be directly validated in this particular study.

Analyzing the incubation data points, it was observed that experiments conducted under similar conditions ruptured at
various times which provided an assortment of results. Some specimens, e.g. S–L-26, S–L-8, were able to maintain an initial
SIF and rupture as expected, while other specimens either fractured upon load application, as mentioned previously, or were
halted, e.g. S–L-27. It is proposed that the reason the experiments contain as much variation as observed is directly related to
the severity of macro-cracks at the starter notch. Depending on the surface roughness or a small flaw in the material, several
cracks can initiate. If these cracks are sufficiently close to one another, the complex state of stress at each tip can overlap one
another, creating a more severe state of stress; however, if the cracks are far enough apart, this will not happen. Overlapping
stress fields will result in crack propagation at lower SIFs, while a single crack will behave significantly different.

Notched tensile specimens were observed to display a similar trend as C(T) specimens, in that some specimens ruptured
during initial load while others lasted the entirety of the allotted test time. Incubation times are provided, with the desig-
nation between identical specimens with or without a developed oxide layer, as shown in Fig. 10. Specimens that were al-
lowed to rest in lab air upon polishing and prior to testing were observed to have a higher incubation life by an order of
magnitude and greater. Upon differentiation between specimens that were polished and tested immediately as opposed
to specimens that sat prior to testing, a trend among the specimens was apparent.

Macroscopic analysis supported data provided by extensometry for both types of specimens in regards to plastic defor-
mation. When compared to specimens fractured in air, fracture mechanics specimens ruptured in Hg appeared to have a
more brittle fracture and tended to exhibit cleavage-like fracture, as shown in Fig. 11A and B. A majority of C(T) specimens
exhibited fracture surfaces that were mostly smooth and appeared relatively flat; however, some specimens exhibited large
delaminations throughout the region in contact with the liquid embrittler. These steps are attributed to intergranular delam-
ination, as observed for the Al 7075-T651-Hg couple in 1989 [37]. Tensile specimens subjected to liquid Hg displayed similar
differences to specimens ruptured in air, as shown in Fig. 11C and D.

Cracks were observed to occur at various locations along the starter notch height and the machined notch in fracture
mechanics and notched tensile specimens, respectively. Provided the specimen orientation, more than 7000 grain bound-
aries were available in the S direction along the starter notch, using average grain thicknesses of 7 lm (275 lin), as provided
by Zhao and Jiang [38]. Similarly, more than 1800 grain boundaries were available in the S direction in the notched tensile
specimens. No specific trends were observed in specimens that had crack initiation in locations other than the expected loca-
tion of crack initiation/propagation. With this high concentration of grain boundaries along the notches, it provides evidence
that LME could potentially be grain boundary-dependent and this orientation provides for multiple locations that provide
favorable crack initiation conditions.

Due to the notched tensile test specimen geometry, traditional stress–strain curves cannot be directly produced, only
notch root stress and strain can be approximated. Therefore, plasticity in specimens fractured in air was observed via
load–displacement curves, as well as visually observing the reduction area. When fractured in liquid Hg, the elastic response
was similar; however, the reduction area was less, signifying less ductility.

Specimens that fractured during the initial load ramp, SLN6 and SLN10, had no discernible differentiating features be-
tween fracture surfaces. Both samples displayed burn markings (notably darker, soot-like appearance as shown in
Fig. 11B and D), as well as relatively flat fracture surfaces. Previous investigation of rupture times were observed to be near
instantaneous, with some scatter among points, suggesting that a similar trend would be observed if more experiments were
performed within similar time frames [36]. Future experiments will emphasize testing within this short time span in effort
to provide accurate life approximations for a variety of loads and environments.

A key identifying feature of specimens fractured in liquid Hg was the appearance of burn marks. Fracture specimens were
observed to have dark, ‘‘burnt’’ patches on the fracture surface, as well as extensive cracking along the profile of the spec-



Fig. 11. Comparison of fracture surfaces for C(T) specimens and notched tensile specimens fractured in air (A and C) and liquid Hg (B and D).
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imen, which were not observed on specimens ruptured in air, Fig. 12A and B. As mentioned previously, large amount of
delamination of grains is observed, notably Fig. 12B. Notched tensile specimens ruptured in air lacked the burn markings
on the fracture surface, as well as burnt areas on the stress-free surface away from the notch, Fig. 12C and D. The appearance
of these dark regions will be discussed further.

Scanning electron microscopy was utilized on selected fracture specimens. Specimens ruptured in lab air environments
displayed intergranular fracture, with the presence of dimples in several regions whereas specimens ruptured in liquid Hg
revealed mostly brittle features, most notably cleavage-like fracture, as shown in Fig. 13. In small regions, dimples were ob-
served on the cleavage-like surfaces. The presence of dimples on specimens ruptured in mercury is significant in that it pro-
vides support for the AIDE mechanism and detracts from the Decohesion mechanism. To ensure that these regions were
exposed to the embrittler, energy dispersive X-ray spectroscopy (EDX) aimed at these areas revealed trace amounts of
mercury.

In the current study, subcritical crack growth was not observed in C(T), C(B) or Kt specimens. Upon imposing a sustained
load, elongation as measured by the clip gage or extensometer was observed to remain constant. Fracture specimens that
remained at load failed to show any increase in the crack tip opening displacement. For notched tensile routines, elongations
were only noted during load advancement from one step to the next during a single incubation experiment. As most of the
expected notch tip stresses were within the elastic region of the material, the elongation was noted as linear between each
load step.

The influence of the oxide layer significantly affected the life of the notched specimen when subjected to an embrittling
environment. Regardless of the failure mechanism, the oxide layer blocks the intimate wetting that is necessary for LME con-
ditions to occur, as noted by the delayed rupture of specimens with an oxide layer present prior to testing. It is proposed that
the life of the oxide barrier is then the critical element in life estimation and upon rupture of this layer, intimate wetting of



Fig. 12. Crack profile and surface conditions for C(T) and notched tensile specimens fractured in air (A and C) and liquid Hg (B and D), in which burnt regions
are highlighted.

Fig. 13. SEM image of a C(T) fracture surface in which mostly brittle-like cleavage fracture is apparent.
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the solid metal occurs. In this scenario, with the applied notch tip stress well above the LME threshold for this particular
solid–liquid couple, rupture is expected to occur simultaneously.
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Life predictions can be for notched tensile specimens based upon the two distinct groups of data in Fig. 10, i.e., specimens
with or without an oxide layer. Even with significant differences in rupture life, the trend for each subset is expected to be
identical. The life of the component can be expected to be a product of the ultimate strength, ruts, LME threshold strength,
rLME, notch tip stress, rt, rupture time, tr and two additional parameters, m and q, i.e.,
rt ¼ rLME þ
ruts � rLME

1þ tr
m

	 
�q ; ð9AÞ
rt;ox ¼ rLMEox þ
ruts � rLMEox

1þ tr
mox

� ��qox
: ð9BÞ
The two additional terms, m and q, are the fitting parameters that correspond to the median effective concentration of
data and the slope of the curve at the location of m, respectively. Distinction between Eqs. (9A) and (9B) lies in the addition
of ‘‘ox’’ to the subscripts, as this differentiates between specimens that have no oxide layer or a developed oxide layer,
respectively. It should be noted that the analytical model is highly dependent on the solid–liquid couple used, as well as
the surface conditions, and relies heavily on experimental data, as noted by the difference between values in Table 3.

Life predictions for fracture mechanics specimens are expected to follow the time to rupture curves, as shown in Fig. 2,
and analytically represented similarly by Eq. (9). As such, two bounds have been superimposed over the rupture life data in
Fig. 9. In place of the critical stress values, a critical stress intensity, Kcrit, as well as a lower limit threshold stress intensity,
KLME, will be substituted. The constants are defined by the data, and as such, more data is necessary to provide meaningful
constants.

Eq. (9) should not be considered an ‘‘all inclusive’’ life prediction model, as there are several factors that are distinct to the
particular solid–liquid couple. The notion of a LME threshold, either rLME or KLME, is not novel, nor is it trivial for every solid–
liquid couple. To date, the only reliable method of establishing the LME threshold known to the authors is through mechan-
ical experimentation. In notched tensile specimens with a developed oxide layer, it should be noted that the lower limit is
not the LME threshold, as rupture was observed at far lower stress levels when no oxide layer was present, as shown in
Fig. 10.

Results in Fig. 10 reveal that specimens with a developed oxide layer resist loads approximately 3.5 times greater than
those of specimens without an oxide layer. If the oxide layer is absent, interaction between the mercury and aluminum is
readily observed, as the oxide layer acts as the barrier to inhibit diffusion into the solid metal. This constitutes the necessary
wetting conditions and thereby reducing the load carrying capability by activating the LME process. For specimens with the
oxide barrier, over time, it is expected to break due to the mechanical loading, thus providing the necessary wetting condi-
tions required for LME processes to activate. The breakdown of the oxide layer is time-dependent, as well, which leads to the
longer rupture times for specimens with the protective oxide layer.

The possibility of a threshold stress based on the life of the oxide layer is presented, as noted in Eq. (9B) by rLME,ox. Upon
reaching this level, the specimen is expected to rupture, as the necessary conditions for wetting are provided and true LME
conditions exist. As no discernable specimen elongation was observed, as measured by the extensometer, it is proposed that
a breakdown of the oxide layer and rupture of the specimen occur simultaneously, as notch stresses were already above the
true LME stress threshold. A direct result of this process is the absence of subcritical crack growth.

The instantaneous rupture, as well as the small scale plasticity, helps to identify a failure mechanism for this particular
solid–liquid metal couple. The Decohesion mechanism relies on a purely brittle fracture via reduced atomic bonds. The local-
ized plasticity observed on surfaces fractured in mercury suggests that this mechanism may not be best suited for this cou-
ple. Conversely, it lends support for the AIDE mechanism [15], as it is similar to the Decohesion model [13,14]; however,
allows for small plasticity ahead of the crack tip and advances through microvoid coalescence. Cleavage-like features on
SEM images detract from the GBD mechanism, which suggests fracture via intergranular means.

The remaining mechanism under investigation, the Dissolution Condensation Mechanism [9,16], has unique evidence in
this study. One of the main features of this particular mechanism is that the embrittling liquid acts as a transport vessel for
solid metal atoms to move away from the crack tip to be re-deposited on stress-free surfaces. On several notched tensile
specimens, burn markings previously noted on the rupture surface were observed to occur away from the notch root along
the stress free portion of the machined slot, as shown in Fig. 12. These burn markings, highlighted in the dotted regions, pro-
vide evidence that the liquid metal potentially acts as a transport media for corroded solid material to vacate the advancing
crack tip. Chemical analysis of the burned regions is necessary to confirm these findings without uncertainty.
Table 3
Constant used in Eq. (9).

OX Non-OX

rLME – lower limit 68.4 18.2
m – median concentration 181814.6 3001.3
q – slope at m �1.8 �1.6
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Overall, rupture of specimens was expected to occur instantly upon crack initiation or crack propagation. No discernible
trend was observed when LME conditions prevailed. The inability to definitely label the trends lies in the scatter that is
inherent to environmentally assisted cracking investigations. A multitude of factors can affect the life of components with
active competition between the true failure mechanisms, which results in significant scatter among data for a variety of so-
lid–liquid couples. It was noted, however, that when an oxide layer was present, the life of the oxide layer was the deter-
mining factor in life estimation. As for the mechanism, qualitative data tends to support a mixture of the AIDE and DCM
failure mechanisms.
5. Conclusions

Liquid metal embrittlement has been observed in the Al 7075-T651-Hg solid–liquid metal couple. Through fracture
mechanics and notched tensile specimens, the life of ‘‘service-like’’ components subjected to a static stress intensity or notch
tip stress, respectively, has been assessed. Results show that rupture is imminent upon crack initiation or crack propagation,
unless a barrier exists, such as an oxide barrier, that prevents intimate wetting required for LME conditions. Sessile drop
experiments provided surface energy measurements and estimations of KILME were consistent with values obtained via frac-
ture mechanics experiments. A life prediction model was developed based on experimental evidence that is capable of rup-
ture prediction for notched tensile components subjected to a sustained static load. Metallurgical analysis was used to
identify key features on fracture surfaces, used in indentifying the underlying failure mechanism. In regards to the failure
mechanism, this particular couple shows evidence of a combination of the Adsorption Induced Dislocation Emission and
the Dissolution Condensation Mechanism models. Continuing efforts will be made to differentiate between the mechanisms
and to indentify the leading microstructural failure mechanism.
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