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Abstract

Stress Corrosion Cracking (SCC) of the Mg-Al aloys AZ91 and AZ31 was studied
using compact, or C(T), specimens. For AZ31, the stress corrosion crack velocity, V,
was in the range 2.5x10° — 8x10® m/s, and the threshold stress intensity factor, Kiscc,
was ~13.7 MPaym. The fracture surfaces for AZ31 contained cleavage-like facets
similar to those observed on SCC fracture surfaces for AZ31 and AZ91 cylindrical
tensile specimens; however, the cleavage-like facets did not appear to contain micro-
dimples as observed for the cylindrical tensile specimens. SCC in AZ91 C(T)
specimens was characterised by superficial stress corrosion crack branches extending

from the fatigue crack tip along the maximum principle stress contours in the region



where the maximum principle stress exceeded oscc. The absence of a primary stress
corrosion crack through the entire width of the specimen prevented V; and K scc from

being measured for AZ91.

1 Introduction

Our recent publications [1, 2, 3, 4, 5, 6, 7] showed that there exists a considerable body
of research outlining the phenomenology of Transgranular Stress Corrosion Cracking
(TGSCC) in Mg alloys. TGSCC is the inherent mode of SCC in Mg alloys. It is
generally accepted that the mechanism for TGSCC of Mg alloys is a form of Hydrogen
Embrittlement (HE) with the hydrogen coming from the cathodic partial reaction
(hydrogen generation) of the Mg corrosion reaction [8, 9, 10, 11]; however, the specific
nature of the HE mechanism remains uncertain. The mechanisms that have been
proposed are: Hydrogen Enhanced Decohesion (HEDE) [2]; Hydrogen Enhanced
Localised Plasticity (HELP) [2]; Adsorption Induced Dislocation Emission (AIDE)
[12]; and Delayed Hydride Cracking (DHC) [7, 13, 14, 15, 16].

Determination of the mechanism for TGSCC of Mg alloys is complicated by its
dependence on microstructure, environment and mechanical loading. A key indicator of
the predominant mechanism for an SCC system is the stress corrosion crack velocity,
V.. AIDE involves enhanced microvoid coalescence due to emission of dislocations
from the crack tip by adsorbed H atoms. Since AIDE does not involve transport of H
into the matrix, it is associated with very high Vs [12, 17, 18]. HELP involves
enhanced dislocation mobility due to H atmospheres at dislocations and obstacles to
dislocations. Thus, HELP is associated with moderate V.s, a which H atmospheres can

remain bound to mobile dislocations [18, 19]. HEDE and DHC involve stress-assisted



diffusion of H ahead of the crack tip, which is slower than H transport by mobile
dislocations (as per HELP) [20]. Thus, HEDE and DHC are associated with relatively

low V.s.

2 Experimental Method

C(T) specimens were machined from the Mg-Al alloys AZ91 and AZ31. These alloys
were the same as those used (in the form of cylindrical tensile specimens) in our
previous research [2, 3, 6]. AZ91 consisted of an o-matrix with an extensive
interdendritic B-phase, whereas AZ31 consisted of an a-matrix with Al-concentration
similar to that in AZ91. AZ91 specimens were machined from as-cast ingots, whereas
AZ31 specimens were machined from large extrusions such that the crack propagation
direction was parallel with the extrusion direction. The specimens were 7.5 mm thick
and were fatigue pre-cracked such that /W~ 0.5 (where W is 40 mm) at the beginning
of each SCC test. The SCC test environment was double-distilled H,0. Control tests
were carried out in laboratory air (previously shown to be inert [2, 3, 6]). The
experimental setup for SCC tests is shown in Figure 1. The specimens were immersed
in the environment to just above the machined notch. The fatigue crack was saturated
with distilled water prior to each test by applying a small constant load (~0.5 kN) to the
immersed specimen for ~24 h. The distilled water was slowly circulated between the
environment cell and a remote reservoir. The applied tensile load was increased under
Constant Extension Rate Test (CERT) conditions, with the extension measured using a
clip gauge at the crack mouth. The extension rates used were 2 umvh for AZ31 and 2 —
16 unvh for AZ91. Stress corrosion crack propagation was measured using the pulsed

DCPD method as described in our previous publications[2, 3, 6].
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Figure 1 — Experimental setup showing: (A) load train; (B) specimen; (C) clip gauge;
(D) current leads; (E) voltage probes; (F) environment cell; and (G) environment feed
from reservoir.

3 Results

SCC occurred in AZ91 and AZ31; however, the morphologies of the stress corrosion

cracks in AZ91 and AZ31 were in stark contrast. For AZ31, there was a single stress



corrosion crack extending from the tip of the fatigue crack, through the entire width of
the specimen, and propagating perpendicular to the loading direction. For AZ91, there
were multiple superficial stress corrosion cracks branching from the fatigue crack tip

along the maximum principle stress contours (see Section 3.3).

3.1 SCCofAz31

Figures 2 and 3 show the mechanical load versus crack opening displacement (COD)
and DCPD versus COD curves respectively for AZ31 in distilled water and laboratory
air. In laboratory air, there was no crack extension until COD > 5 mm, after which there
was a reduction in engineering stress with crack propagation. COD was measured up to
9.5 mm; however, Figures 2 — 3 show only COD < 1.2 mm. K¢ was calculated from the
initial crack length and the load corresponding to crack initiation as 31.7 MPavm.

For specimens in distilled water, the ultimate mechanical load was 60% lower,
and occurred at a much lower COD, relative to specimens in laboratory air. The initial
section of the DCPD versus COD curve (i.e. COD < 0.48 mm) was characterised by a
small, constant and positive gradient, which may indicate changes in the specimen
geometry in the vicinity of the crack tip (i.e. due to crack tip blunting and plastic zone
development). The initial gradient of the mechanical load versus COD curve for
distilled water was considerably less than that for laboratory air, indicating that the
crack tip stressfield is influenced by loading in distilled water.

For specimens in distilled water, the apparent plastic deformation (see Figure 2)
is mostly attributed to stress corrosion crack propagation. The onset of apparent plastic
deformation (i.e. at COD ~ 0.48 mm) corresponded with a sharp increase in the gradient

of the DCPD curve. Thus, the threshold stress intensity, Kiscc, was interpreted as the



stress intensity factor corresponding to this increase in the gradient of the DCPD curve.
Kiscc was calculated from the initial crack length and load at SCC initiation to be ~13.7
MPaVm. Stress corrosion crack propagation beyond Kiscc eventually resulted in a
reduction in the mechanical load. The test was eventually interrupted and the remaining
ligament fractured under a high strain rate in laboratory air.

The stress corrosion crack velocity was calculated from the DCPD

measurements using the equation:

V, :
VA Equation 1
Vo A

where Vi and V; are the temperature-corrected DCPD measurements, and A; and A; the
cross-sectional areas of the specimen in the crack plane, at the beginning and end of the
test respectively. The final stress corrosion crack length calculated using Equation 1
was 66 % smaller than the average final crack length measured on the fracture surface.
This difference was attributed to the conductance of the environment between the
opposing crack surfaces. Assuming that the conductance of the environment remained
constant throughout the test, the calculated stress corrosion crack lengths corresponding
to each DCPD measurement were scaled such that the calculated final crack length was
equal to the measured value. Figure 4 shows the stress corrosion crack velocity (da/dt)
versus K, curve (for K; > Kjscc) for AZ31 in distilled water. K, was calculated from the
DCPD-furnished crack lengths. da/dt was calculated by differentiating a 3 order
polynomial fitted to the a versust curve. Figure 4 shows that da/dt increased towards an

asymptote of ~8x10° nvs.
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Figure 4 — Crack velocity (da/dt) versus K, curve for AZ31 CT specimen tested in
distilled water at 2 unvh.




3.2  AZ31Fractography

The fracture surfaces for AZ31 in distilled water consisted of three distinctly different
zones corresponding to: (i) fatigue; (if) SCC and (iii) final overload fracture (see Figure
5). The SCC zone was characterised by: (i) regions containing smooth rounded features
(left side of Figure 6A); (ii) regions containing cleavage-like features (see Figures 6B —
F); and (iii) extensive secondary crack branching (see Figure 6A). The cleavage-like
features were similar to those observed on SCC fracture surfaces for AZ91 cylindrical
tensile specimens, but were more characteristically cleavage-like than those observed on
SCC fracture surfaces for AZ31 cylindrical tensile specimens [2]. The cleavage-like
facets were aligned in the direction of crack propagation, and sometimes contained fine
parallel markings 1 — 2 um apart (see Figure 6C); however, they did not contain micro-
dimples as observed on SCC fracture surfaces for AZ91 and AZ31 cylindrical tensile
specimens [2]. The final overload fracture zone was characterised by coarse, irregular
dimple-like features (see Figures 6G — 6H), consistent with fracture surfaces produced
in ar [2]. The final overload fracture zone also contained 45° shear lips and
deformation in the thickness direction, consistent with the development of a large

plastic zone at the crack tip.



Figure 5 — Overview of fracture surface for AZ31 CT specimen tested in distilled water
at 2 um/h showing: (A) machined notch; (B) fatigue pre-cracked zone; (C) SCC zone;
(D) final fracture zone; (E) shear lips, and (F) deformation in the thickness direction.

The red patches are due to dye penetrant marking of the SCC zone before final fracture.

3.3  SurfaceCrackingin AZ91

For AZ91 in distilled water, SCC was manifested by superficial crack branches of depth
< 1 mm extending in multiple directions from the fatigue crack tip (Figure 7), with H,
gas bubble evolution occurring within the crack branches (Figure 8). A detailed view of
a typical crack branch is given in Figure 9. The crack branches occurred within the
region where the maximum principal stress was greater than the threshold stress for
SCC, oscc. Since the specimens were in the plane stress state, the maximum principal

stressis given by:

K . :
0, =—— cos(gj 1+ sn(gj Equation 2
2rr 2 2

where K| is the crack tip stress intensity factor and r is the radius from the crack tip.

Thus, the boundary of the region containing crack branches is calculated by substituting
oscc for ai. Figure 10 shows the SCC zone boundary assuming oscc = 60 MPa [3, 6]

and K, = 14 MPa/m"? (calculated from the initial crack length and the load
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Figure 6 — SEM fractographs for AZ31 specimen tested in distilled water at 2 unvh.
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Figure 8 — H, bubbles within stress corrosion cracks for AZ91 C ecimen tested in
distilled water.

corresponding to crack initiation). The crack branches are invariably oriented parallel
with the SCC zone radius (or the contours of the maximum principal stress). Figure 10
also shows the plastic zone radius for inert conditions (assuming K; = 14 MPa/m"? and
oy = 110 MPa [7]); however, this is for reference only since the plastic zone varies
considerably due to the SCC mechanism. Figure 11 shows the plastic zone (visible as
deformation in the thickness direction) at the crack tip for AZ91 specimens tested in

laboratory air.
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igure O —* Radial” ndary crack @i nicaed by Iarg arrows) within the
boundaries defined by Tresca criteria using oscc = 60 MPa and oy = 110 MPa.

Figure 11 — Plastic zone ahead of a crack tip for a CT specimen fractured in éi r.
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4 Discussion

The initial gradient of the mechanical load versus COD curve for AZ31 in distilled
water was considerably less than that for laboratory air, indicating that the crack tip
stress field is influenced by the SCC mechanism. The reduction in the gradient of the
mechanical load versus COD curve in the presence of distilled water is consistent with
an increase in the plastic zone size, even though the SCC fracture surface morphology
was indicative of HE and there was no visible plastic deformation on plane surface of
the specimen. Previous workers [21, 22, 23, 24] have measured significant increases in
plastic zone size for high-strength steels in the presence of cathodically produced or
gaseous H. This phenomenon has been attributed to the influence of H on the mobility
of dislocations in the plastic zone (as per HELP) [25].

The Kiscc value determined from the DCPD measurements for AZ31 (~13.7
MPavVm) was in the upper range of values given by previous workers for Mg alloys [26,
27, 28]. Stephens et a [26] measured Kiscc = 7.5 MPaVm for cast AZ91 in NaCl
solution. Speidel et al [27] measured Kisec = 12 MPavm in distilled water, Kiscc = 8
MPaVm in Na;SO; solution and Kiscc = 5 MPavm in NaBr solution for the Mg alloy
ZKB0A-T5. Ebtehaj et al [28] measured Kscc = 7 — 14 MPavm for Mg-9Al in solutions
containing various ratios of NaCl and K;CrOs, with the minimum K;scc occurring at
intermediate ratios. NaCl and K,CrO, are generally associated with surface film
breakdown and repassivation respectively [16, 28]. Thus, Kiscc is dependent on the
propensity for film breakdown and H ingress at the crack tip. The Mg-9Al alloy used by
Ebtehaj et al [28] is likely to have had a similar o-phase composition to the AZ31 alloy
used in the present research. Thus, given that distilled water does not promote localised

corrosion in AZ31 [6], this implies that the measured Kscc is not the minimum value
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for AZ31, and that it may be reduced by using a slightly more aggressive environment
(e.g. dilute NaCl solution).

The range of Vs shown in Figure 4 are consistent with the value given by
Speidel et al [26] for the Mg alloy ZK50A-T5 in distilled water, but much slower than
those measured for Mg alloys in other aqueous environments [5, 15, 16, 28, 29, 30, 31]
and predicted using our numerical model for DHC (~107 mvs) [7]. Figure 4 is also
consistent with the average V.s measured by Winzer et al [6] for AZ31 cylindrical
tensile specimens in distilled water under CERT conditions (1.2x10° — 6.7x10° nmv/s),
which were calculated from the width of the SCC fracture surface zone and the time
from SCC initiation until test cessation [6]. The Vs for the AZ31 cylindrical tensile
specimens were associated with a mechanism involving microvoid coalescence (HELP
and/or AIDE). In contrast, the V.s for AM30 cylindrical tensile specimens were
considerably slower than that for Az31 (3.6x10'° — 9.3x10™ m/s). The fracture
surfaces for AM30 specimens were macroscopically similar to those for AZ31,;
however, there were no micro-dimples apparent at higher magnification as per AZ31.
The differences in Vs and fracture surface morphologies for AZ31 and AM30
cylindrical tensile specimens were attributed to the difference in H diffusivity in the o-
meatrix for the two aloys, which increases with increasing concentrations of second
phase particles and Zn in solid solution with the o-matrix. It was proposed that the
influence of H diffusivity on the SCC propagation mechanism may be such that: (i)
different mechanisms predominate for AZ31 and AM30; or (ii) the same mechanism
occursin AZ31 and AM30, with a difference in the rate of that mechanism. In the latter
case, it is possible that a reduction in H diffusivity (or the driving force for H diffusion)

would also result in areduction in the size of the micro-dimples. This may explain why
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micro-dimples were not observed by SEM examination of SCC fracture surfaces for
AZ31 C(T) specimens and AM30 cylindrical tensile specimens. Alternatively, the SCC
fracture mode may depend on the stress state; the work of Yan et al [32] showed that
the fracture of AZ91 becomes more brittle with increasing constraint.

The superficial crack branching observed for AZ91 in distilled water is ascribed
to mechanical film rupture and H ingress along contours for the maximum principal
stress. This implies that there is a higher propensity for mechanical film rupture and H
ingress at the plane surface than at the crack tip. It is uncertain why superficial crack
branching occurred for AZ91 but not AZ31, which has the same a-phase composition;
however, this may be related to the role of B-phase particles (contained in AZ91 only)
in crack nucleation [2, 6]. That the crack branches appear within the boundary defined

by 01 = oscc suggests that oscc is defined by mechanical film rupture.

5 Conclusions

e The initial gradient of the mechanical load versus COD curve for AZ31 in distilled
water was considerably less than that for laboratory air. This is consistent with an
increase in plastic zone size due to the influence H on the mobility of dislocationsin
the plastic zone (as per HELP).

e For AZ31 in distilled water, the stress corrosion crack velocity, V., was measured to
be in the range 2.5x10° — 8x10° m/s, with V. increasing asymptotically with
increasing K. The threshold stress intensity factor for SCC, Kiscc, was measured to
be ~13.7 MPaym.

e The fracture surfaces for AZ31 contained cleavage-like facets similar to those

observed on SCC fracture surfaces for AZ31 and AZ91 cylindrical tensile specimens
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[2]; however, the cleavage facets did not contain micro-dimples as were observed for
AZ31 and AZ91 cylindrical tensile specimens. The contrast in fracture surfaces for
C(T) and cylindrical tensile specimens could be due to a relationship between H
transport in the a-matrix and the size of the micro dimples, or the higher constraint
in the C(T) specimens.

e SCCin AZ91 C(T) specimens was characterised by superficial stress corrosion crack
branches extending from the fatigue crack tip along the maximum principle stress
contours in the region where the maximum principle stress exceeded oscc. The
absence of a primary stress corrosion crack through the entire width of the specimen

prevented V. and K scc from being measured.
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