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Chapter 6

Equation Chapter 6 Section 1

Lead Induced Intergranular Fracture in
Aluminum Alloy AA6262
The ultimate consequence of plasticity is fracture. The way in which a metal
fractures depends strongly on its microstructure. Small changes to the composition
of an alloy may often have drastic consequences for the stresses at which fracture
occurs but also for the type of fracture. Such a system is the alloy AA6262, which is
studied in this chapter. Small amounts of lead are added to increase the properties
of the alloy at room temperature but at elevated temperature under certain
conditions the alloy embrittles under influence of the mobile lead atoms.

6.1 Introduction
Low concentrations of heavy metal impurities may cause considerable changes in
the mechanical properties of aluminum alloys. These impurities may enter the metal
in cost reducing scrap-recycling processes or by diffusion processes, which can be
accelerated at elevated temperatures, like liquid metal embrittlement. Sometimes
they are also added intentionally and this is the case in the aluminum alloy AA6262.
This alloy composition is rather similar to that of the more known AA6061 alloy, i.e.
high concentrations of magnesium and silicon that form the strengthening precipitate
Mg2Si. The main difference is the presence of lead and bismuth, which are added to
increase the alloy machinability. Since most of these heavy metal impurities have a
very low solubility in aluminum, they have a tendency to segregate towards grain
boundaries, free surfaces or heterophase interfaces. At those planar defects they may
cause the fracture resistance of the alloy to change in a number of different ways.
Since in these alloys bismuth reacts with magnesium to form Bi2Mg3, which is stable
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in a large temperature range, it is not considered to influence considerably the
fracture behavior [1]. The focus of our research therefore is on the influence of lead,
which is present around intermetallic particles and is also found at small grain
boundary precipitates.
Aluminum alloys usually fracture in a transgranular way i.e. through the bulk of the
grains. Under certain conditions however, the fracture mode may change, under the
influence of the lead, to intergranular i.e. along the grain boundaries. In this chapter
we will first describe the various trans- and intergranular fracture mechanisms that
may occur in this alloy. The remainder is aimed at scrutinizing the parameters that
govern the occurrence of these fracture mechanisms. To this end, a large number of
tensile tests are performed in which the parameters temperature, strain rate and stress
state are varied. The resulting fracture surfaces are studied extensively using
scanning electron microscopy (SEM) to distinguish between the various fracture
mechanisms.

6.2 Fracture mechanisms
Fracture surfaces of metals have been studied ever since the Bronze Age. A short
historic account can be found in [2]. They can, when correctly interpreted, say
something about the cause of the failure. Small differences in microstructure can be
responsible for a completely different fracture mechanism, which may lead to very
different surfaces. In this section the fracture mechanisms that can occur in the
AA6262 alloy together with the appearance of the corresponding fracture surfaces
are described.
6.2.1 Transgranular microvoid coalescence
In most structural alloys transgranular microvoid coalescence is the dominant mode
of fracture. On loading microvoids originate near regions of localized stress
discontinuity, such as second-phase particles, inclusions or dislocation pile-ups. In
the high strength commercial aluminum alloys, many intermetallic particles are
present, most of which are formed already during casting. Typically these phases are
brittle and relatively large.
After extensive deformation small voids originate near intermetallic particles either
due to decohesion at the particle/matrix interface or due to fracture of the brittle
particle itself. These voids grow as a result of extensive plastic deformation until
they coalesce. The resulting fracture surface is characterized by many depressions or
dimples, which are a direct result of coalesced voids.
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6.2.2 Liquid metal embrittlement
At temperatures above the melting temperature Tm of the lead (327 °C), liquid metal
embrittlement can occur. Above this temperature, liquid droplets of lead are present
at the grain boundaries as schematically drawn in Figure 6.1.

Figure 6.1
Schematic representation of liquid metal embrittlement. (a) Liquid lead
particles are present at a grain boundary but lead to incomplete wetting (θ>0). (b) Complete
wetting (θ=0) [3].

The contact angle between the droplets and the aluminum θ depends on the grain
boundary energy σGB and the energy of the solid/ liquid interface σSL according to:

σ GB = 2σ SL cos θ

(6.1)

Because σSL decreases with increasing temperature faster than σGB, there is a
temperature at which θ becomes zero (See Fig. 6.2). This temperature is denoted as
Tw, the wetting transition temperature and refers to the temperature at which the
boundary is replaced by a layer of the liquid phase i.e. when complete wetting
occurs. The value Tw depends on the GB energy. Special boundaries have lower
energies and are therefore found to have higher values for Tw than random
boundaries. For the Al-Pb system values are reported of 560 °C for Σ7 boundaries
and 535 °C for a random boundary [3].
Below Tw the grain boundary is not wetted completely but the liquid lead is highly
mobile and may under the influence of an applied stress assist in crack forming.
Various models have been proposed to explain liquid metal embrittlement. The most
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Figure 6.2
Temperature dependence of the interfacial energies. With increased
temperature, the solid/liquid interfacial energy drops faster, leading to complete wetting of
the grain boundary at Tw. [3]

commonly accepted is the adsorption-induced reduction in cohesion model [4,5].
When an atom of the liquid metal is adsorbed at the crack tip, electronic
rearrangement will cause the strength of the first bond at the crack tip to decrease.
After the bond breaks the embrittling atom is adsorbed at the next bond and the
process is repeated. Since hardly any plasticity is involved in this process, it results
in microscopically flat fracture surfaces. Another popular model is the so-called
enhanced dislocation emission model [6] in which the presence of the liquid metal
atoms does not reduce the tensile cohesive strength but rather diminishes the shear
strength of the bonds. This leads to enhanced nucleation of dislocations at the crack
tip and failure occurs by localized plasticity and void growth and coalescence
directly ahead of the crack tip. Fractography results by Lynch show intergranular
fracture surfaces covered with little dimples [7,8]. The large strains in the precipitate
free zones are assumed to promote the occurrence of a microvoid coalescence
process over decohesion.
6.2.3 Dynamic embrittlement
At temperatures below its melting point, the lead may still contribute to intergranular
brittle fracture. It is well known that high strength alloys may suffer from brittle
fracture if they contain a mobile embrittling element at their surface. Under the
influence of a high stress and at elevated temperatures, the surface element
experiences a driving force for inward diffusion. This is the same force that controls
the processes known as Herring-Nabarro and Coble creep [9]. The embrittling
element need not be on the surface in order for this dynamic embrittlement to occur.
Upon application of a tensile force, diffusion of the embrittling element from the
122
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bulk or from grain boundaries towards regions of high stress causes a reduction in
coherence, which can accelerate failure dramatically [10]. Dynamic embrittlement,
being a diffusional process, needs elevated temperatures and low strain rates. This
type of fracture is characterized by step-wise crack propagation at a very low speed
(~ 1 µm/s). According to the model proposed by Bika and McMahon [11], this
stepwise propagation arises because the small diffusive zone in front of the crack tip
only fractures when the impurity concentration in the zone is high enough (See Fig.
6.3). After this decohesion the crack rests until the concentration in the new diffusive
zone reaches the critical value for decohesion. Although this mechanism has been
demonstrated by microscopic observations of fracture surfaces, which clearly show
striations [10,12], other models predict a more continuous form of fracture [13].
Small amounts of lead are shown to cause intergranular fracture in aluminum alloys
when tested under very low strain rates (10-6 s-1) or under sustained load conditions
at near ambient temperatures [14,15].
6.2.4 Intergranular microvoid coalescence
During aging of most aluminum alloys, a so-called precipitate free zone (PFZ)
originates. Upon deformation, strain will initially be highly localized in these regions
and because of strengthening effects plastic deformation will be enhanced in the
interior of the grains. This will result in transgranular fracture. If however the strain

Figure 6.3
Dynamic embrittlement. (a) at the crack tip the stress concentration causes an
increased concentration of embrittling atoms. (b) Typical stepwise cracking. The Pbconcentration at the crack tip has to build up before decohesion takes place.
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in the PFZ is high enough to cause decohesion of the grain boundary precipitates,
these voids may coalesce resulting in intergranular microvoid coalescence. It is
believed that a high hydrostatic stress promotes the growth of existing voids and
thereby increases the changes for intergranular microvoid coalescence to occur [16].
Transmission electron microscopy studies on AA6061 have shown that a heat
treatment comparable to the one used in this research results in a large amount of
grain boundary precipitation and a PFZ-size of several tenths of nanometers [17].

6.3 Experimental method
6.3.1 Material and preparation
Table 6.1 lists the complete composition of the AA6262 alloy.
Table 6.1

Composition of alloy AA6262

Element
Concentration (at.%)

Mg
1.14

Si
0.78

Fe
0.30

Cu
0.13

Mn
0.06

Cr
0.06

Pb
0.08

Bi
0.07

The alloys are received in as-extruded condition. To convert the brittle αintermetallic into the more ductile β-intermetallic and refine its distribution the
following thermomechanical processing route is followed. First the samples are
homogenized for 6 hours at 560 °C and water quenched. A thickness reduction is
achieved by three cold rolling steps alternated with short anneals at 560 °C. The
reduction in the last rolling step is 40 %. Finally, the alloy is solution heat treated for
15 minutes at 560 °C and aged for 18 hours at 160 °C to achieve a T6 aging
condition. Flat tensile specimens are cut from the processed alloy using a high power
YAG laser for thin samples (~1 mm) and spark erosion cutting for thicker sample
(2.5 mm). Figure 6.4 shows the geometry of the tensile specimens, i.e. a specimen
with a rounded notch and a specimen with a v-shaped notch. Samples without a
notch were also made to vary the stress state.
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Figure 6.4
Geometry of notched tensile specimens. (a) rounded notch. (b) V-shaped
notch. Measures in mm.

6.3.2 Experimental procedure
To deform the specimens the special tensile stage is used that can be mounted inside
a scanning electron microscope (SEM). This offers the possibility to view the
surface of the sample during deformation and insures good vacuum conditions,
thereby eliminating the occurrence of environment assisted fracture such as stress
corrosion cracking. This tensile stage is equipped with a heating element that can
heat the sample up to at least 600 °C. The crosshead speed can be varied between 0.2
and 25 µm/s, corresponding for specimens without a notch to strain rates of 9.5·10-6
s-1 and 1.2·10-3 s-1. The microscope used for this research is a Philips XL30 FEG
environmental scanning electron microscope (ESEM). This microscope was also
used for the fractography together with a Philips XL30s FEG SEM. The ESEM is
equipped with a backscattered electron (BSE) detector, which is very useful for
imaging small amounts of lead, because of its much higher atomic weight. The
XL30s FEG is equipped with a special electromagnetic lens, which gives the
possibility of ultra high resolution imaging.
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6.4 Fracture experiments
Using SEM the fracture mode under different conditions is studied. The tensile stage
allows us to perform deformation experiments at different temperatures and at
different strain rates. Furthermore the stress state of the specimen can be altered in
two distinct ways. Firstly by changing the shape of the notch or using a specimen
without a notch and secondly by changing the thickness of the tensile specimen. The
dependence of the fracture mechanism on all these experimental parameters has been
examined.

Figure 6.5
Stress strain curves of thin v-notched specimen fractured at different
temperatures.

6.4.1 Temperature dependence
First we concentrate on the effect of the temperature during deformation. Figure 6.5
shows the stress-strain characteristics of a series of tensile tests performed at
different temperatures. These samples all had a thickness of 1.2 mm and a v-shaped
notch. The crosshead speed was set to the lowest possible value (0.2 µm/s) to allow
diffusion controlled fracture mechanisms. At room temperature the tensile strength is
520 MPa. When the temperature is raised to 100 °C or 300 °C a small drop in tensile
strength is observed. If the temperature is raised further to 400 °C or higher, the
curves collapse totally. An additional test performed at 600 °C showed fracture
immediately at the onset of straining.
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Figure 6.6
Typical fracture surfaces. (a) Transgranular microvoid coalescence (b) brittle
intergranular fracture at high temperatures (c) intergranular fracture at T < Tm (d) as c but
using BSE detector showing lead particles (e) intergranular fracture showing ductility in the
form of dimpled facets.
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SEM images of the fracture surfaces resulting from the above-mentioned tests are
shown in Figure 6.6. As in the graphs of Figure 6.5, the fractography results also
show a clear distinction between the samples fractured above 400 °C and those
fractured below. In the latter samples, the fracture surfaces are covered with large
dimples indicating a ductile transgranular mode of fracture (Fig. 6.6a). The samples
fractured at 400 °C or above show an intergranular fracture surface with smooth
grain facets indicating little or no plasticity (Fig. 6.6b).
When the samples are subjected to a closer examination, more differences can be
distinguished. All the samples that fracture predominantly in a transgranular way
show also some regions of intergranular fracture, which are always located close to
the notch. In the room temperature samples these regions are very scarcely seen but
with increasing temperature they are observed more frequently. Especially on the
fracture surfaces of the samples fractured at 300 °C large intergranular parts are
present close to the notches. The surface of these intergranular regions is rougher
than that of the samples fractured at higher temperatures and it is covered with little
particles, which are brighter in the BSE image, indicating that these are lead particles
(Fig. 6.6c and 6.6d). In Figure 6.7, a comparison is made between the surfaces of
grains that have fractured intergranularly at temperatures of 300 °C, 400 °C and
600 °C. At a fracture temperature of 600 °C, most grain facets are flat like the ones
in Figure 6.7c. The small deformation shown in Figure 6.7b is also found in this
sample but is more abundant in the samples fractured at 400 °C. The samples
fractured at 300 °C show a much rougher fracture surface. Incidentally, clear
striations show up as shown in Figure 6.7c but also at the top grain in figure 6.6c.
Finally, in the low temperature samples a few regions of ductile intergranular
fracture could be found. These localized regions are found not only close to the
notch. Only a few grains show the dimpled intergranular surface shown in figure
6.6e.
6.4.2 Stress state dependence
To examine the influence of the stress state the thickness of the samples was
changed. The thinner samples (1.2 mm) break in a slant way indicating plane stress
conditions. The thicker samples (2.5 mm) break in a flat way, consisted with plane
strain conditions. The general fracture characteristics of both types of samples are
similar. In the thinner samples however slightly more brittle intergranular fracture
was found at temperatures below 400 °C. The second method to vary the stress state
is to apply different notch geometries. Three different geometries are compared:
samples without a notch, samples with a v-notch and samples with rounded notches.
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Figure 6.7
Fracture surfaces of lead-induced intergranular fracture produced at (a)
300 °C (b) 400 °C and (c) 600 °C showing clear differences in roughness.

Samples of these types were fractured at room temperature, 300 °C and at 550 °C.
Differences were only observed in the sample fractured at 300 °C. Specimens
without a notch fracture transgranularly, whereas samples with a v-notch show
incidental intergranular parts. The specimens with the rounded notches however,
fracture in the region of the notch almost completely intergranularly as can be seen
in Figure 6.8a. Only one configuration resulted in complete intergranular fracture at
300 °C. This was a thin sample (1.2 mm) with a rounded notch, which was fractured
at the lowest possible strain rate.
6.4.3 Strain rate dependence
The strain rate was altered by varying the crosshead speed of the tensile stage. The
two extreme values of the stage were used i.e. 0.2 µm/s and 25 µm/s. Because the
samples with rounded notches fractured at 300 °C showed a large amount of
intergranular fracture, this configuration was used to test the influence of the higher
crosshead speed. The low and high strain rate results are compared in Figure 6.8.
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Figure 6.8
Fracture surfaces showing the effect of strain rate on dynamical embrittlement
at T < Tm. (a) A crosshead speed of 0.2 µm/s leads to large regions of intergranular fracture.
(b) A crosshead speed of 25 µm/s results in transgranular fracture

Figure 6.9
Fracture surfaces showing the effect of strain rate on liquid metal
embrittlement. (a) A crosshead speed of 0.2 µm/s leads to large regions of intergranular
fracture. (b) A crosshead speed of 25 µm/s results in transgranular fracture.

Figure 6.8a shows predominantly intergranular failure in the notch region after slow
fracturing. In Figure 6.8b, showing the result of fast fracture, only ductile
transgranular failure is present. At higher temperatures the effect of strain rate is
even more pronounced. In Figure 6.9 the fracture surfaces of two thick v-notched
samples fractured at 450 °C are compared. Figure 6.9a corresponds to a crosshead
speed of 0.2 µm/s and Figure 6.9b to a crosshead speed of 25 µm/s. The first sample
breaks completely intergranularly and the second completely transgranularly. At a
temperature of 550 °C the strain rate has no effect anymore. All the specimens at this
temperature break intergranularly.
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6.4.4 Discussion
As expected a large number of different fracture surfaces were observed when the
parameters governing the deformation were altered. It is believed that the three
intergranular fracture mechanisms described at the beginning of this chapter all take
place at some point during our experiments.
At temperatures above the melting point of the lead the tensile tests performed at the
lowest possible strain rate result in complete intergranular failure. At the higher
strain rate only the specimens fractured at much higher temperatures break
intergranularly. This supports the theory that only at temperatures far above Tm
complete wetting occurs. Our set-up is not suitable for a precise determination of
this wetting transition temperature but it is clear that only the specimens fractured at
550 °C and 600 °C were completely wetted. All other specimens needed a certain
amount of straining before the grains started to decohere. At temperatures between
Tm and Tw, lead is liquid, but it does not wet the boundary. Still stress-assisted
diffusion and therefore time is needed to cause failure. Even at 450 °C, the
propagation of the crack, when strained at 25 µm/s, occurs at such a high velocity
that there is no time for the liquid metal to diffuse towards the crack tip and to assist
in the crack growth.
The differences between the fracture surfaces shown in Figure 6.7b and 6.7c are
another indication that at 400 °C the lead is not wetting the boundary. The roughness
shown in Figure 6.7b proves that some plastic deformation has taken place. Because
this plasticity is very shallow it is likely to be confined to the PFZ.
At temperatures below Tm, under certain conditions a similar kind of brittle fracture
takes place. Because lead is no longer in a liquid state, this process can be described
as solid metal embrittlement. Following the aforementioned argumentation dynamic
embrittlement can only occur at low strain rates and at elevated temperatures. When
the crosshead speed in our experiments was raised to 25 µm/s, no dynamic
embrittlement was observed. At the lowest strain rate traces of dynamic
embrittlement were mostly observed in the notch region of the fracture surface. In
the specimens without a notch, no dynamic embrittlement was observed at all. This
is in accordance with the idea that a high stress for a prolonged time is a prerequisite
for dynamic embrittlement to occur. Although a rounded notch possesses a lower
stress intensity factor than a v-shaped notch, it produces the largest amount of
dynamic embrittlement observed in our experiments. With this configuration, the
hydrostatic pressure is the highest in the center of the tensile specimen and not near
the notches in the v-shaped notch. A high hydrostatic pressure promotes the
nucleation and growth of voids and therefore the occurrence of transgranular fracture
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by microvoid coalescence. Because hydrostatic stresses are much higher in the
thicker samples (i.e. under plane strain conditions), dynamic embrittlement is
observed to a lesser extent. These results need not be inconsistent with the view that
a high triaxiality is a prerequisite for dynamic embrittlement, but they strongly
suggest that transgranular microvoid coalescence is the more dominant failure
mechanism.
Locally some parts showing pronounced striations are found (Fig. 6.7a). Although
literature links dynamic embrittlement with the occurrence of striations, in our case
they are observed only rarely. Possibly the dimensions of the striations are such that
they are not easily resolved with the SEM. Another explanation might be that
plasticity in the soft PFZ is interfering with the lead-induced fracture, causing the
fracture surface to appear to be somewhat smoothened. It is anticipated that other
lead containing alloys, whether the lead is added intentionally or is just present as
unwanted impurity, experience failure by dynamic embrittlement after prolonged
loading at elevated temperatures, i.e. under creep circumstances.
Intergranular microvoid coalescence does not seem to be of great influence on the
macroscopic fracture behavior of the alloy. Traces of intergranular microvoid
coalescence are found in most of the fractured sample, except in those samples that
fracture in a completely brittle manner (high temperatures). Because only a few
grains show the dimpled facets we suggest that only under very specific
circumstances intergranular microvoid coalescence is the preferred fracture
mechanism.
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6.5 Conclusions
Although lead is added to the AA6262 alloy to enhance its performance at high
strain rate operations (i.e. to increase its machinability), it can have a detrimental
effect on the low strain rate fracture characteristics. At temperatures above the
melting point of lead, the alloy is susceptible to liquid metal embrittlement. At
temperatures below the wetting transition temperature intergranular decohesion is a
stress-assisted process, requiring low strain rates. This results in a small increase in
roughness of the grain facets when compared with the smooth fracture surfaces
produced above Tw. At these temperatures, fracture is almost imminent at the onset
of a tensile stress and independent of strain rate.
Below the melting temperature, the lead atoms are under certain circumstances
mobile enough to cause stress-induced intergranular decohesion. This dynamic
embrittlement occurs only when some initial stress localizers (notches) are present.
The amount of dynamic embrittlement depends strongly on both temperature and
strain rate.
Thinner samples and rounded notches produce more dynamic embrittlement than
thicker samples and v-shaped notches, because under the latter circumstances the
hydrostatic pressure is high, which promotes the occurrence of a void growth and
coalescence fracture mechanism.
Intergranular void growth and coalescence does not occur frequently and its
presence does not appear to be highly dependent on one of the experimental
parameters investigated.
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