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Abstract

Acoustic emission (AE) due to intergranular fracture was examined in Al-Mg-Si alloys. In
T6-aged specimens, concentration of AE event counts appeared at the moment of intergranular
fracture as well as at the yielding point. The AE signals associated with the intergranular fracture
had its amplitude ranges up to 100 dB. Similar results on the increase in number of AE event
counts with high amplitude were also observed when T4-tempered Al-Mg-Si alloys showed
intergranular fracture due to hydrogen embrittlement.
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1. Introduction

Automobile manufacturers has been interested in wrought aluminum alloys having excellent
mechanical properties for car body panels. Among all the wrought aluminum alloys, 6xxx-series
Al-Mg-Si alloys have been widely used due to their good formability, corrosion resistance, spot
weldability, and precipitate strengthening after paint-bake cycles [1]. The basic requirement for
automotive sheet is to have a good formability so that the panel can be stamped, or preferably
increasing their strength when the part is painted and baked. Thus, these alloys combine the good
formability of the solution-treated state (T4 temper) with the additional increased strength of the
age-hardened state (T6).

However, the formability of the Al-Mg-Si alloys is not enough for the demands of
automotive sheets as compared with Al-Mg alloys [2,3]. It was reported recently that T4-
tempered Al-Mg-Si alloys containing excess silicon were prone to show intergranular fracture
when the alloys were deformed at room temperature: tensile strain rates were very slow (~10-7s-1)
[4] and the bending stress was applied [5]. Thus, suppression of the intergnalular fracture would
be a vital issue to improve the formability of Al-Mg-Si alloys. In order to comprehend the
mechanism of the intergranular fracture in Al-Mg-Si alloys, dynamic observation in the tensile
deformation and fracture would be valuable. In the present study, we applied acoustic emission
(AE) method to examine the intergranular fracture of Al-Mg-Si alloys. In particular, effects of
additional silicon, aging, and strain rate on AE characteristics are examined.

2. Experimental

Materials
Two kinds of Al-Mg-Si alloys were cut from the rolled sheets so that the longitudinal

direction of the specimens was perpendicular to the rolling direction (LT). Chemical
compositions of the alloys are shown in Table 1. Plate type specimens for the measurement of
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Table 1   Chemical composition of Al-Mg-Si alloys [wt.%].

Alloys Mg Si Cu Fe Mn Zn Al
Balanced 0.70 0.46 0.34 0.03 <0.01 <0.01 Bal.
Excess Si 0.70 0.76 0.34 0.03 <0.01 <0.01 Bal.

AE, having a gage length of 50 mm, width of 25 mm, and thickness of 5-10 mm were prepared.
All of the test specimens were solution treated at 510˚C for 0.5 h in the furnace and then
quenched in water (As-Q). Average grain size of all the specimens after the solution heat
treatment was about 250 µm. After the As-Q condition, some of the specimens were kept at
room temperature for 7 days (T4) and then aged at 175˚C for 0.5 h (BH) or 18 h (T6). Tensile
tests were carried out at room temperature, where the relative humidity was about 70%. Ranges
of an initial strain rate of the tensile test were from 1.7x10-6 s-1 to 1.7x10-4 s-1. Mechanical
properties were evaluated by measuring values such as 0.2% yield strength, tensile strength
(UTS), and elongation. Fracture surfaces were examined with a scanning electron microscope
(SEM, Hitachi S-4700). The ratio of the intergranular fracture surface to entire fracture surface
was determined from the SEM image.

AE Measurement
Acoustic emission was examined using a two-channel AE system (MISTRAS-2001, Physical

Acoustics Corp.) We attached two AE sensors with 200 kHz resonant frequency on the gage part
of the test specimen with glue before tensile testing. AE signals were amplified by a total gain of
60 dB and passed through a band-pass filter with the range of 100 to 1200 kHz. The threshold
level was 50 dB and the time interval between two sensors was within 10 µs to detect the AE in
the deformed region only. Obtained AE data, which consist of number of events, peak amplitude,
and root mean square (RMS) voltage, were input to a microcomputer.

Detection of Hydrogen
Hydrogen microprint technique [6] (HMT) with the aid of photographic effect was applied to

the Al-Mg-Si alloy with excess silicon deformed 11% at room temperature with an initial strain
rate of 1.7x10-6 s-1. Before the tensile deformation, the polished specimen was covered with a
monolayer of photographic emulsion (Illford L-4 diluted by seven times) by the wire-loop
method [7]. After the deformation by 11%, the specimen with the emulsion was developed and
then observed together with the microstructure on the specimen surface using SEM with an
EDXS attachment.

3. Results and Discussion

As-Q Specimens
Figure 1 shows the effect of excess silicon on AE during the tensile test in the As-Q

condition at a strain rate of 1.7x10-4 s-1, together with stress versus displacement curves. AE
events appeared at the yield point, but no clear AE events could be identified near the fracture
point irrespective of the difference in silicon content. Fracture of both Al-Mg-Si alloys with or
without excess silicon was entirely transgranular in the As-Q condition. As expected, AE signals
due to a sequence of transgranular fracture, namely, void nucleation and growth, and coalescence
could not be detected in the present testing condition. The values of 0.2% yield stress were 60
MPa (balanced) and 75 MPa (excess Si), respectively. The difference in the number of AE
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Fig. 1  AE during the tensile test of Al-Mg-Si alloys of (a) balanced and (b) excess-Si in the As-
Q condition.

Fig. 2  Effect of aging on AE in an Al-Mg-Si alloy with excess silicon of (a) As-Q and (b) T6-
aged.

events at the yield point in the two types of specimens would be due to the difference in solute
hardening by silicon in solid solution.
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Effect of T6-Aging on AE in Excess-Si Specimens
Effects of T6-aging on AE in the excess-Si specimen tested at an initial strain rate of 1.7x10-4

s-1 are shown in Fig. 2. For comparison, the result of AE in the As-Q condition (Fig.1 (b)) is
indicated again by changing the scale of vertical axis. AE events in the T6-aged specimen at the
yield point have remarkably increased in number as compared with that in the As-Q condition.
The maximum of AE events at the yield point in the T6-aged specimen was about six times
higher. The value of 0.2% yield stress in the T6-aged specimen was 165 MPa, an increase of 90
MPa over As-Q. The increase in number of AE events at the yield point would be due to the
precipitation hardening by β’-Mg2Si phases reported [8]. In contrast to the As-Q condition, a
sudden burst of AE was observed upon fracture in the T6-aged specimen. AE events were also
detected at the stage of local deformation before the fracture. The T6-aged specimen showed
almost complete intergranular fracture as shown in Fig. 3. The intergranular fracture surfaces
covered about 95%. In Fig. 3, GB precipitates and micro-dimples were also visible on the
fracture surface.

Fig. 3  Fracture surfaces in Al-Mg-Si alloy with excess silicon of (a) As-Q and (b) T6-aged.

Thus, it appears that AE signals detected at the moment of fracture contain the information
about a sequence of intergranular fracture, such as crack nucleation, growth, and propagation.
The AE signals observed at fracture had high amplitude ranges from 50 to 100 dB. These were
higher than those observed at yield (Fig. 3). This suggests that a high AE energy was released
from the T6-aged specimen when the intergranular fracture occurred. It is also believed that AE
signals observed at the stage of local elongation could represent the information about the
initiation and growth of intergranular cracks.

Effect of Strain Rate on AE in BH Specimens
Effect of strain rate on AE during the tensile test in BH specimens is shown in Fig. 4. It was

revealed that total elongation decreased when the initial strain rate decreased from 1.7x10-4 s-1 to
1.7x10-6 s-1, which was in good agreement with the result of Kuramoto et al. [4]. Near the
fracture point, a slight increase in number of AE events was observed in both BH specimens
tested at both strain rates. The increase in AE amplitude and RMS voltage in the BH specimen
tested at the slow strain rate showed that a higher AE energy was released not only at fracture but
also at the stage of local deformation, in a similar way as shown in the T6-aged specimen.
Intergranular fracture was rarely found on the fracture surface in the BH specimen tested at the
strain rate of 1.7x10-4 s-1, while fracture morphology in the BH specimen tested at the slow strain
rate was a mixture of intergranular and transgranular modes as shown in Fig. 5. The ratio of
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Fig. 4  Effect of strain rate in an Al-Mg-Si (BH) alloy with excess silicon tested at a strain rate of

(a) 1.7x10
-4

s
-1

 or (b) 1.7x10
-6

s
-1

.

intergranular fracture surface to entire fracture surface increased from 0.2% to 8% when the

initial strain rate decreased. The intergranular fracture surface in the BH specimen tested at the

slow strain rate was distributed preferentially near the surface of the test pieces. This implies that

environmental embrittlement occurs in the BH specimen tested at the slow strain rate. At high

magnifications, slip steps were frequently visible with micro-dimples on the intergranular

fracture surface (Fig. 6). This suggests that matrix slip localization, applying high stress

concentration at grain boundaries, would affect the intergranular fracture in the BH specimen

tested at the low strain rate. A similar morphology was also reported in an Al-Zn-Mg-Cu alloy

[9]. They explained that absorbed hydrogen by the surface reactions between the Al-Zn-Mg-Cu

alloy and H2O are accumulated in the stress field near the crack tip by dislocation motion.

SEM image adjacent to grain boundaries by the HMT method was shown in Fig. 7.

Arrangement of silver particles revealed that hydrogen was preferentially located at the grain

boundaries. This means that hydrogen introduced from the testing atmosphere was transported to
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Fig. 5  Fracture surfaces of the Al-Mg-Si (BH) alloy with excess silicon tested at a strain rate: (a)

1.7x10
-4 

s
-1

, (b) 1.7x10
-6 

s
-1

.

Fig. 6  Magnified image in Fig. 5(b).

Fig. 7  HMT image of an Al-Mg-Si alloy with excess-Si deformed by 15%. Silver grains

representing the position of hydrogen are visible along grain boundaries.



212

the grain boundaries with a number of gliding dislocations. When the hydrogen concentration at

the grain boundaries reaches a certain level during deformation, intergranulrar cracks would be

initiated. Thus, it is concluded that AE signals, detected near the fracture point in the BH

specimen tested at the slow strain rate, arise from hydrogen embrittlement.

4. Summary

(1) In As-Q conditions, no clear AE events caused by the transgranular fracture was identified

in Al-Mg-Si alloys irrespective of the difference in silicon content. A single peak of AE

event counts was observed at the yield point in both specimens with or without excess

silicon.

(2) In the T6-aged Al-Mg-Si alloy with excess silicon, AE events were observed not only at the

yield point but also at the moment of the intergranular fracture. AE signals due to the

intergranular fracture had a high amplitude ranges up to 100 dB.

(3) In the BH specimen tested at a slow strain rate of 1.7x10
-6 

s
-1

, the increase in AE amplitude

and RMS voltage accompanying the decrease in the elongation was observed. The

morphology of the near-surface intergranular fracture suggested that AE signals generated

near the fracture point are related to hydrogen embrittlement.
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