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Abstract A series of friction stir welds was produced
between heat treated Al-Mg-Si and strain hardened
Mg-Al-Zn alloy sheets. Weld evaluation by transverse
tensile testing showed a wide range of strengths and all the
failures occurred along the weld interface. The formation
of intermetallic compounds in the weld joints was inves-
tigated by X-ray diffraction, scanning electron microscopy
imaging, and elemental analysis techniques. Micro and
nanoindentation characterization methods were used to
evaluate the mechanical properties at the interface,
including the fracture toughness. The fracture toughness
measurements by a Vickers indenter introduced Palmqvist
type cracks at all four corners of the indents and cube
corner indenter resulted in the intermetallic chipping. The
fracture toughness (Kjc) calculation by both the micro and
nanoindentation methods showed very low values, which is
the primary reason for the brittle failure of the dissimilar
weld joints and concomitant low tensile strengths.

Introduction

Friction stir welding (FSW) is a solid state welding process
invented in 1991 by The Welding Institute, UK [1]. Since,
its invention, many research results explaining the experi-
mental and simulation aspects on the FSW of aluminum
[1-5] and magnesium alloys [6-9] have been published.
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The FSW process is a proven manufacturing method for
joining of hard to weld materials, like Al, Mg etc. with
relatively better weld quality compared to the conventional
fusion welding processes [1-9]. In certain applications, it
might be advantageous to join dissimilar Al alloys (e.g.,
cast to wrought Al) and Mg alloys, which may give the
combined benefits of both the alloys. The solid state nature
of the FSW makes this process attractive for producing
dissimilar Al alloy [10] and Al to Mg alloy weld joints
[11], which are difficult to weld by the conventional fusion
welding processes. This is because the former process
avoids melting related defects that are commonly observed
in the fusion welding processes. However, the formation of
the AI-Mg intermetallic compounds at the interface and
surrounding regions is inevitable in welding aluminum
alloys to magnesium alloys, regardless of the welding
processes. Recent reports of FSW lap [12] and butt joints
[13] between Al alloys and Mg alloys indicate that the
interface invariably contains an intermetallic layer that is
several micrometers thick, and the weld joints are very
brittle. The compound layer interface has also been
reported on steel-Al [14] and Mg—Cu dissimilar fusion
welds [15]. The effect of intermetallic layer thickness on
steel-Al laser welded joints strength has been reported by
Borrisutthekul et al. [14]. McLean et al. [13] have reported
the melting of the Al-Mg intermetallic phase during the
FSW process and the failure of the weld joints by deb-
onding of the intermetallic layer at the interface from the
adjacent Al base metal. Similarly, the spontaneous melting
of the intermetallic phases was reported by Gerlich et al.
[16] on various aluminum alloys and Al-Mg dissimilar
Friction Stir spot welds [17]. These results indicate that the
mechanical properties of the dissimilar materials weld
joints are influenced by the intermetallic phases at the
interface. Therefore, detailed knowledge regarding the
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intermetallic layer properties including the fracture
behavior would be essential to explain the overall dissim-
ilar weld joint properties. However, the narrowness of the
intermetallic layer makes conventional mechanical prop-
erty evaluation methods unsuitable for precise determina-
tion of the interface properties. For example, the use of
microindentation method to measure the properties of the
interface, which is much smaller than a typical indent size,
would result in underestimation of the intermetallic layer
properties, e.g., the measured Vickers hardness would be
the combined hardness of the intermetallic and adjacent
base materials. However, research focusing on the
mechanical properties of the narrow, intermetallic layer of
the dissimilar weld joints is limited: only the microhard-
ness of the layer has been characterized [18, 19] on the
Al-Mg weld joints. Considering these aspects, the aim of
the present study is to characterize the narrow interface of
the Al-Mg welded interface for the intermetallic phases,
mechanical properties including the fracture toughness by
sub-micron scale property evaluation methods such as
nanoindentation. The measured properties by nanoinden-
tation method have been compared with microindentation
results and were used to explain the overall weld joint
strength and its fracture behavior.

In brittle materials radial cracks are generated during the
nanoindentation and the known crack length is used to
calculate the fracture toughness. Low toughness ceramics
and glasses exhibit fragmentation and chipping [20], when
loaded by sharp indenters. In this case, the crack length is
not known, and the calculation of fracture toughness based
on the crack length is not applicable. Li and Bhushan [21]
have proposed a method to calculate Kjc from the energy
release rate during cracking by calculating the projected
area of the step in the load—displacement curve of thin
films. Chai and Lawn [22] have conducted the edge chip-
ping tests on monolithic brittle materials, and used the
chipping load and indentation location relative to the front
face to calculate the fracture toughness. In this article, the
fracture toughness of the intermetallic layer at the 6063 Al
and AZ31B Mg FSW joints was calculated from the load to
cause chipping and the chip size resulting from a cube
corner indenter.

Experimental procedures

The base materials used for the friction stir butt weld
joints are 3.25 mm thick sheets of 6063-T5 (Al-0.7 wt%
Mg—-0.4 wt% Si) aluminum and AZ31B-H24 (Mg-3 wt%
Al-1 wt% Zn) magnesium alloys. The joints were pro-
duced using an MTS Friction Stir Welding Machine with a
tool having 18 mm diameter flat edge concave shoulder
(H13 tool steel) and 5 mm diameter probe made of MP159

(cobalt base alloy), with a tool tilt angle of 3° from vertical.
The parameters used for the welding are in the following
ranges; tool rotational speed of 900-2700 rpm, welding
speed of 1.7-6.4 mm s~' and the z-force of 2.5-17.2 kN.
The Friction Stir Weld joints were processed with the Al on
the advancing side with the initial interface positioned in
the weld centerline. Temperature during welding was
measured using a k-type thermocouple spot welded inside
the probe at approximately the midplane of the sheet with a
data acquisition frequency of 1 Hz. Tensile testing was
performed using an MTS servo hydraulic system with a
displacement rate of 0.025 mm min~'. An extensometer of
25 mm gauge length was used for the strain measurement
during tensile testing. Transverse tensile tests of the weld
joints were performed on flat, pin loaded, specimens of
dimensions 12.5 mm wide x 150 mm long. Base materials
tensile properties were evaluated using flat, dog bone
shaped specimens as per ASTM ES8-04 [23].

Cross sections for microstructural and indentation tests
were cut by a high velocity water jet. The cross sections
were epoxy mounted for metallography and microhardness
tests. For nanoindentation measurements, the cross sections
were used without epoxy mounting. The cross sections of
the weld joint were polished with silicon carbide abrasive
papers followed by 5 and 3 pm alumina powders and,
finally, 0.3 um colloidal silica. The Al side of the weld
joint was etched using 85% water, 10% sulfuric acid, and
5% hydrofluoric acid solution for 30 s. The Mg side of the
weld joint was etched using 14 mL picric acid, 2 mL
glacial acetic acid, and 2 mL water solution for 5 s. An
Olympus optical microscope was used for low magnifica-
tion microstructural examination. An FEI Quanta 200
ESEM and Hitachi S4800 FESEM scanning electron
microscope (SEM) equipped with an energy dispersive
X-ray analysis systems were used for higher magnification
microstructural examination and for determination of the
composition in and around the weld interface.

Vickers hardness testing across the weld interface was
performed using a Beuhler Micromet-1 microhardness
tester (Buehler Ltd, Lake Bluff, Illinois, USA) with loads
of 0.1 N (near the interface) and 1 N (other than interface
locations) and with 10 s loading time. The Vickers hard-
ness profile was obtained at the mid-plane of the weld joint
cross section. Knoop hardness indentation was performed
with the long edge of the indenter placed parallel to the
interface so as to minimize the indent dimension perpen-
dicular to the interface. The indentation load and loading
time are 0.1 N and 10 s, respectively. Nanoindentations
were performed across and at the interface of the as-welded
Al-Mg joint using a Triboscope (Hysitron Inc. Minneap-
olis, MN, USA) in conjunction with a Veeco Dimension
3100 AFM system (Veeco Metrology Group, Woodbury,
New York, USA). A well-calibrated Berkovich indenter
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was used for the measurement of elastic modulus and
hardness. A constant peak indentation force of 0.8 mN was
used for all the indentations and the peak indentation force
reaches its maximum in 5 s and is then removed in the
same time after a 5-s hold at the peak force. The hardness
and elastic modulus were determined from the load—pen-
etration depth curve of the indentation using the method of
Oliver and Pharr [24]. The hardness is given by

Pmax
Ac

H=

(1)

where, P .« is the peak indentation load, A, is the projected
contact area. The elastic modulus is calculated using the
following equations:

S
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E, E; + E (3)

where E, is the reduced modulus, S is the contact stiffness
determined from the unloading curve, E;, E;, v;, and v, are
the elastic moduli and Poisson’s ratios of the indenter and
specimen, where E; = 1040 GPa, v; = 0.07 for the dia-
mond indenter. The nanoindentation fracture toughness
measurements were performed on the as-welded Al-Mg
interface using a sharp cube corner indenter with four
different loads, 1, 1.5, 2, and 2.5 mN for 5 s.

Vickers microindentation fracture toughness measure-
ments were performed on post-weld heat treated Al-Mg
weld interfaces. A post-weld heat treatment of 673 K for
20 min was employed to increase the intermetallic thick-
ness to enable microindentation within the intermetallic
layer. Several Vickers indentations were made at the
intermetallic layer using a 1 N load for 10 s. XRD analysis
was performed on powders ground from the transverse
tensile fracture surfaces using a Rigaku DMax 2100 dif-
fractometer with monochromatic Cu-K, radiation, 36 mA
current, and a voltage of 36 kV.

Results and discussion

Optical microscopy of the weld cross section

Figure 1 shows the etched macrograph of a dissimilar weld
joint cross section with Al and Mg on the advancing and

Fig. 1 Cross section of the
Al-Mg weld joint. Al on the
advancing side and Mg on
the retreating side of the weld
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retreating sides, respectively. The cross section shows an
interpenetrating feature (an inverted airfoil shaped object)
extended more towards the advancing side (Al) and less on
the retreating side (Mg) of the weld joint and an inclined
weld interface on the top and bottom of the interpenetrating
feature. A complex weld interface with an interpenetrating
feature is commonly observed in the dissimilar Friction Stir
weld joints, where mixing of both Al and Mg takes place
[11, 18]. The complex interface shape was also reported in
5052 and 6061 aluminum alloys Friction Stir lap welds
[10]. The occurrence of interpenetrating feature is pre-
sumed to be due to the differences in the flow behavior of
the base materials.

Knoop and Vickers hardness

Figure 2 shows a very thin continuous intermetallic layer
along the interface and a series of Knoop indents across the
dissimilar Al-Mg weld interface. Knoop indents (Fig. 2)
were obtained at the linear part of the weld interface within
100 pm distance from either side of the weld interface,
marked by the square box above the interpenetrating fea-
ture shown in Fig. 1. The width of the intermetallic layer
was in the range of 1.7-3.5 pm and observed over the
entire length of the interface. The maximum temperature
observed during FSW was 726 K, close to the aluminum
rich eutectic temperature (723 K) in the AI-Mg system and

Fig. 2 Optical micrograph of the Al-Mg interface showing an
intermetallic layer and Knoop indents
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Fig. 3 Vickers and Knoop microhardness profiles across the weld
interface showing the maximum hardness at the weld interface

significantly above the magnesium rich eutectic tempera-
ture of 710 K, indicating that a molten intermetallic was
likely present during the FSW process and solidified as
divorced eutectic during the weld cooling cycle [13]. The
temperature gradient across the sheet thickness caused the
thickness variation in the intermetallic layer. The local
melting of the intermetallic layer was also reported in
Friction Stir spot welds of Al and dissimilar AlI-Mg alloys
[16, 17].

Figure 3 shows the hardness profile across the AlI-Mg
weld joint interface obtained by the microhardness testing
methods. The maximum hardness was determined at weld
interface; 1.56, 3.63 GPa, respectively by Vickers and
Knoop hardness testing methods. The hardness at the
interface is higher than the rest of the zones (e.g. weld
nugget, HAZ etc) in the weld joint. Figure 2 shows the
indent size at the intermetallic layer resulting from Knoop
hardness test method is larger than the width of the inter-
face (a small part extended into the Al side). Similarly, the
indent size resulting from the Vickers method is also larger
than the thickness of the intermetallic layer for the smallest
load attainable with the microhardness tester; hence, the
measured hardness at the interface is the combined hard-
ness of the intermetallic layer at the interface and the
matrix materials.

Nanoindentation hardness

Figure 4 shows the load—indentation depth curves obtained
using a Berkovich indenter from the nanoindentation test
for the AI-Mg weld interface. The indentation depths for
the base materials, (6063 and AZ31) and the intermetallic
at the interface are 156-169 and 92-93 nm, respectively.
Figure 5 shows the hardness and reduced modulus plots
across the weld interface. The reduced modulus is a com-
bination of elastic properties of the indenter and the test

Indentation Depth (nm)

Fig. 4 Berkovich indenter generated load and indentation depth
curves for the intermetallic phase and the base materials
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Fig. 5 Hardness and reduced modulus (E,) profiles across the weld
interface measured using Berkovich indenter

material, which is defined in Eq. 3 of “Experimental pro-
cedures”. In Fig. 5, the distance ‘0’ represents the weld
centerline, left and right sides of the centerline represent,
the Al and Mg base materials, respectively. The highest
hardness value observed is 5.18 GPa (average of four
measurements): this value was measured in the interface
region (zero position). Figure 6 shows the secondary
electron SEM image of the nanoindents produced by the
Berkovich indenter at and across the weld interface of
the location indicated by a square box in Fig. 1. The
maximum hardness at the interface is due to the presence
of intermetallic compounds, confirmed by EDS analysis.
The Al-Mg phase diagram has the following intermedi-
ate phases; Mg,Al; (denoted f) is cubic, and Mg ;Al;,
(o Mn-type cubic, denoted 7y).The indents 5-8 in Fig. 6
(oriented along the interface) show a composition range of
47-49 at.% Al, which is near the equilibrium composition
range (39.5-55 at.% Al) for Mg;;Al,, type intermetallic as
per the Al-Mg phase diagram [25]. The average elastic
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Fig. 6 Secondary electron SEM image of the Berkovich indents at
the interface and surrounding areas

Table 1 Elemental composition (at.%) of nanoindented locations in
Fig. 6

Indent Al Mg Hardness Phase
number (GPa)

1 97.27 2.73 1.47 Matrix

2 84.58 15.42 1.69 -

3 36.23 63.77 3.23 -

4 54.68 45.32 3.68 -

5 47.29 52.71 5.04 Mg;,Al,
6 47.48 52.52 5.48 Mg,Al,
7 43.5 55.83 5.15 Mg;Al,
8 48.98 50.44 5.05 Mg ;AL
9 22.24 77.76 2.24 -

10 5.16 94.84 1.54 Matrix

modulus of the intermetallic layer corresponding to indents
5-8 in Fig. 6 is determined to be 71 GPa, comparable to
the values reported in the literature for Al-Mg type inter-
metallics [26]. The base material hardness values (corre-
sponding to the points far away from the interface in
Fig. 5) are 1.58 and 1.41 GPa, respectively, for the Al and
Mg alloys. Table 1 gives the chemical composition mea-
sured by EDS analysis and the nanoindentation hardness
corresponding to the indents shown in Fig. 6.

Microindentation fracture toughness

Figure 7 is an optical micrograph (OM) of the post-weld
heat treated Al-Mg weld interface showing the cracks at
the corners of a Vickers indent. The post-weld heat treat-
ment resulted in the growth of the intermetallic layer to
75 pum, which enabled the cracks induced by the Vickers

@ Springer
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Fig. 7 Optical micrograph showing the cracks at all four corners of a
Vickers indent on the post-weld heat treated intermetallic layer

indenter to be within the intermetallic layer. The cracks
oriented perpendicular to the interface are shorter than
those parallel to the interface due, most likely, to the
constraint from the adjacent base materials. The fracture
toughness was calculated using the following relation
[21, 27]

wee(3)"(5)

where « is an empirical constant depending on the geom-
etry of the indenter, £ and H are hardness and elastic
modulus, and P is the peak indentation load. For Vickers
indenters, o was empirically found based on experimental
data and is equal to 0.016. H was determined by Vickers
indenter on the post-weld heat treated intermetallic layer at
a load of 0.1 N (2.6 GPa). The value of E was obtained
from the nanoindentation data (71 GPa). The crack length ¢
was measured from the center of the indent to the end of
crack using optical micrographs. Assuming that the frac-
ture toughness of the weld joint to be determined, when it
is tensile loaded in the direction normal to the weld
interface (mode I). In this case cracks, ¢l and c2 parallel to
the interface are more important than the lateral cracks, ¢3
and c4 in Fig. 7. Kic of the intermetallic layer calculated
using the average length of the cracks cl and ¢2 is
0.37 & 0.07 MPa m"?. The value is marginally higher,
when the average length of the cracks (cl, 2, ¢3, ¢4 in
Fig. 7) at all four corners of the indents is substituted in
Eq. 4. The fracture toughness was calculated using the
crack length data from seven microindents. Often, the
hardness value determined by the nanoindentation method is
used to determine the microindentation fracture toughness
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Table 2 Microindentation fracture toughness values of the interme-
tallic layer for Vickers and nanoindentation hardness values and dif-
ferent crack lengths

172

Hardness Fracture toughness (MPa m ')

Crack lengths
parallel to the

Average length
of the cracks at

interface all four corners
Vickers (2.6 GPa) 0.37 + 0.07 0.53 4+ 0.20
Nanoindentation (5.18 GPa) 0.27 £ 0.05 0.38 £0.14

[27]. If the nanoindentation determined hardness (5.18 GPa)
is substituted in Eq. 4, Kjc values are lower than those
calculated using the microhardness value. The microin-
dentation Kjc values calculated using Vickers and nano-
indentation hardness values are presented in Table 2. The
difference in Kjc values arises due to the variation in the
crack lengths measured parallel and perpendicular to
the intermetallic interface layer and the difference in the
hardness values determined by micro and nanoindentation
methods.

Nanoindentation fracture toughness

Figure 8 shows the load—indentation depth curves of the
intermetallic layer obtained from the cube corner indenter
for four different loads, 1, 1.5, 2, and 2.5 mN . The load—
displacement curves for all the applied loads show many
discontinuities, where a sudden increase in the displace-
ment is seen in the loading phase without any appreciable
change in the load. This phenomenon is called “pop-in”
behavior, noticed in many brittle thin films due to the
cracking and chipping events [21, 28]. The SEM micro-
graphs (Fig. 9) of the nanoindents corresponding to the
load—indentation depth curves presented in Fig. 8 show the
chipping phenomenon around the indents. Figure 9a, b, and
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Fig. 8 The load—depth curves for the intermetallic phase at different
loads exhibiting “pop-in” phenomenon

¢ show a nearly semicircular shaped “chips” (indicated by
the arrows and dotted lines) around the indent for three
different loads 1, 2, and 2.5 mN, respectively. It can be
noted that the chipping around the indents exhibits a geo-
metrical similarity at all the applied loads. The total
chipping area around an indent increases as the applied
load is increased. The pop-in phenomenon in the load—
depth curves generated by cube corner indenter suggests
that the crack begins growing at the very early stage of the
loading, continues to propagate downward and toward the
surface as the loading continues, resulting in a semicircular
shaped chip (Fig. 9) when the crack becomes unstable. It
can be noted that the SEM image of the Berkovich indents,
Fig. 6 in “Nanoindentation hardness” does not show any
cracks or chipping around the indents at a load of 0.8 mN,
which may be due to relatively lower stress concentration
associated with the Berkovich indenter compared to the
cube corner indenter. The chipping phenomenon, similar to
the one seen in Fig. 9 has also been reported for the
monolithic bulk, brittle solids such as soda lime glass,
alumina [20, 22], and thin solid films [21, 28] as well, when
the critical failure load is achieved with sharper indenters.
The nanoindentation fracture toughness (Kjc) was calcu-
lated using the following expression

Pp/I? = BKic (5)

where £ is the chip size measured from the indent center to
the outer edge of the semicircular chip in Fig. 9, Pr is the
critical load for failure, f§ is a constant (9.3 & 1.3) inde-
pendent of the material [22]. The expression in the Eq. 5
was originally proposed for the monolithic bulk and brittle
ceramic materials based on the edge chipping test using
Vickers indenter, which can be applied to sharp cube
corner indenter as well, because the cracking mechanism
and chip geometry resulting from the latter is similar to the
former.

The logarithmic plot of critical failure load versus the
average chip dimension is presented in Fig. 10. A regression
fit with force fit slope of 1.5 was made to determine SKic
value, which gives the Kic value of 0.28 + 0.03 MPa m'’*.
It can be noted that the fracture toughness value calculated
from the chip dimensions is in good agreement with the
value measured by a Vickers indenter (0.27 £ 0.05 MPa
m'’?) for the cracks oriented along the interface, when the
intermetallic hardness (5.18 MPa) obtained from nanoin-
dentation was substituted for that measured by microhard-
ness testing.

Tensile strength and fractography of tensile fracture
surfaces

The maximum transverse tensile strength and the failure
strain of the weld joints are determined to be 126 MPa and
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Fig. 10 Log-log plot for the critical failure load versus average chip
size

1%, respectively. The base materials tensile strength and
the elongation are 185, 310 MPa and 12, 10%, for Al and
Mg alloys respectively. The maximum weld transverse
tensile strength is about 68% of the 6063-T5 Al base metal,
however, the ductility of the weld joint is relatively very
low compared to the base materials. The presence of an
intermetallic layer at the interface has resulted in a brittle
failure of the weld joints with virtually nil ductility. The
fracture surfaces of the weld joints exhibit brittle failure.
Figure 11 shows the fractograph of the Al side tensile
fracture surface, showing a completely brittle fracture with
microcracks.

X-ray diffraction of tensile fracture surfaces

Figure 12 shows the X-ray diffraction patterns for the Al
(a) and Mg (b) sides’ tensile fracture surfaces of a weld
joint produced using a rotational speed of 1400 rpm,
welding speed of 3.38 mm s~' and a z-force of 14.4 kN.
The spectra show the peaks of Al3Mg, and Al;;Mg;; type
intermetallic compounds along with the peaks from Al and

@ Springer

Fig. 11 Secondary electron SEM image of the Al side tensile fracture
surface showing brittle fracture with microcracks

Mg matrices for both sides of the fracture surfaces, indi-
cating substantial mixing of the base materials during
welding (similar peaks were observed on the other weld
joints fracture surfaces as well). Similar results have been
observed by Chen and Nakata [12] on the Al-Mg lap
welds.

Conclusion

In summary, 6063 aluminum and AZ31B magnesium
alloys were joined by the FSW process. The weld joint
interface contains a narrow intermetallic layer of few micro
meters thick along the entire interface length. The inter-
metallic layer is composed of Al;Mg, and Al;;Mg;; type
intermetallic compounds, characterized by X-ray diffrac-
tion and energy dispersive spectroscopy. The intermetallic
layer on the as-welded interface exhibits different hardness
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values, 1.56, 3.63, and 5.18 GPa determined by Vickers,
Knoop and nanoindentation methods, regardless, the
maximum hardness was observed at the weld interface. The
chipping phenomenon of the intermetallic layer resulting
from cube corner indentation provides a simple means of
evaluating the fracture toughness (Kic). The fracture
toughness values determined by both Vickers and nanoin-
dentation methods are very low; on the order of soda lime
glass and alumina ceramic, which caused the brittle failure
of the weld joint. X-ray diffraction and fractography results
on the tensile fracture surfaces suggest that the failure of
the Al-Mg dissimilar weld joints occur through the brittle
intermetallic layer present at the interface.
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