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ABSTRACT 

The main objective of the present work was to establish a friction stir welding (FSW) process parameters envelope 
for an AA7005 alloy reinforced with 10% of Al2O3, and determine properties of the obtained joints. After a brief 
description of the FSW technique, and the difficulties in joining MMCs, the experimental procedure employed is 
illustrated. The microstructure has been observed with an optical microscope, and images have been analysed with 
an image analysis software. Microhardness and tensile tests have been also carried out. It has been observed that the 
tool's stirring effect has a substantial influence on the reinforcement particles' distribution and shape. Tensile testing 
revealed joint efficiencies of about 100% for both the YS and the UTS, with failure outside the stir zone. The 
parameter envelope determined in the present study resulted in defect free, high strength welds. Results also indicate 
that the alloy investigated could be welded with process parameter comparable to those used for its non-reinforced 
counterpart. 
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1. INTRODUCTION 
Friction Stir Welding (FSW) is a relatively new welding technique, particularly suited to Al-
alloys, which is not associated with major weldability problems such as porosity formation or 
cracking. FSW, an alternative friction welding process, was specifically developed and patented 
for joining Al-alloys by TWI [1]. A friction stir weld, Fig. 1, is produced by inserting a non 
consumable rotating shouldered pin tool, made of a harder material than the alloy being welded, 
and whose pin length is slightly less than the weld depth required, into the faying faces until the 
tool shoulder is in intimate contact with the work surface. The rotation of the pin within the 
workpiece friction heats the metal and produces a plasticized tubular shaft of metal around the 
pin. As the pin is moved in the direction of welding, the leading face of the pin, helped by a 
special pin profile, forces the plasticized material to the back of the pin while applying a 
considerable forging force to consolidate the joint [2]. As the tool translates along the joint line, 
plasticized material is stirred and forged behind the trailing face of the pin, where it consolidates 
and cools down to form the solid-state weld. In contrast to fusion welding processes, solid state 
FSW results in a much lower distortion and residual stresses owing to the low heat input 
characteristic of the process. Considering the typical problems in joining MMCs with the 
traditional fusion welding techniques, such as the clustering and deterioration of the 
reinforcement [3], FSW seems to be a good candidate in successfully joining MMCs. A number 
of studies on friction stir welding of aluminium based MMCs have been published in recent 
years. Different alloys with different reinforcements, such as 6092/SiC/17 [4], 6061/B4C [5], 
7021/SiC/17 [6], 7093/SiC/25 [7], have been successfully welded. There are still some problems 
to be solved, such as the slow welding speed and the tool wear. The two problems are related, as 
shown by Prado et al. [8]. 



 
 

Fig. 1 FSW schematic. 

 
 
Unlike welds obtained with conventional fusion welding techniques, the literature reports no 
evidence of chemical reaction between the reinforcement and the matrix. The observed 
microstructure appear to be finer in the nugget, and particles look smaller and rounder. 
Mechanical characterisation was done through microhardness measurements [4, 5, 6, 7, 8], tensile 
[4, 5] and bending tests [4]. Microhardness measurements showed a decrease of hardness in the 
HAZ, with a partial hardness recovery in the nugget for the alloys of the 6xxx series. In the case 
of the 7xxx series, hardness was slightly higher in the nugget. Tensile tests had very good results, 
as compared with the base material, but elongation was low. Bending tests showed that the 
welded material achieved higher bending angles than the parent material. In many cases [4, 8], 
though, severe wear of the tool was reported. 
The present study is a collaboration between GKSS Forschungszentrum, the production and 
Naval Departments of the Engineering Faculty of the University of Genova, and Fincantieri 
Genova. 
 
 
2. MATERIAL AND EXPERIMENTAL PROCEDURE 
The material used in this study is an AA7005, a precipitation hardenable aluminium alloy 
containing zinc and magnesium as major alloying elements [3], reinforced with 10% Al2O3 
(alumina) particles. It was produced by Compo casting, then extruded into 7x100x1000 mm 
plates, and heat-treated to T6 temper condition. Chemical composition of the material and heat 
treatment parameters can be seen in Table 1 and Table 2. 
 

Table 1 Chemical composition of the alloy. 
 

Si 
 

Fe 
 

Cu 
 

Mn 
 

Mg 
 

Zn 
 

Ti 
 

Cr 
 

Zr 
 

0.25 0.24 0.08 0.43 1.33 4.59 0.03 0.13 0.13 
 
 

Table 2 Heat treatment of the alloy (T6 conditions). 
 

SOLUBILISATION QUENCHING AGEING 
480 °C-1h H2O a 25 °C 125 °C-24h 

 
 
The material has been welded at GKSS Forschungszentrum, using a Neos Triceps 805, a CN 
controlled, five axis robot. All welds were produced using the same tool, but varying rotational 
and welding speed. Two welded samples were produced for each weld parameter, in order to 
have samples both for metallographic and for mechanical testing. The FSW tool had a 20mm 
diameter shoulder, and an 8 mm pin. The tool was made of a Ni-Ti-Fe based alloy, able to 



withstand the strong abrasion of the alumina particles. The plates were cut in pieces measuring 
75x100x7 mm: each weld was, therefore, approximately 50 mm long. 
To ensure that thermal and therefore microstructural stability has been achieved, each weld was 
instrumented with 6 thermocouples, placed on the advancing side of the weld, 15mm away from 
the centreline of the weld, with interspaces of 10 mm between them. 
A number of the micrographs were then analysed with the ImageC image analysis software. The 
same procedure was followed for the base material, for comparative purposes. Mechanical 
properties of the welds were evaluated by microhardness profiles (HV 0.2) across the welded 
joint, at the top, middle and bottom of the section. Qualitative three points bending tests were 
performed. Global tensile properties of the welds were determined by conventional flat transverse 
tensile specimens at room temperature. Tensile specimens were produced according to the DIN 
50 125-E5, and the tests were performed according to the ISO-TTA-2 for composite materials. 
For comparative reasons, the material was also tested in the as received conditions. 
 
 
3. RESULTS AND DISCUSSION 
3.1 Process Technology -The parametric boundaries investigated in the present study have been 
defined based on previous experience in welding of the non-reinforced alloy AA7005 [9] and 
metal matrix composites [6]. The resulting parameter matrix is presented in Fig. 2. The round 
symbols on the matrix represent the parameters which gave good, defect free welds which were 
then tested. The triangles correspond to a process limit: the rubbing velocity of the tool was not 
enough to plasticize the material and no welds could be produced. Although the parameters are 
good for the monolithic AA7005, the reinforced alloy is stiffer, so more energy is required to 
plasticize it. Unlike reported by other authors, the tool showed little, if any, signs of wear [10]. 
 
 

 
 
 

Fig. 2 Welding envelope, the round symbols on the matrix represent the parameters which gave the good, defect free 
welds, triangles correspond to a process limit. 

 
 



3.2 Thermal Stability -The plates were fixed to the backing table, and then instrumented with 6 
thermocouples, type K, NiCr – NiAl, (DIN-EN 60584-1:1996), as mentioned above. Even though 
the weld length was rather short, the recorded thermal cycle shows that thermal stability has been 
reached 30 mm from the beginning of the weld (thermocouple T3), Fig. 3. In order to attain the 
necessary plasticity, a higher heat input is needed at the beginning of the weld. This is obtained 
by reaching the welding speed through a ramp (continuous increase of welding speed up to the 
actual value). A slower speed at the beginning guaranties a higher heat input, and the right 
plasticity to start thee weld, therefore the first thermocouples register higher temperatures than 
the others do. This observation is supported by the fact that all the thermocouples recorded the 
same cooling profile below 150°C. The thermal profiles recorded on one metre long welds 
produced for a subsequent project [11], confirmed these results. 
 
 

 
 

Fig. 3 Thermocouples readings 
 
 
3.3 Macro and Microstructure - The samples were cold mounted, ground, polished, etched with 
a 5% solution of HF, and then observed in an optical microscope were taken in natural light. 
Macrographs of the welds showed a typical FSW macrostructure consisting of a stir zone 
(“nugget”), thermo-mechanically affected zone (TMAZ) and heat-affected zone (HAZ). The 
nugget can be easily detected, while the onion rings are mainly visible on the retreating side of 
the weld, Fig. 4. It is likely that the material flow of the aluminium matrix is hindered by the 
alumina particles. Recrystallisation, typical in the nugget of FSW alloys, was also observed, and 
the possible effect of the particles on it is still being investigated. 
Microstructural analysis has turned out to be quite remarkable. In particular, it was observed, in 
the nugget, the presence of numerous small and round particles, which were not present in the 
base material (Fig. 5, Fig. 6, and Fig. 7). 
 



 
 
 

Fig. 4 Macrograph of one of the welds, the onion rings are only partially visible on the retreating side of the weld. 
 
 

  

Fig. 5 Micrograph of the base material, 200X. Fig. 6 Micrograph of the nugget, 200X. 

 
This is undoubtedly attributed to the stirring effect of the tool, which broke off the edges from the 
particles and rounded both the particles themselves and the debris. 
 
 

 
 
 

Fig. 7 Border between the thermomechanically heat affected zone and the nugget, a different orientation of the 
particles can be noticed. 

 



This observation confirms similar ones made on a 7xxx and 6xxx alloy based MMCs, with 
different reinforcements [7, 8]. The border between the base material and the thermo-
mechanicallyaffected zone (TMAZ) can be seen quite clearly. Small particles appear, in fact, as 
soon as an influence of the stirring of the tool can be detected, and they appear to be distributed at 
a 45° angle compared to the others, Fig. 7. It can also be noted that the bigger particles, which are 
present both in the base material and in the nugget, appear to be more rounded. This phenomenon 
can be explained with the stirring of the tool. It is highly probable that the tool’s rotation abrades 
the surface of the alumina particles, causing the detachment of the pointed edges of the particles, 
thus creating the small particles and rounding up the bigger ones. In a way, it could be said that 
the reinforcement particles behave on a macro scale like the grains in base alloys. In fact, a 
different orientation of the grains can be clearly detected in the TMAZ and in the nugget, where 
the grains are broken into smaller ones. 
This micro scale phenomenon is more difficult to be noticed in the MMCs because of the 
difficulty of etching, but it is probable that the stirring of the tool causes the fragmentation of 
both reinforcement particles and grains. Furthermore, the rotation of the tool rounds the 
reinforcement particles, which has a beneficial effect on ductility. 
 
 
3.4 ImageC Analysis - The micrographs of the welds were then analysed with the help of 
ImageC software. Average diameter and form factor (ranging from 0, the segment, to 1, the 
perfect circle) of the particles were measured, and then plotted according to the frequency 
distribution. 
The computerised analysis confirmed the optical observation: both distribution curves are in fact 
shifted towards the smaller values, meaning that there are more small and round particles in the 
weld compared to the base material, Fig. 8 and Fig. 9. 
 
 

Fig. 8 Comparison between the average diameter of the particles in the base material, left, and in the weld 
nugget, right. 



Fig. 9 Comparison between the form factor of the particles in the base material, left, and in the weld nugget, 
right. 

 
3.5 Microhardness - Microhardness measurements were performed after one week and again, 
after one month from the weld, as described in the experimental procedure. Microhardness 
measurement showed, as expected, some slight scatter in the results, due to the particles 
influence. The measurements made one week after the welding (Fig. 10) registered a slight 
hardness loss throughout the weld section, which was completely recovered a couples of weeks 
later (Fig. 11). In fact, the natural ageing and recovery processes typical of the 7005 base alloy [9, 
12], which allow a complete hardness recovery, are evident also in the reinforced alloy. It seems 
that, as far as hardness is concerned, the alumina particles have no influence whatsoever on the 
alloy. It has to be noticed however, that this does not happen when conventional welding 
techniques are used, in fact, a hardness recovery has been recorded in the HAZ, the loss is 
permanent in the weld [13]. 
 
 

Fig. 10 Microhardness measurements done 
approximately one week after welding. 

Fig. 11 Microhardness measurements done 
approximately one month after welding. 

 
 
3.6 Bending Test - Qualitative bending tests, whose dimensions were 80x10x7 mm, were 
performed on both the welds and the base material. The specimens were bended with the same 
robot which was used to perform the friction stir welds, using a 40mm roll, with a distance 
between the lower supports of 58mm. The base material showed a very brittle behaviour, 
breaking after few degrees of bend; (for the base material samples were tested in both the 
direction parallel and transverse to the extrusion), on the other hand, the welded material bent to 



far higher angles before breaking, and most of the failures were located at the thermocouples' 
slots. Fig. 12 shows the comparison between a welded specimen, on the right, and the base 
material one, left; Table 3 and Table 4 show the measures angles. The better performance of the 
welded joints compared to the base material, can be due to different factors. 
 
 

 
 

Fig. 12 Bending test of the weld, on the left, and of the base material, on the right. 
 
 

Table 3 Results of the bending specimens form base material. 
 

 

Specimen  Bending angle α 

M1 BP1 Parallel to extrusion direction 34° 
M1 BP2 Parallel to extrusion direction 27° 
M1 BP3 Parallel to extrusion direction 30° 
M1 BT1 Transversal to extrusion direction 10° 
M1 BT2 Transversal to extrusion direction 10° 
M1 BT3 Transversal to extrusion direction 9° 

 
 

Table 4 Results of the bending specimens form welded material. 
 

Specimen 

RB=Root 
bending 
FB=Face 
bending 

Bending angle 
α Specimen 

RB=Root 
bending 
FB=Face 
bending 

Bending 
angle α 

002 B1 7005 RB 45° 008 B1 7005 RB 60° 
002 B2 7005 RB 51° 008 B2 7005 FB 90° 
002 B3 7005 FB 72° 008 B3 7005 FB 78° 
003 B1 7005 R 64° 032 B1 7005 FB 53° 
003 B2 7005 FB 68° 032 B2 7005 RB 42° 
003 B3 7005 FB 63° 032 B3 7005 RB 34° 
005 B1 7005 RB 53° 041 B1 7005 FB 57° 
005 B2 7005 FB 57° 041 B2 7005 FB 52° 
005 B3 7005 RB 55° 041 B3 7005 RB 43° 

 
 

In fact, the heat input in friction stir welding causes typically a softening of the matrix, due to 
recrystallisation and overaging processes as well as lower dislocation density, thus augmenting 
the ductility of the weld area in comparison with the parent material [14]. Furthermore, as it can 



be noticed from the microstructural analysis (Fig. 5 and Fig. 6), the stirring of the tool breaks the 
reinforcement particles and rounds them up. This has probably a beneficial effect on the ductility 
of the weld. Smaller and rounder particles allow the aluminium matrix to deform more easily and 
are less of an obstacle to the flow of the material during bending. 
3.7 Tensile Test - All the specimens failed either in the heat affected zone (HAZ), or in the base 
material; the fact that the failures were “random” can be explained with the aid of the 
microhardness profile, which does not reveal any area with a hardness loss (and therefore 
undermatching). Fig. 13, shows a macrograph of a broken tensile specimen, which was cold 
mounted, polished and then etched, the nugget can be clearly seen. 
 
 

 
 

Fig. 13 Tensile specimen broken in the base material. 
 
 
The FSW joints exhibited a very high joint efficiency, which is obtained by dividing the value 
registered for the welded specimens by the one of the base material, in terms of yield strength 
(YS) and ultimate tensile strength (UTS). These results can be compared to the ones of 
monolithic aluminium alloys welded with FSW [9, 12]. The results of the tensile tests, for both 
base and welded material, and the joint efficiency are summarised in Table 5. Elongation could 
not be compared since the welded and the as received specimens had different dimensions. 
 
 
Table 5 Tensile tests results and joint efficiency, the latter is obtained by dividing the values obtained for the welded 

samples by the ones of the base material. 
 

  Type YS [MPa] UTS [MPa] 
Base material* Round tensile 262 325 

Welded specimens** Flat tensile 270 318 
Joint efficiency [%] ====== 103 97.8 

* Average on 3 specimens * *Average on 10 specimens 
 
 
4. CONCLUSIONS 
The parameter envelope determined in the present study (round symbols in Figure 2) resulted in 
defect free, high strength welds. The fact that high quality joints could be obtained in a wide 
range of parameter combinations indicates that the FSW process has the required robustness for 
industrial application in this type of material. The results also indicate that the alloy investigated 
could be welded with process parameter comparable to those used for its non-reinforced 
counterpart. 



The stirring of the tool has a substantial influence on the reinforcement particles' distribution and 
shape. It breaks off the sharp edges of the bigger particles, rounding them up at the same time. 
This action results in smaller, round particles in the nugget. 
The tensile testing of welded specimens revealed joint efficiencies (i.e. ratio between the UTS or 
yield strength in the weld and in the base material) of about 100% for both the YS and the UTS, 
with failure outside the stir zone. 
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