ISSN 1392 - 1207. MECHANIKA. 2009. Nr.4(78)

Dependence of ultimate tensile strength of friction stir welded
AA2024-T6 aluminium alloy on friction stir welding process parameters

N. Shanmuga Sundaram*, N. Murugan**

*Department of Mechanical Engineering, PSG College of Technology, Coimbatore, India - 641004,

E-mail: nss.mechanical@gmail.com

**Department of Mechanical Engineering, Coimbatore Institute of Technology, Coimbatore, India - 641014,

E-mail: drnmurugan@gmail.com
1. Introduction

Friction stir welding (FSW) is a relatively new
joining technique developed by TWI, Cambridge, in 1991
[1]. This new technology can join aluminium alloys that
are difficult to weld by traditional fusion techniques, for
example alloys belonging to the 2xxx series with limited
weldability [2]. Conventional welding of these alloys re-
sults in a dendritic structure in the fusion zone which leads
to a drastic decrease of the mechanical properties [3]. As
FSW is a solid state process the solidification structure is
absent in the weld and the problem related to the presence
of brittle dendritic and eutectic phases is eliminated [4]. In
addition, the surface oxide is not deterrent for the process
and no particular cleaning operations are needed prior to
welding.

Among the 2xxx series aluminium alloy 2024 is
extensively used in the aircraft industry for applications
such as fuselage skins, fuselage frames, and wings due to
its high strength to weight ratio and high fracture tough-
ness [5]. Friction stir welding of AA 2024 and their charac-
terization were reported by various authors. Hakan Aydin
et al [6] pointed out the presence of a hardness degradation
region (i.e. softened region), composed of weld nugget
(WN), thermo mechanically affected zone (TMAZ) and
heat affected zone (HAZ) and thus the tensile properties of
the FSW joints were lower than those of the base materials.

The predominant factors which have greater in-
fluence on tensile strength of friction stir welded alumin-
ium alloys were identified as tool pin profiles, tool rota-
tional speed, welding speed and tool axial downward force
[7]. Friction stir welded joints were successfully made us-
ing various tool pin profiles and their characterization was
reported by various authors. Elangovan et al [8] studied the
effect of five different pin profiles viz. straight cylindrical,
tapered cylindrical, threaded cylindrical, triangular and
square, on friction stir processing zone of AA6061 alumin-
ium alloy. Tensile properties of the FSW joints were
evaluated, and it was reported that the square tool pin pro-
file produces joints with higher strength and defect free
welds compared to other tool pin profiles.

In most of the reported research works on FS
welding of AA 2024, it is observed that the interaction
effect of FSW process parameters on tensile strength of FS
welded AA 2024-T6 is not studied. The present research
was done with a newly designed hexagonal cross-section
pinned tool with three different diameters. Since the tool
pin diameter mainly determines the width of weld nugget
(WN) and heat affected zone (HAZ), it is introduced as a
new process parameter along with other three process

parameters. The present research work is aimed to evaluate
the interaction effects of four process parameters viz., tool
rotational speed N, welding speed S, tool pin diameter D
and tool axial plunging force F on the tensile strength of
FS welded AA2024 -T6 joints fabricated using the newly
developed tool. Response surface method (RSM) was em-
ployed to develop the regression model, to correlate the
FSW process parameters with tensile strength and to
evaluate the interaction effects.

2. Experimental procedures

The experimental set up consists of a special
purpose machine having dedicated arrangements designed
for the friction stir welding. Fig. 1 shows the friction stir
welding machine and the AA 2024-T6 work pieces fitted
with the fixtures of the machine.
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Fig. 1 Friction stir welding machine: a - photograph of the
machine, b - photograph showing the work pieces
fitted on the table with specially designed fixtures
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The vertical tool head can be moved along the
vertical guide ways (Z axis). The horizontal table can be
moved along X and Y axis and consists of mechanical fix-
tures to hold the work pieces rigidly. The machine can be
operated in wide range of tool rotational speed, welding
speed and tool axial force.

Three different tools made of HSS having differ-
ent pin diameter and with hexagonal profile were used to
fabricate the FSW joints. The reason behind in designing
the hexagonal profiled pin was the six sides of the pin
would create higher friction and good material flow
between the plates, compared to the smooth cylindrical and
threaded profiles. The profile and dimensions of the tools
are shown in Fig. 2.
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Fig. 2 Friction stir welding tools: a - profile and dimen-
sions of the tools, b - photograph of the FSW tools

Aluminium alloy AA2024-T6 is heat treatable
and T6 denotes solution heat treated and artificially aged.
The chemical composition and mechanical properties of
the AA 2024-T6 aluminium alloy are given in Table 1 and
2. Aluminium rolled plates of 5 mm thickness cut into the
required size of 100 mm x 50 mm were tightly secured by
mechanical clamping. The longitudinal direction of the
FSW was perpendicular to the rolling direction of 2024
aluminium alloy. Single pass butt welding procedure was
followed to fabricate the joints. The tool was rotated in the
clockwise direction, while the specimens fixed on the table
were moved from left side to right side. The side in which
both the direction of tool rotation and the direction of
welding are the same is termed as advancing side; and the
other side they are opposite in direction is termed as
retreating side [9].

Trial experiments were conducted to find the
working range of the operating parameters viz. tool rota-
tional speed N, welding speed S and tool axial plunging
force F. Feasible limits of the parameter were decided
based on visual inspection for the smooth appearance
without any visual defects such as cracks, under cut, etc.
Typical defective and defect free friction stir welds are
shown in Fig. 3. These defects were due to the material
splash at higher rotational speed instead of plastic defor-
mation. The operating parameters and their working range
for FSW of AA 2024-T6 are tabulated in Table 3.

Four factors, three levels Box-Behnken experi-
mental design shown in Table 4, was selected for conduct-
ing the experiments. The Aluminium plates were FS
welded as per the design matrix. Two tensile specimens
from each welded plate were prepared as per the American
Society for Testing of Materials (ASTM E8M-04) stan-
dards. The photographs of typical fabricated tensile testing
specimens are shown in Fig.4. The Ultimate Tensile
Strength (UTS) of the FS welded joints were evaluated in
Universal Testing Machine (make - ALFRED J. Amsler &
Co, Switzerland). The average values of UTS of the tensile
specimens and joint efficiency were calculated and pre-
sented in Table 4.

Table 1

Chemical composition of the base metal AA 2024-T6

Al Cu Mg Mn Si

Fe /n Cr Ni Ti

9335% | 4424% | 1315% 0.522 % 0.09 %

0.116 % 0.041 % 0.005 % 0.005 % 0.013 %

Mechanical properties of the

Table 2
base metal AA 2024-T6

Yield strength, Ultimate Tensile Percentage of | Micro hardness
MPa Strength (UTS), MPa | elongation, % (VHN)
382.0 410.0 20.0 185.0
Table 3
FSW operating parameters and their levels selected
I\?(;. Operating Parameter Symbol Unit x] Legels I
1 | Tool rotational speed N rpm 500 900 1300
2 | Welding speed N mm/min 30 50 70
3 | Tool pin diameter D mm 4 5 6
4 | Tool axial plunging force F kN 14.72 | 24.53 | 34.33
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Table 4
Design matrix with its experimental results and predicted model value
Trial | FSW process parameters ity MPa Error | Joint efficiency™
run Esti- Pre- o o
N S D F mated | dicted
1 -1 -1 0 0 288.5 | 289.1 -0.2 70.4
2 +1 -1 0 0 2457 | 2532 | -3.0 59.9
3 -1 +1 0 0 2438 | 241.2 1.1 59.5
4 +1 +1 0 0 2052 | 2994 | -14 72.0
5 0 0 -1 -1 2873 | 287.3 0.0 70.1
6 0 0 +1 -1 29054 | 2959 | -0.2 72.0
7 0 0 -1 +1 291.5 | 2959 | -1.5 71.1
8 0 0 +1 +1 2823 | 2872 | -1.7 68.9
9 -1 0 0 -1 250.8 | 2532 | -0.9 61.2
10 +1 0 0 -1 3009 | 301.1 -0.1 73.4
11 -1 0 0 +1 2845 | 2899 | -1.9 69.4
12 +1 0 0 +1 261.1 | 2643 | -1.2 63.7
13 0 -1 -1 0 291.8 | 2957 | -1.3 71.2
14 0 +1 -1 0 269.3 | 2747 | -2.0 65.7
15 0 -1 +1 0 2754 | 2756 | -0.1 67.2
16 0 +1 +1 0 2931 | 2948 | -0.6 71.5
17 -1 0 -1 0 2759 | 271.5 1.6 67.3
18 +1 0 -1 0 2924 | 283.3 3.2 71.3
19 -1 0 +1 0 2735 | 2722 0.5 66.7
20 +1 0 +1 0 288.6 | 282.6 2.1 70.4
21 0 -1 0 -1 285.7 | 283.3 0.8 69.7
22 0 +1 0 -1 287.2 | 286.5 0.2 70.0
23 0 -1 0 +1 297.1 | 287.3 34 72.5
24 0 +1 0 +1 290.5 | 2824 2.9 70.9
25 0 0 0 0 3053 | 3103 | -1.6 74.5
26 0 0 0 0 310.8 | 310.3 0.2 75.8
27 0 0 0 0 3149 | 310.3 1.5 76.8
UTS - Ultimate Tensile Strength * - Based on Experimental UTS

Fig. 3 Appearance of friction stir weld: a - typical defective friction stir weld (N = 1900 rpm, S = 120 mm/min, D =5 mm
and F=34.33 kN), b - close view of typical defective free friction stir weld (N= 1300 rpm, S= 70 mm/min,
D=5 mm and F = 24.53 kN)

Fig. 4 Photograph of typical tensile specimens fabricated with three different diameter pinned tool



3. Developing mathematical models

The response function representing the ultimate
tensile strength oy, of the FS welded joint is a function of
tool rotational speed N, welding speed S, tool pin diameter
D and tool axial plunging force F and can be expressed as

(M

The second order polynomial (regression) equa-
tion used to represent the response surface ‘Y’ for K fac-
tors is given by

UTS = fN, S, D, F)

Y=b0+Zb,-x,-+zb,-,-x,—2+2b,-jx,-xj (2)

Where b, is the average of responses and b;, b;
and b; are the coefficients that depend on respective main
and interaction effects of the parameters. The values of the
coefficients are calculated using the following expressions
[10, 11].

bo=0.142857 (3 ¥) - 0.035714 3. " (X,Y) 3)
b= 0.041667 3 (X,Y) @)
by=0.03125 ¥ (X,;Y) + 0.00372 T ¥ (X,,Y) -
~0.035714 (3 Y) )
b;=0.0625Y (X; Y) (6)

For four factors the selected polynomial could be
expressed as

UTS = by + by (N) + by (S) + b3 (D) + by (F) +
+ b1 (V) + by (S7) + bz (D) + bag (F°) +
b2 (NS) + D13 (ND) + b14 (NF) + by3 (SD) +
+ by (SF) + 34 (DF) (7
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The coefficients of the polynomial equation were
determined using statistical software SYSTAT-version 12.
The mathematical model in coded form to predict the ulti-
mate tensile strength of the FS welded AA2024-T6 is
given by

UTS =310.3 +5.575 N—0.425 S+ 0.008 D —
—0.025F —237N*-1598-925D*—
—~9.525 F°+ 23.55 NS—0.35 ND — 18.38 NF +
+10.05 SD — 2.025 SF — 4.325 DF (8)

The predicted tensile strength from the model and
its deviation from experimental values for the 27 runs are
also tabulated in Table 4. The error in the predicted model
value was calculated and found that it is within = 6%.

Joint efficiency is calculated as the ratio between
the tensile strength of the FS welded joint and the base
metal. It is found that the joint efficiency varies between
55 and 75% and it is tabulated in Table 4.

4. Validation of the developed model

The developed model was tested by analysis of
variance (ANOVA) using the statistical software
SYSTAT-12 and the results are tabulated in Table 5. The
value of R’= 0.932 indicates that the model explains 93.2%
of the total variability. Scatter plot of experimental value
Vs predicted value plotted in Fig. 5 shows that the values
are normally distributed. To test the accuracy of the model
in actual applications, conformity test runs were conducted
by assigning different values for process variables within
their working limit but different from that of design matrix.
These results indicated that the developed model best fits
to find the UTS of FS welded AA2024-T6 aluminium al-
loy.

Table 5

ANOVA results of the model

Sum of squares | df | Mean square | F-ratio

Multiple R

Squared multiple R Adjusted squared multiple R

7822.63 14 558.76 11.78

0.965

0.932 0.853
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Fig. 5 Scatter plot of UTS
5. Results and discussions

The developed mathematical model was used to
predict the ultimate tensile strength of the FS welded alu-

minium alloy AA2024-T6 with various combination of
parameters. The predicted values were presented to ana-
lyze the interaction effect of various process parameters on
tensile strength. It is found from the results that the ulti-
mate tensile strength of FS welded joints was lower than
the base metal irrespective of the operating parameters
used to fabricate the joints. The four operating parameters
considered are directly affecting the magnitude of fric-
tional heat generated and extend of plastic flow of material
[8]. In general, it is observed that when the combinations
of parameters create very low / very high frictional heat
and material flow then lower tensile strength was observed.
Percentage of elongation of the FS welded joints varies
between 8 and 15% and it shows that ductile fracture oc-
curred during tensile testing.

5.1. Interaction effect of tool rotational speed N and
welding speed S on UTS

Fig. 6 reveals the interaction effect of tool rota-
tional speed and welding speed on tensile strength. UTS of
FS welded joints increases with decrease in the welding



speed when the tool rotational speed is at 500 rpm, because
of increase in the heat input. The tensile strength decreases
with decrease in the welding speed when the tool rotational
speed is at 1300 rpm which is due to the high temperature
experienced by the materials [12, 13]. It is evident from the
figure that higher oy is observed when the welding speed
is at 50 mm/min. oy increases gradually to a maximum
value when rotational speed increases up to 900 rpm and
then decreases with further increase in N. Joints fabricated
with the welding speed of 50 mm/min are observed with
the highest tensile strength at the tool rotational speed of

900 rpm.
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Fig. 6 Interaction effect of tool rotational speed N and
welding speed (8= 30 mm/min (——);
S§'=50 mm/min (—=—); § =70 mm/min (—&—)) on
UTS oy, when D=5 mm, F=24.53 kN

5.2. Effect of tool rotational speed /N and tool pin diameter
D on UTS

The effect of tool rotational speed and tool pin
diameter is shown in Fig. 7. The diameter of the tool pin
determines the width of the weld nugget and HAZ which
affects the tensile strength of the FS welded joints. Tensile
strength increases with increase in tool rotational speed up
to 900 rpm and it decreases with further increase in rota-
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Fig. 7 Effect of tool rotational speed N at various tool pin
diameters (D=4 mm (——); D=5mm (—=—),
D=6mm (—#=)) on UTS oy  when
S =50 mm/min, F =24.53 kN
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tional speed, irrespective of the tool pin diameter. Joints
fabricated with intermediate tool pin diameter of 5 mm
have higher tensile strength at all the three tool rotational
speeds of 500 rpm, 900 rpm and 1300 rpm. Joints made
with the pin diameter of 4 mm do not create the sufficient
plastic flow of material and lower tensile strength is ob-
served. On the other hand joints made with 6 mm diameter
pin create higher turbulence and material flows out from
the weld nugget and that results in lower tensile strength.

5.3. Interaction effect of tool rotational speed N and tool
axial force F'on UTS

The interaction effect of tool rotational speed and
tool axial plunging force is represented in Fig. 8. Oyuang
and Kovacevic [14] observed that the axial force is directly
responsible for the plunge depth of the tool into the work
piece and load characteristics associated with linear fric-
tion stir weld. Tensile strength increases with increase in
tool axial force when the tool rotational speed is at 500
rpm, because of increased friction between the tool and the
work pieces. But when N is 1300 rpm, tensile strength de-
creases with increase in axial force which is due to the
higher plunge depth of the tool that leads to the material
over flow from the weld nugget. Tensile strength increases
with increase in tool rotational speed up to 900 rpm and
then decreases with increase in the rotational speed, when
the tool axial force is at 24.5 kN. The highest tensile
strength is observed when the tool rotational speed and
axial force are at 900 rpm and 24.5 kN respectively.
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Fig. 8 Interaction effect of tool rotational speed N and tool
axial force (F=147kN (——), F=245kN
(—=—); F=343kN (—a—)) on UTS oy, when
S =50 mm/min, D =5 mm

5.4. Interaction effect of welding speed S and tool pin
diameter D on UTS

Higher welding speed results in higher production
rate. The softened area becomes narrower when the weld-
ing speed is higher. Thus, the tensile strength of FS welded
aluminium alloy has direct relationship with welding speed
[7]. Higher welding speeds are associated with low heat
inputs, and faster cooling rates of the welded joint. This
can significantly reduce the extent of metallurgical trans-
formations taking place during welding (such as solubilisa-
tion, re-precipitation and coarsening of precipitates) and
hence the local strength of individual regions across the



weld zone [12, 15]. Fig. 9 shows the interaction effect of
welding speed and tool pin diameter on tensile strength of
the FS welded joints. Tensile strength decreases with
increase in tool pin diameter when the welding speed is at
30 mm/min which is due to the severe stirring that results
in re-precipitation and coarsening of precipitates [12, 15].
When the welding speed is 70 mm/min, tensile strength
increases with increase in tool pin diameter because of
increased heat generated. Tensile strength increases with
welding speed up to 50 mm/min and then decreases with
further increases in the welding speed, when the tool pin
diameter is 5 mm. When S is 50 mm/min highest tensile
strength is observed with the tool pin diameter of 5 mm.
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Fig. 9 Interaction effect of welding speed S and tool pin
diameter (D=4 mm (—e—); D=5mm (—=—);
D=6 mm (—&—)) on UTS o, when N =900 rpm,
F=245kN

5.5. Interaction effect of welding speed S and tool axial
force F on UTS

The welding speed determines the softening of
base metal where as the tool axial force determines the
degree of friction between the tool and the work pieces.
The interaction effect of welding speed and tool axial force
is represented in Fig. 10; and itis evident that tensile
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Fig. 10 Interaction effect of welding speed S and tool axial
force (F=14.7kN (—e—); F=245kN (—=—),
F=343kN (—&)) on UTS oy when
N=900 rpm, D =5 mm
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strength increases with increase in welding speed up to 50
mm/min and then decreases with increase in welding
speed, irrespective of the level of axial force. Joints made
with an axial force of 14.7 kN and 24.5 kN have lower and
higher tensile strength respectively when the welding
speed is 30 mm/min. The lower and higher tensile strength
of the joints are observed with the axial forces 34.3 kN and
24.5 kN, when the welding speed is at 70 mm/min. Joints
made with the lowest axial force of 14.7 kN do not create
sufficient friction between the tool and the work pieces,
where as the joints made with the highest axial force of
34.3 kN have higher plunge depth of the tool and both
resulted in lower tensile strength at all the three welding
speeds considered. Joints made with an axial force of
24.5 kN have higher tensile strength at all the three weld-
ing speeds. The highest tensile strength is observed with an
axial force of 24.5 kN and when the welding speed is at
50 mm/min.

5.6. Interaction effect of tool axial force F and tool pin
diameter D on UTS

The heat input and temperature distribution dur-
ing friction stir welding is due to the frictional heat gener-
ated between the rotating tool and surface of the plate to be
welded and in turn depends on coefficient of friction.
Apart from the properties of tool and plate material, the
axial force decides the coefficient of friction. Hence axial
force plays a significant role in friction stir welding proc-
ess. The degree of material mixing and inter diffusion, the
thickness of deformed aluminum lamellae, the material
flow patterns highly depend on welding temperature, flow
stress and axial force [16]. It is clear from the Fig. 11, that
tensile strength increases with increase in axial force up to
24.5 kN and then decreases with further increases in axial
force. At an axial force of 14.7 kN, the higher and lower
tensile strength of the joints are observed with the tool pin
diameters of 5 mm and 4 mm respectively. The higher and
lower tensile strengths were obtained with the tool pin di-
ameter of 5 mm and 6 mm respectively, when the axial
force is 34.3 kN. Joints made with 5 mm diameter pinned
tool have higher tensile strength at all the three axial forces

320

310 ./’///’/fr—l—n\\\\\\\\'

300
o-l.lt . A y
MPa

290

v N
280
270 . .
147 196 245 294 343
F. kN

Fig. 11 Interaction effect of tool pin diameter D and tool
axial force (F=147kN (—e—); F=245kN
(—=—); F=343 kN (—#&—)) on UTS o, when
N =900 rpm, S =50 mm/min



considered, which is due to the smooth material flow and
sufficient frictional heat generated. The highest tensile
strength is observed when the axial force of 24.5 kN and
the tool pin diameter of 5 mm.

6. Conclusions

1. Aluminium alloy AA2024-T6 was successfully
friction stir welded using the newly developed HSS tool
and regression model to predict the tensile strength of the
FS welded joints was developed and validated.

2. The developed model can be used to predict the
tensile strength of the FS welded AA2024-T6 Aluminium
alloy joints within + 6% deviation.

3. Friction stir welded joints made within the op-
erating window are free from defects and posses higher
tensile strength. Tensile strength of the friction stir welded
joints varies between 55 and 75% of the base metal
strength. It is found to be good compared to the poor qual-
ity of weld produced by conventional fusion welding proc-
esses.

4. Most of the friction welded joints are failed by
means of ductile fracture during tensile testing, and it is
found from the percentage of elongation which varies be-
tween 8 and 15%.

5. The interaction effect of operating parameters
viz. Tool rotational speed N, welding speed S, tool pin di-
ameter D, tool axial force F are found to be significant.
Increase in welding speed with increase in tool rotational
speed within their operating range produce higher tensile
strength joints. N between 700 rpm and 1100 rpm and S
between 30 mm/min and 70 mm/min, produce FS welded

joints with oy more than 67% of the base metal.

6. Increase in rotational speed with decrease in
axial force within their operating range tends to lower the
tool plunge depth and consequently higher tensile strength
of the joints. N between 700 rpm and 1100 rpm and F be-
tween 14.7 kN and 34.3 kN, produce FS welded joints with
oyt more than 69% of the base metal.

7. Most of the joints fabricated with smallest and
largest diameter pinned tool exhibited lower tensile
strength. Joints fabricated with 5 mm diameter pinned tool
have the highest tensile strength. FS welded joints fabri-
cated using 5 mm diameter pinned tool with N between

700 rpm and 1100 rpm, produce oy more than 73 % of the
base metal.

7. In general, it is observed that when the combi-
nations of parameters create very low / very high frictional
heat and material flow then lower tensile strength was ob-
served.

8. Friction stir welded aluminium alloy AA2024-
T6 joints made with 5 mm diameter pinned tool; N be-
tween 700 rpm and 1100 rpm; S between 30 mm/min and
70 mm/min and F between 19.6 kN and 29.4 kN are found
to be possessed more than 70% of the base metal tensile
strength.
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TRINTIMI SUVIRINTO ALIUMINIO LYDINIO
AA2024-T6 DIDZIAUSIOS TEMPIMO STIPRUMO
RIBOS PRIKLAUSOMYBE NUO SUVIRINIMO
TRINTIMI TECHNOLOGINIO PROCESO
PARAMETRU

Reziumé

Aliuminio lydinys AA2024-T6 (Al-Cu lydinys)
placiai naudojamas labai stiprioms konstrukcijoms gamin-
ti, taip pat aviacijos pramongje, kur reikalingas didelis me-
dziaga veikianciy jégy ir jos svorio santykis ir didelis plas-
tisSkumas. Dél blogo suvirinamumo, lydomasis suvirinimas
dazniausiai netinka 2xxx ir 7xxx serijos aliuminio lydi-
niams. Suvirinamas trintimi — tai technologinis procesas,
kurio metu nepasiekiama medziagos lydymosi temperatii-
ra. Jis tinka minéto tipo lydiniams sujungti. Suvirinimo
parametrai: suvirinimo greitis, irankio sukimosi greitis, jo
antgalio skersmuo, profilis bei veikianti asiné jéga, turi
itakos suvirinimo trintimi sitilés mechaninéms savybéms.
Sudarytas matematinis modelis, leidziantis numatyti trin-
timi suvirinto aliuminio lydinio AA2024-T6 didziausia
tempimo stiprumo riba. Eksperimentui atlikti taikytas sta-
tistinis Box-Behnken eksperimentinio planavimo metodas.
Modeliui sudaryti taikytas pavir§iaus reakcijos i apkrovas
metodas. Sudarytas modelis patikrintas naudojant statisti-
nés analizés variacijy programing jranga (ANOVA). Deta-
liai iSanalizuota anks¢iau paminéty technologinio proceso
parametry itaka trintimi suvirinty sitiliy elgsenai tempiant.
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DEPENDENCE OF ULTIMATE TENSILE STRENGTH
OF FRICTION STIR WELDED AA2024-T6
ALUMINIUM ALLOY ON FRICTION STIR WELDING
PROCESS PARAMETERS

Summary

The aluminium alloy AA2024-T6 (Al-Cu alloy)
has been widely used in the fabrication of high strength
structures and in aircraft industries requiring a high
strength-to-weight ratio and good ductility. Normally
fusion welding processes are not suitable for welding of
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2xxx and 7xxx series aluminium alloys due to their poor
weldability. On the other hand Friction Stir Welding
(FSW) process is an emerging solid joining process espe-
cially suitable for joining of such alloys. The welding pa-
rameters such as tool rotational speed, welding speed, tool
pin diameter, axial force and tool pin profile significantly
influence the mechanical properties of the FS welded joint.
Mathematical model to predict the ultimate tensile strength
(UTS) of the friction stir welded AA2024-T6 aluminium
alloy were developed. Box-Behnken design was used to
conduct the experiments and response surface method
(RSM) was employed to develop the model. The devel-
oped model was validated using the statistical tool analysis
of variance (ANOVA). The interaction effects of the above
process parameters on tensile behaviour of the friction
welded joints are discussed in detail.
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3ABUCHUMOCTD ITPEJJEJIA TTIPOYHOCTU ITPU
PACTSKEHUUN AJIIOMHWHUEBOI'O CITJIABA
AA2024-T6, CBAPEHHOI'O TPEHUEM OT
ITAPAMETPOB TEXHOJIOI'MYECKOI'O ITPOLIECCA

Pe3womMme

AmromunueBsiii criaB AA2024-T6 (cnmas Al-
Cu) mIMpPOKO UCTIONB3YETCS MPH W3TOTOBICHUH KOHCTPYK-
LUUH BBICOKOM NPOYHOCTH M B aBUALMOHHOM MPOMBILILIEH-
HOCTH, TJI¢ TpeOyeTcsl BEICOKOE COOTHOIICHHE MEXKIY BO3-
JEHCTBYIOIIMMHI Ha KOHCTPYKIIHIO CHJIIAMH M €€ BECOM MU
BBICOKAsl IUIACTMYHOCTb. M3-3a IJIOXOM CBapUBaEMOCTH,
CBapKa IUIaBJICHHEM HETNPHUMEHHMA aTIOMHHHUEBBIM CILIA-
BaM 2XXX M 7xxX cepuu. CBapka TpeHHEM — 3TO TE€XHOJIO-
THYECKUH Tmpolecc, MpH KOTOPOM IPOIECC COEIUHEHUS
JeTaneil MPOUCXOJUT, HE OCTUTas TEMIIEPaTyphl IIaBie-
HUS MX Marepuana. OTO IPUMEHHMO JUIl COEJUHEHUS
CIUIaBa BbIIIE yHOMsAHyToro Ttuma. IlapameTpsl cBapku:
CKOpPOCTB CBapKH, CKOPOCTh BpAIlIeHUS HHCTPYMCHTA, JHa-
METp €ro HaKOHEYHWKA W MPOQIIb, OceBas CHia, JCHCT-
BYIOLLAsl HA MHCTPYMEHT, BIUSIET HA MEXaHHUUYECKHE CBOM-
CTBa IIIBa, CBapeHHOTO TpeHHeM. [IpemroxkeHa maremarn-
YyecKask MOJENb, MO3BOJIIOMIAS OINPENeTUTh HAWBBICIITHN
mpenesl TPOYHOCTH TMPH PACTSDKEHHH  AIOMHHHEBOTO
crutaa AA2024-T6, cBapeHHoro tpeHuem. Jlis mpoBene-
HUS OKCHEPUMEHTAIBHBIX HCCIEIOBAaHUN HCIOIH30BaH
CTaTHCTHYECKUI METO]l SKCIIEPHIMEHTAIFHOTO TUIAHMPOBA-
Hus Box-Bernken. [[ns co3gaHuss MOAENHM HMCHOJIb30BaH
METOJ] TIOBEPXHOCTHOM peakiuu Ha Harpy3ky. Co3naHHas
MO/IeJIb, IIPOBEPEHa C TIOMOILBIO IPOrPaMMHOTO 000pyI0-
BaHUS MNPEJHA3HAUYEHHOTO I MPOBENEHUSI CTATUCTHYe-
ckoro aHanuza Bapuanuii (ANOVA). JleranbHO npoaHaiu-
3UPOBAHO BIIMSHUE BBINICYNOMSIHYTBIX MapaMeTpoB TeX-
HOJIOTHYECKOTO TIpoIiecca Ha IMOBEICHIE ITBOB, CBAPECHHBIX
TpPEHHEM.
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