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Original Research energy through plastic deformation. This study experimentally and numerically investigated the effects of cross-

sectional shape and the number of longitudinal weld lines on the axial crushing behavior of thin-walled aluminum
sections. Square specimens measuring 35 x 35 mm and rectangular specimens measuring 55 X 35 mm, all with a wall
thickness of 2 mm and a height of 100 mm, were tested in unwelded, two-line welded, and four-line welded
configurations. Quasi-static axial compression tests were performed at a loading rate of 400 mm/min. In the numerical
analysis, the welding-induced temperature field and residual stresses were simulated in ABAQUS and then transferred
to the crushing model. The results showed that longitudinal weld lines changed the initiation and propagation of folds
and reduced the initial peak force. The numerical initial peak forces of the unwelded square and rectangular specimens
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Table 1 Geometric specifications and welding conditions of the
specimens.

Specimen Cn.)ss- E xten.nal .Wall Height  Welding
code sectional dimensions  thickness ) condition
shape (mm) (mm)
S-U Square 35x35 2 100 Unwelded
Two
S-2W Square 35x35 2 100 longitudinal
weld lines
Four
S-4W Square 35x35 2 100 longitudinal
weld lines
R-U  Rectangular 55 x 35 2 100 Unwelded
Two
R-2W  Rectangular 55x 35 2 100 longitudinal
weld lines
Four
R-4W  Rectangular 55 x 35 2 100 longitudinal
weld lines
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Table 2 Welding-process parameters and nominal heat input.

Parameter

Welding process
Welding current
Arc voltage
Travel speed
Thermal efficiency
Linear heat input
Shielding gas
Electrode
Current and polarity
Filler metal
Interpass temperature
Pass sequence
Total weld length, 2W
Nominal heat, 2W
Total weld length, 4W

Nominal heat, 4W

Value

GTAW (TIG)
75A
13V
3.0 mm/s
0.70
227.5]/mm
Ar (99.999%), 12 L/min
2% lanthanated W, 2.4 mm
AC, 100 Hz, 70% EN
None (autogenous weld)
<50°C
Alternating opposite sides
200 mm
45.5 K]
400 mm

91.0k
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Fig. 1 Automatic welding apparatus used to produce longitudinal weld
lines in the aluminum specimens.
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(b) Rectangular specimen
Four weld lines

(a) Rectangular specimen
Two weld lines
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(d) Square specimen
Four weld lines

(c) Square specimen
Two weld lines
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Black lines: longitudinal weld-line locations
All dimensions in mm; schematic view
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Fig. 3. Welded aluminum specimens before compression testing: (a) two-
line-welded rectangular specimen, (b) four-line-welded rectangular
specimen, (¢) two-line-welded square specimen, and (d) four-line-welded
square specimen.
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Modares Mechanical Engineering

(b) Square section (a) Square section
Four weld lines Two weld lines
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(d) Rectangular section
Four weld lines Two weld lines

35 || 35

—

B Longitudinal weld-line location
Dimensions in mm; wall thickness: 2 mm
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Fig. 2 Schematic layouts of the longitudinal weld lines in the investigated

specimens: (a) two-line-welded square section, (b) four-line-welded

square section, (c) two-line-welded rectangular section, and (d) four-line-

welded rectangular section.

(c) Rectangular section
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(b) Rectangular specimen
Before loading

(a) Square specimen
Before loading

N

(d) Rectangular specimen
After crushing

(c) Square specimen
After crushing
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Fig. 4 Placement of the thin-walled aluminum specimens between the
platens of the SANTAM testing machine during axial compression: (a)
square specimen before loading, (b) rectangular specimen before loading,
(c) square specimen after crushing, and (d) rectangular specimen after
crushing.
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Table 3 Quasi-static axial compression test conditions.

Test parameter Value or description
Testing machine SANTAM compression testing machine
Loading type Quasi-static axial compression
Loading direction Parallel to the longitudinal axis of the specimen
Loading rate 400 mm/min
Initial specimen height 100 mm
Specimen wall thickness 2 mm
Square specimen dimensions 35 x 35 mm
Rectan.gular .speclmen 55 x 35 mm
dimensions

Unwelded, two-line welded, and four-line

Specimen configurations
L 2 welded

Number of investigated
groups

Recorded outputs

6 groups

Compressive force, axial displacement, and
crushing mode

Primary response evaluated Force-displacement curve
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(a) Rectangular specimen

Two weld lines
Before loading

——
(b) Rectangular specimen

Two weld lines
After crushing
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(d) Rectangular specimen
Four weld lines
After crushing

B =

(f) Square specimen (e) Square specimen
Four weld lines Four weld lines
After crushing Before loading
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Fig. 5 Stages of axial crushing of the welded specimens during
compression testing: (a) two-line-welded rectangular specimen before
loading, (b) two-line-welded rectangular specimen after crushing, (c) four-
line-welded rectangular specimen before loading, (d) four-line-welded
rectangular specimen after crushing, (e) four-line-welded square specimen
before loading, and (f) four-line-welded square specimen after crushing.

(¢) Rectangular specimen
Four weld lines
Before loading
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a) Definition of weld lines in the model
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<) Temperature distribution in the welded specimen
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Fig. 7 Numerical analysis procedure for the welded specimens: (a)
definition of the weld lines, (b) application of heat along the weld lines, (c)

temperature distribution after welding, and (d) residual stress field after
cooling.
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d) Residual-stress distribution after cooling

! F=Y=¥) olite cadyi b Ghea Sybyle> Jao )d 5 Jildo
a3 B0 51 51 (slos 5 dised gamy oly I Gl a0

Sa970 (Slano (5 lodund —F-F-¥
Al ABAQUS/Explicit )8 > 51 eslastl by (Slvo Jaloxs
slapeled (S ladSipmsi shlsy PBlus sy St ol
L1y Jo &l Ty tewl cunlio 3ad Ghsyae 5l g sasio
IS0 e yloj Jsb 53 Zpe (SN g, 51 eslasl
225 eygods oy (g 43 edlaiwl 390 Saeliny Jaled dsles

Mﬁ:Fext_Fint (®)

S Fege csloS ol lo it (0> owsle M ol s«
STy el Jao I3 (slagy Jlap Fines 20 (slog
Gilwodnd 5l Jol> slowy (55 glige (e Juls
divo s 45 0315 JUED] 015 b (sladizes 45 (s, Ks>
dgad 9 35 Sy ol o 4 o jaxe sl 5> I
Goxd el Job 3 b eid o ambo 9y gle
—ox e U A ol (a0 (Rlaailz 5 i Josllpuse
gl Sy JS (uizzan 39 glixiul g330 lzal>
A o3 alyd sleil g Jul=i ol <0 9 VO gl wdls s
Oed 33d Gy LS bons GyieS 5 JuSad g, U

S ol Juo it o sl Jo e

VPO cpags ooF ojlad YY 0y93

Y

b} Geometry of rectangular specimen
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Fig. 6 Finite element model used for the axial compression simulation:

(a) square specimen geometry, (b) rectangular specimen geometry, (c)
specimen placement between the rigid platens, and (d) mesh of the

model.
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Table 4 Summary of the numerical modeling stages.

Analysis Models

. investigated Solution method Main input Main output

Specimen
Geometr: dimensions, Cem i e
. y All specimens ~ ABAQUS/CAE ) " finite element
creation wall thickness,

and height et

Two-line- and

Thermal four-line- Transientheat Weld lines and Temperature
analysis welded transfer analysis heat input field

specimens
Residual Two-line- and T G
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Fig. 8 Comparison of the final crushing modes observed experimentally
and predicted numerically for selected cases: (a) unwelded square
specimen, (b) unwelded rectangular specimen, (¢) two-line-welded
rectangular specimen, and (d) four-line-welded rectangular specimen. In
each case, the experimental image is shown on the left and the

corresponding numerical result at the end of the analysis is shown on the
right.
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Fig. 9 Experimental force-displacement responses and comparison of the
experimental and numerical initial peak forces: (a) experimental curves for
the square specimens, (b) experimental curves for the rectangular

specimens, and (¢) comparison of the initial peak forces obtained from the
experiments and numerical simulations.
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Table 5 Initial peak forces obtained from the numerical simulations.
Cross-sectional shape  Specimen condition Initial peak force (kN)

Square Unwelded 45
Square Two-line welded 37
Square Four-line welded 36
Rectangular Unwelded 43
Rectangular Two-line welded 40
Rectangular Four-line welded 38
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