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Abstract: The local and global mechanical responses of gas tungsten arc welds (GTAW) of a 2219-T87 aluminum alloy were
investigated with experiment and numerical simulation. Digital image correlation (DIC) was used to access the local strain fields in
transversely loaded welds and to determine the local stress—strain curves of various regions in the joint. The results show that the
DIC method is efficient to acquire the local stress—strain curves but the curves of harder regions are incomplete because the stress
and strain ranges are limited by the weakest region. With appropriate extrapolation, the complete local stress—strain curves were
acquired and proved to be effective to predict the tensile behavior of the welded joint. During the tensile process, the fracture initiates
from the weld toes owing to their plastic strain concentrations and then propagates along the fusion line, finally propagates into the

partially melted zone (PMZ).
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1 Introduction

2219-T87 aluminum alloy has excellent cryogenic
properties, high fracture toughness and stress corrosion
resistance. It is widely used in manufacturing of fuel
tanks for large launch vehicles, such as Thor-Deta,
Saturn-II, space shuttle [1-3] and supersonic craft [4].
Variable polarity gas tungsten arc welding (GTAW) has
been proved as an appropriate process for welding
aluminum alloys and has a widespread application in
industries, especially in aviation and aerospace.

The service behavior and the strength of the
2219-T87 GTAW joint are complicated and mainly
affected by three reasons. 1) The stress concentration
around the weld toes needs to be considered when weld
reinforcement is applied. 2) The partially melted zone
(PMZ) adjacent to the weld deteriorates the ductility of
the GTAW joint due to the continuous grain boundary 6

phase formed during welding [5—7]. 3) The over-aged
zone has poor strength which is adjacent to PMZ. Until
now, the microstructure and strength evolution in
aluminum alloy hardened by precipitate during a welding
process has been studied largely and well
understood [8—12]. However, the effects of the local
material properties and geometric sizes of sub-regions on
the overall loading behavior of the inhomogeneous high
strength aluminum alloy GTAW joint are still not fully
understood [13—15]. Numerical simulation is an efficient
way to link the local properties in various regions to the
macroscopic response and to predict the mechanical
behavior of the joint having complex gradient
microstructure [16—18]. However, the accuracy of the
simulation depends on the accurate local material
properties for various zones of the welded joint. Several
methods have been developed for acquiring local
material properties of the inhomogeneous welds,
including hardness testing across the welds [8,19,20],
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testing of micro-specimens [15,21], testing of thermally
simulated materials [22] and a combination of tensile test
and digital image correlation (DIC) [23].

Digital image correlation (DIC) as a non-contacting
strain measurement method is frequently used to
determine the local constitutive properties of hetero-

geneous materials, especially welded joints [16,17,24,25].

By assuming the iso-stress condition during the loading
of transverse tensile specimen, the local stress—strain
curves are acquired by mapping the applied stress and
the local strain via DIC. The DIC technique overcomes
many limitations and shortcomings of the previously
mentioned methods, but it exhibits one limitation that
strain mapping allows to obtain the complete
stress—strain curves only in the weakest region [16].

In this work, 2219-T87 aluminum alloy plates with
6 mm in thickness were butt-welded by conducting
single-sided two-pass GTAW process. Various tensile
tests of the joints with or without weld reinforcement
were conducted to record the load-deformation process
and to investigate the tensile behavior of the joints. The
complete constitutive behaviors in various zones of the
joint were determined and verified by comparing the
tensile responses obtained by testing transverse weld
with those obtained by numerical simulation. The tensile
behavior of the joint was investigated with experiment
and numerical simulation.

2 Experimental

The base material was the 2219 aluminum alloy
plate under T87 heat treatment condition with
dimensions of 300 mm X 150 mm X 6.0 mm. The
nominal chemical composition is shown in Table 1. The
filler metal was ER2319 with a diameter of 1.6 mm, and
its nominal chemical composition is also shown in
Table 1. The butt joint was fulfilled with single-sided
two-pass welding process. The first pass adopted direct
current (DC) GTAW process without groove and filler
metal, and the second pass adopted variable
polarity-pulsed current (VP-PC) GTAW process with
filler metal of ER2319. The welding parameters used are
listed in Table 2.

The specimen used for hardness testing was cut
from the joint perpendicular to the direction of welding.
The specimen was suitably mounted, ground with
different grades of emery papers and polished using
diamond pastes. After polishing, the specimen was
etched in Keller’s reagent (2 mL HF + 3 mL HCI + 5 mL
HNO;+ 190 mL H,0) for 15-25 s. The micro-hardness
tests were conducted along the straight lines across the
weld at an interval of 0.5 mm using MH—-3 type micro-
hardness tester with a load of 1 N and a holding time of
10 s. The hardness locations are illustrated schematically

in Fig. 1. The bottom line is in the first welding pass and
the upper one is in the second welding pass.

Table 1 Chemical compositions of 2219 and ER2319 filler

material

Mass fraction/%

Alloy -
Si Fe Cu Mn Mg
2219 0.2 0.3 5.8-6.8 0.2-04 0.02
ER2319 0.2 0.3 5.8-6.8 0.2-04 0.02
Mass fraction/?
Alloy : ass fraction/%
Zn Ti Zr A\ Al
2219 0.1 0.02-0.10 0.10-0.25 0.05-0.15 Bal.
ER2319 0.1 0.10-0.20 0.10-0.25 0.05-0.15 Bal.

Table 2 Welding parameters

Parameter DC GTAW  VP-PC GTAW
Peak current/A 200 300
Base current/A - 155
Peak voltage/V 19 22
Base voltage/V - 16
Travel speed/(cm'min ') 27 14
Shielding gas He Ar
gm0 b
Pulse frequency/Hz - 0.8

Duty ratio - 66.7%

The tensile specimens were cross-sectioned
perpendicularly to the welding direction. The transverse
tensile test of the joint was conducted according to GB/T
228.1-2010 standard with a constant speed of 2 mm/min.
The load—displacement curves were recorded. The
dimensions of the tensile sample are shown in Fig. 2.
The gauge length was 50 mm. The DIC device was
Aramis 4M optical measuring system developed by

GOM mbH.
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Fig. 2 Dimensions of tensile specimen (unit: mm)



3074 Yan-jun LI, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3072—-3079

3 Simulation model and verification

3.1 Finite element modeling

With finite element (FE) analysis ABAQUS/CAE
v6.10-1 software package, a 3D numerical model was
developed to simulate the transverse tensile test of the
welded 2219 aluminum alloy sheets. The modelled
geometry was in agreement with the specimen used for
transverse tensile test. The dimensions of the modelled
specimen were the same as those shown in Fig. 2. The
measured cross-weld micro-hardness profiles, as shown
in Fig. 3, indicate that the mechanical properties vary
seriously through the weld. Therefore, the model was
based on a composite material approach and the welded
joint was divided into several regions in which the
properties were assumed to be uniform.
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Fig. 3 Distribution of hardness on transverse cross-section

Figure 4 shows the details of the modelled tensile
specimen. The modelled specimen is decomposed into
13 regions. The half of the joint includes weld metal,
PMZ, four over-aged zones numbered by 1, 2, 3 and 4,
and base material. The profiles of different regions were
determined according to the hardness values and the

Fixed region

Tensile region

Fig. 4 Numerical simulation model of joint with weld

reinforcement

variations of metallographic structure. The finite element
discretization used 3D eight-node hexahedron
iso-parametric elements. The model consisted of 107834
nodes and 98970 elements. To simulate the tensile
process of the welded joint, x, y and z constraints were
imposed on the nodes in the fixed region, and a velocity
of 2 mm/min in longitudinal direction was applied to the
tensile region. During uniaxial tension, the deformation
at the given gauge length and the axial force was
recorded, and then the load—deformation curve was
obtained. The fracture behavior of the joint was modeled
using the fracture strain criterion, in which the
corresponding element failed as the equivalent plastic
strains of the integration points reached their fracture
strain.

3.2 Determination of local stress—strain curves

The local true stress—strain curves in each region
could be calculated from local strain fields registered
with DIC method during tensile tests of transverse weld
specimens [25]. With the local strain values acquired
using DIC method, the evolution of the cross sectional
area of a specific part in the specimen can be calculated
using the following relationship:

A= A4, exp(~¢) (1)

where 4 and A4, are the actual and initial cross sectional
areas of the part of specimen, and ¢ is the local axial true
strain. Then, the local stress in this area can be obtained
by dividing the applied load, F, by the actual cross
sectional area, A. At this point, the local stress—strain
curves can be determined. However, the complete
tensile response could hardly be obtained by DIC
because of strain localization and necking. The complete
tensile response is important for the accuracy of
numerical simulation, so extrapolation method must be
developed to complete the tensile response of different
zones.

With the DIC technique, the incomplete true
stress—strain curves of the weld metal, PMZ and
over-aged Zone 1 were obtained. The fracture strains &f
of these zones were calculated according Eq. (2) as
follows:

2 2
& = \/g eef = J;[(e}:x)z () + (L)) )

o [}

b t
po_ po_ -
where &), =In (b_j’ el =In L—J, e =—(&), +&L)

= ln[bzt" j , bo, t, and A, are the initial width, thickness
t

and area of the transverse section of the specimen,
respectively, b, ¢t and 4 are the width, thickness and area
of the fractured section, respectively.
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In order to extrapolate the plastic behavior up to the
fracture strain from the incomplete tensile stress—strain
curve, Eq. (3) was adjusted to the incomplete curves. The
fitted material parameters are presented in Table 3 and
the complete true stress—strain curves, plotted according
to experimental results and Eq. (3), are shown in Fig. 5
(DIC and Model 1). The first half of the stress—strain
curves, indicated by solid lines, were plotted according
to experimental results while the extrapolated part,
indicated by dash dot lines, were plotted according to

Eq. (3).

n
£
oc=ke" =0, —
80

where o, is the linear elastic limit of the true stress—strain
curve, &, is the strain corresponding to the linear elastic
limit, # is the strain hardening exponent.

The parameters of the over-aged Zones 2, 3, 4 were
linearly interpolated by Eq. (4) using the material
parameters of base material and over-aged Zone 1.

3)

i—-1

Osi =0y +T(O-0BM _Gol)
.1 , 72,34 4
i
Ny = Noy +T(noBM _nol)
600+
500} P e
[+]
£ 400}
=
£ 3004
7
200 — Tensile test
------- Model 1
100 - MOdC] 2
07005 010 015 020 025 030 035
Strain
500
(c)
4001} e
) ,
S 300
7]
8
@ 200
— DIC
100 e Model 1
--- Model 2
0 004 008 012 0.16
Strain

Stress/MPa

Stress/MPa

3075

where o, and n,; are the linear elastic limit and the
hardening exponent of the over-aged Zone i (i=1, 2, 3, 4),
respectively. o,pm and npy are the linear elastic limit
and the hardening exponent of the base material,
respectively.

Table 3 Material parameters of various areas in joint

L1ne'f1r Hardening Fracture Maximum Maximum
Area elastic exponent strain, ~Stress of  stress of
limit, ? &P Model 1/ Model 2/
o/MPa " £ MPa MPa
Weld metal 73 0.31 0.22 392 335
PMZ 110 0.30 0.16 450 398
Over-aged
90 0.31 0.32 503 415
Zone 1
Over-aged
155 0.26 0.31 565 446
Zone 2
Over-aged
220 0.21 0.31 585 477
Zone 3
Over-aged
285 0.16 0.31 576 507
Zone 4
Base
. 349 0.11 0.31 605 538
material
450
(b)
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200+
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100 - Model |
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Fig. 5 True stress—strain curves of base metal (a), weld metal (b), PMZ (c) and over-aged Zone 1 (d) (Models 1 and 2 are

extrapolated by Eq. (2) and maximum points, respectively)
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The elastic modulus and Poisson’s ratio of different
regions were set as uniform value (£=73.1 GPa and
£#=0.33). In the FE model, as shown in Fig.4, the left side
of the specimen was fixed and the load was applied to
the right side. During the uniaxial tensile test, the
deformation at the given gauge length and the axial force
was recorded and then the load—deformation curve was
obtained. The computed load—deformation curves of the
base material and the joint without weld reinforcement
was compared with the test results (Fig. 6). The first half
of the computed curves agrees very well with the
experimental curves, whereas after yielding and before
necking, the computed curve seriously deviates from the
experimental result. This is because the extrapolated
curves obtained by Eq. (3) are not accurate. Therefore, a

more appropriate extrapolation method should be
developed.
45
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Fig. 6 Load—deformation curves of base material (a) and joint
without weld reinforcement (b) calculated by Model 1

The maximum true stress of the weld, PMZ,
over-aged Zone 1 and base metal can be deduced from
the fracture loads and the fractured cross-sections in the
corresponding zones. The calculated maximum true
stresses are shown in Table 3 and indicated by the red
dots in Fig. 5. To extrapolate the complete tensile
responses, the incomplete true stress—strain curves were

extended smoothly to the maximum points, as shown in
Fig. 5 (Model 2). With the complete true stress—strain
curves obtained by Model 2, the tensile simulations of
the base metal and the joint without weld reinforcement
were computed again. As shown in Fig. 7, the computed
results show a good agreement with the experimental
results. For the joint without weld reinforcement, the
yield stress, tensile strength and elongation are all
consistent with the experimental results, and the slight
discrepancies are 7.6%, 1.1% and 0.3%, respectively.
The joint fractures at the middle of the weld zone both in
the simulation and tensile test, as shown in Fig. 8. The
good agreement between experimental and computed
results indicates that the extrapolation method in Model
2 works well in deducting the complete tensile response.
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Fig. 7 Load—deformation curves of base material (a) and joint
without weld reinforcement (b) calculated by Model 2
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Fig. 8 Fractured joints without reinforcements: (a) Experiment;
(b) Simulation
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4 Tensile behavior of as-welded joint

With the simulation model developed and verified
above, the tensile behavior of the as-welded joint was
investigated by simulation. The variation of the
equivalent plastic strain and equivalent stress
distributions on the central cross-section of the joints are
shown in Fig. 9. During the tensile process, the weld
metal around the weld toes yields first (Figs. 9(a) and
(b)), then the PMZ around the weld toes yields, and
finally the over-aged Zone 1 yields (Figs. 9(c) and (d)).
The strain concentration around the weld toes is
observed in the model, which is located both in the weld
metal and PMZ. In simulation, the fracture initiated from
the weld toes (Figs. 9(e) and (f)) owing to the strain
concentration, then propagated along the fusion line, and
finally into the PMZ (Fig. 10(a)). In the real tensile test,
the joint shows the same fracture path as the simulation
result (Fig. 10(b)). The stress in the weld metal is lower
than that in the PMZ due to the effect of the weld
reinforcement (the stress concentrations around the weld
toes).

The distributions of strain &,, obtained by simulation

PEEQ
(Avg: 75%)
0.22

(a)

Load=18.7 kN

Load=20.3 kN

Crack initiation

Load=28.6 kN

3077

and DIC test are shown in Fig. 11. It can be found that
the strain distribution, the maximum strain location, and
the strain values of the simulation and DIC results are in
good agreement. The weld metal and PMZ around the
weld toes endure a serious strain (about 16%) and the
over-aged Zone 1 also withstands a large tensile strain
(about 10%).

The load—displacement obtained from
simulation and experiment are shown in Fig. 12. The
results of simulation and experiment have a good
agreement (the difference is lower than 5%). The
superior agreement between the simulation and
experiment shows that, the model is capable of
predicting accurately the global tensile behavior of 2219
aluminum alloy joints with and without reinforcement.

In comparison, the tensile properties of joints with
reinforcement are superior to those of joints without
reinforcement. The yield strength and tensile strength of
the joint with reinforcement are 15 and 43 MPa,
respectively, which are higher than those of joints
without reinforcement. The hardness distribution in
Fig. 3 indicates that the weld zone has the lowest
strength. As the reinforcement increases the effective
loading area of the weld zone, the weakest zone is

curves

Stress/MPa
(b) (Avg: 75%)
Load=18.7 kN s
315
.
(d)
210
Load=20.3 kN 175
140
105
70
(M _q 35
Load=28.6 kN

Fig. 9 Distributions of equivalent strain (a, c, ¢) and stress (b, d, f) on central cross-section of joints during tensile

(a)

Fig. 10 Fractured joints with reinforcements after tension: (a) Simulation; (b) Experiment

PE, PE11

(Avg: 75%)

Load=28.8 kN
(@)

(.04

Load=28.1 kN
(b)

Fig. 11 Distributions of strain ¢,, on edge surface corresponding to fracture initiated from simulation (a) and DIC test (b)
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and experiment

strengthened, and finally the joint strength is improved.
In addition, the elongation data reveal that the joint with
reinforcement has better ductility.

The present study proves that DIC method is
effective to measure the local constitutive properties of
heterogeneous joints. The very limitation of DIC method
that it is unable to acquire the complete tensile responses
of all the zones can be resolved with appropriate
extrapolation, as described before. With the complete
local stress—strain curves of various zones, the tensile
properties of joint can be predicted quantitatively and
amend with finite element modeling.

5 Conclusions

1) DIC method is proved to be efficient to obtain
the local tensile responses in various zones of 2219-T87
aluminum GTAW joint. One shortcoming of the DIC
method is that it can hardly acquire the complete tensile
responses due to the strain concentration and necking.
The extrapolation method based on the maximum true
stress is turned out to be effective to deduce the complete
tensile responses. The computed load—deformation
curves of the base metal and joints with/without weld
reinforcement show a good agreement with the
experimental results.

2) During the tensile process, the weld metal around
the weld toes yields first, then the PMZ around the weld
toes yields, and finally the metals of the over-aged Zone
1 yield. The simulation shows that the fracture initiates
from the weld toes owing to their plastic strain
concentrations and then propagates along the fusion line,
and the final failure is present in the PMZ. The stress in
the weld metal is lower than that in the PMZ, due to the
effect of weld reinforcement. There are some stress
concentrations in the metals around the weld toes. In
addition, the reinforcement can improve the strength and

Yan-jun LI, et al/Trans. Nonferrous Met. Soc. China 25(2015) 3072—-3079

ductility of the joint.
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