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This paper addresses the numerical simulation of plasticity and ductile fracture of large
scale structures (e.g. ships, railcars, automobiles) fabricated with welds that exhibit appre-
ciably lower strength than the plate material, often referred to as weld undermatching. It
has been observed, both numerically and experimentally, that for such structures the weld
undermatching often leads to plasticity and fracture being limited to the weld and heat
affected zone (HAZ). While the large size of the structures of interest precludes the use
of a refined three-dimensional element mesh capable of capturing the details of the
weld/HAZ behavior, cohesive zones are ideal for capturing the overall effects of under-
matched weld plasticity and fracture on a structural scale. This paper focuses on establish-
ing a systematic calibration process for determining the cohesive zone constitutive
behavior and examining the validity of this approach in the context of mode I tearing of
a large welded two-layer AA6061-T6 sandwich panel. First, test data from a welded coupon
is used to calibrate the cohesive law. Tearing fracture of this panel is examined using the
established cohesive law to represent weld/HAZ along with elastic-plastic shell elements,
with in-plane dimensions much greater than the layer thickness, to represent the parent
metal. It was verified that, for this structure, plasticity was indeed confined to the welds
and heat affected zones, and that the behavior of the panel was captured with reasonable
fidelity.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Structural aluminum alloys possess several properties that make their use desirable for a variety of structures. In partic-
ular, transportation structures (e.g. ships, aircraft, trains, and automobiles) utilize the high strength-to-weight ratio, ductility
and corrosion resistance to improve vehicle efficiency and performance. One problem area for aluminum structures is the
reduced strength of welded connections—the welding process involves local heating of the metal resulting in a local strength
reduction in the weld and/or in the region immediately adjacent to the weld, referred to as the heat affected zone (HAZ).
Often, fracture initiates and remains in this weakened HAZ rather than the parent or base metal (BM). This local strength
reduction, referred to as undermatching, results in welded joints largely controlling the structural failure of welded alu-
minum structures. Furthermore, the quality of aluminum welds is highly sensitive to the weld fabrication technique. Thus,
cations.
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Nomenclature

T nominal cohesive traction
d cohesive separation
TðdÞ traction-separation relation
T̂ peak cohesive traction
t plate thickness
d1; . . . ; dn; d

F traction-separation relationship shape parameters
C cohesive energy/area
Dx distance ahead of the pre-crack
CðDxÞ cohesive energy/area as functions of distance Dx ahead of the pre-crack
E elastic modulus
n hardening exponent
r trues stress
e trues strain
ry yield stress
Css�weld steady-state tearing energy of the weld/HAZ
Css steady-state cohesive energy
t thickness
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even for combinations of aluminum alloy and welding process that minimize the reduction of strength in the weld/HAZ, it is
common to see fracture occur purely in the welded region due to manufacturing defects.

An important characteristic of undermatched welds is that, with sufficient undermatching, the development of large-
scale plasticity as a means of energy dissipation may be curtailed as plastic straining tends to localize in the weld region
(e.g. Liu et al. [10], Sutton et al. [29], Wang et al. [38,39]). Thus, undermatched weld properties must be accounted for in
the design process likely resulting in a significant weight penalty. For transportation structures, this weight penalty comes
at a cost to system level performance including crashworthiness, weight, fuel economy, etc.

For reasons of computational efficiency, the only feasible way to model plasticity and fracture of large-scale structures
and structural components with length scale on the order of several to tens of meters is to use shell finite elements with
the in-plane dimension larger than the shell thickness (Kõrgesaar and Romanoff [8], Voyiadjis and Woelke [35,36], Woelke
et al. [40–42,44–47]). The intention of this paper is to present a simulation methodology for weld fracture in large-scale alu-
minum plate and shell structures having long linear welded joints under predominantly tensile loading conditions. The pro-
posed methodology exploits the existence of appreciable weld undermatching resulting in the majority of the plastic
dissipation and fracture occurring in the weld and/or HAZ. Such behavior can be well represented by a finite element model
where a cohesive zone is used to capture necking, localization and fracture in the weld/HAZ and large elastic-plastic shell
elements are used to simulate deformation in the parent metal.

This approach has many parallels with the previous investigation by Woelke et al. [42], where mode I crack growth in a
large monolithic Al5083-H116 plate under large scale yielding was simulated. A cohesive zone was used to represent neck-
ing, localization and fracture at the scale of the plate thickness (and below), while large shell elements were used to model
the deformation of the plate away from the crack. This allowed separation of the work of the fracture processes, including
necking, from the plastic work dissipated in the surrounding field. This recent paper can in turn be considered a continuation
of the early simulation of mode I crack growth under small scale yielding plane strain conditions performed by Tvergaard
and Hutchinson [31]. Other contributions relevant to the current work include efforts to simulate aluminum spot weld fail-
ure using cohesive zone by Cavalli et al. [4] as well as Zhou et al. [53,54]. Behavior of spot welds is however quite different
than continuous linear welds, mainly due to different levels of constraint. An important aspect of the work by Cavalli et al. is
the use of fully annealed work-hardenable alloy Al5754-O for which fusion joints will not exhibit material strength degra-
dation in the HAZ. The focus of the current work is on significantly undermatched welds, which in most cases causes plastic
dissipation to be confined to the weld and/or HAZ regions.

The main objective of this paper is not on development of a general numerical modeling capability based on use of a cohe-
sive zone. Rather, the main focus is on addressing a specific problem of undermatched weld fracture in large-scale structures,
thereby demonstrating that a method employing a properly calibrated cohesive zone is ideally suited for modeling tearing
fracture of plate and shell structures with linear undermatched welds. We refer to the proposed procedure as the Welded
Aluminum Fracture Modeling Method (WALFRAM). While the present interest is in aluminum structures, we note that
any metal that derives its strength from quenching will likely undergo local annealing during welding, which may result
in significant weld undermatching. For example, hot-stamped martensitic steels exhibit such behavior during welding, as
evidenced by significant (�35–40%) hardness reduction in the HAZ comparing to the base metal (Banik et al. [3]). In addition,
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highly undermatched weld filler materials are often utilized for high-strength steels and such weldments exhibit similar
mechanical behavior to aluminum welds (e.g. Hao et al. [6]). The proposed modeling approach is applicable to all weld frac-
ture problems where significant weld undermatching exists.

The aluminum fracture weld modeling approach discussed here has been successfully integrated into the process of mod-
eling and simulation-based qualification of full-scale ship structures by the authors of this work.

In order to motivate and validate this approach, the paper begins with a brief discussion of the mechanism of weld under-
matching in Section 2. Next, a brief discussion of the cohesive zone model and initial calibration using a single welded cou-
pon is provided in Section 3. In Section 4 the modeling approach is exercised for a large welded component with further
discussion of the calibration process for the cohesive zone. The analysis results demonstrate the validity of the assumptions
and modeling methodology. Concluding remarks and discussion of future work are given in Section 5.
2. Characteristics of welded aluminum

2.1. Aluminum strengthening and welding

The basic state of high purity aluminum is an annealed condition that exhibits low yield strength and high ductility. Pro-
ducing a structural aluminum alloy requires strengthening which typically also reduces the ductility. Strengthening can be
achieved by solid solution hardening followed by precipitation hardening and heat treatment for heat-treatable alloys (e.g.
2xxx, 6xxx, 7xxx series) or cold working for work-hardened alloys (e.g. 5xxx series). A typical heat treatment involves heat-
ing to 450–530 �C (depending on the alloy) followed by quenching to obtain supersaturated solid solution. Quenching can be
achieved by cooling in water, oil, air or salt-bath, and it produces high strength and lower ductility material. To improve the
ductility and formability, the material is aged at room temperature (i.e. natural aging) or at elevated temperature (i.e. arti-
ficial aging). The aging temperature and time depend on the alloy and desired properties. The work-hardened alloys derive
their strength primarily from cold working, which is achieved by rolling or tractioning of structural shapes (Mazzolani [13]).
Similarly to heat treatment, cold working leads to increased strength and reduced ductility.

Heating the aluminum alloy to the temperature of 200–350 �C or higher, which occurs during welding, tends to reverse
the effects of heat treatment or cold working, returning the alloy to its original state. In the case of non-heat-treatable alloys,
this is basically an annealed condition (lower strength and higher ductility). Welding the heat-treatable alloys typically
reduces their strength to a level slightly above the annealed condition. This is illustrated in Fig. 1 [7].

Fig. 1 indicates that welding can lead to approximately 20% strength reduction for non-heat-treatable alloys, and almost
40% for heat-treatable alloys. From the point of view of fracture toughness, the strength reduction is often offset by signif-
icant increase in ductility. The loss of strength leads to localization of the plastic deformation in the weld and/or HAZ, which
has a profound consequence for behavior of welded aluminum structures. As previously noted, similar behavior is observed
in martensitic steels.

2.2. Aluminum weld strength profile

The material in the vicinity of a typical aluminum weld can be characterized by three regions of differing strength and
ductility: weld metal (WM); heat affected zone (HAZ); and unaffected base material (BM) (Zheng et al. [51]). Aluminum
welds typically feature a gradient of grain structure that results in varying mechanical properties within the HAZ itself. Fur-
Fig. 1. Effect of welding on tensile ultimate strength of alloys 5052 and 6061 (reproduced from Kissel and Ferry [7]).
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thermore, in certain welds distinct sub-regions exist where mechanical properties are lowest. Several means of characteriz-
ing the material in these regions have been proposed. The most common test is the Vickers hardness test which is used to
provide a profile of the weld strength at various distances from the weld center. Hardness is a measure of resistance to pen-
etration which can be directly related to ultimate stress for many alloys (Baker [2], Tabor [30]). While hardness measure-
ments are straightforward surface measurements typically associated with significant scatter, they provide a simple and
effective method of approximate determination of material strength distribution. A sample hardness map of a 5083-H116
Metal Inert Gas (MIG) weld along with microstructural images of various regions of this weld are shown in Fig. 2. The hard-
ness profile clearly indicates significant strength reduction in the weld and heat affected zone. The microstructural images
show a corresponding change in the grain structure: cold-work-induced grain orientation (or texture) is visible in the unaf-
fected plate (top right image) and loss of the orientation resulting from local heating is visible in the HAZ (bottom right
image).

Material hardness can be closely correlated to strength for many heat-treatable alloys. However, the hardness test does
not provide detailed stress-strain characterization for the materials in various regions of the weld. To obtain such data, ten-
sile testing on miniature specimens extracted from the weld zone can be performed, as shown by Matusiak [12], as well as
Negre et al. [17,18]. Miniature tensile specimens can be problematic due to sensitivity to local porosity and defects in the
weld zone, commonly observed in aluminum fusion welds. Alternatively, Digital Image Correlation (DIC) techniques (e.g.
Reynolds and Duvall, [25]) or closely-spaced strain gauges (e.g. Zheng et al. [51]) can be used to obtain in-situ surface strain
measurements. These measurements can be used to extract uniaxial stress-strain data at various locations. Fig. 3 shows local
stress-strain data obtained through DIC for the weld shown in Fig. 2. We note that Vickers hardness tests correspond to a
strain level of approximately 7%.
2.3. Plastic strain localization

The weld hardness profile illustrated in Fig. 2 is typical of aluminumwelds in various alloys. While different welding tech-
niques (friction stir welding, laser beam welding) and quality control can produce significant variations of the hardness pro-
files (e.g. Li & Chandra [9], Liu et al. [11], Negre et al. [17,18]), it is generally observed that both the weld and the HAZ are
weaker than the base material. Consequently, behavior of the welded aluminum components is controlled by the welded
joint, with plastic deformation localizing in the region of reduced strength.

For cases where the degree of undermatching is sufficient, the base metal remains elastic while the material in the HAZ
and/or WM yields and deforms plastically to high levels of strain. An example of this behavior was discussed by Zheng et al.
[51] who investigated a 6061-T6 aluminum weld and showed that localization and fracture were controlled by the course
grained part of the heat affected zone (CGHAZ). Further tests of a structural panel with this same weld joint reported by
Fig. 2. Hardness map showing the different material zones for a typical MIG weld joint in 5083-H116. A dramatic change in microstructure and hardness is
exhibited in the HAZ as compared to the unaffected parent plate (Nahshon & Zok [14]).
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Fig. 3. Local tensile stress-strain characterization in a typical MIG weld joint. The local tensile specimens were extracted in situ via DIC from different
locations of the same welded joint (Nahshon & Zok [14]).
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Zheng et al. [50] illustrated the controlling effect that severe undermatching had on overall structural performance. An anal-
ysis of this test series is presented in Section 4 of this paper.

Although welding causes strength reduction of the HAZ in reference to the base metal, it is accompanied by an increase in
ductility (since welding returns material to, or near, the annealed state). As a result, the HAZ can actually have higher tearing
toughness than the parent metal. Nevertheless, low strength tends to confine the extent of plastic deformation to the welded
joint, which negatively affects the overall effective toughness of the structure by reducing overall plastic dissipation. This
behavior can be detrimental to the ultimate load carrying capacity and overall toughness of welded aluminum structures.
In conclusion, significant weld undermatching may result in crack initiation and propagation in the weld/HAZ joint with neg-
ligible plasticity outside the joint. Since the crack path is predictable for such situations, this class of welded structures is well
suited for simulation using the cohesive zone methodology. Moreover, the weld undermatching and resulting assumption
about localization of plasticity in the weld and HAZ, allows development of a simple and systematic calibration process
for the traction-separation relationship. Somewhat paradoxically, weld undermatching simplifies prediction of plasticity
and fracture on a structural scale. The approach used in this paper employs elastic-plastic shell elements to model the base
material in the plates in order to capture plasticity outside the welded joint if it does occur.

An alternative methodology to modeling undermatched welds would be to treat weld and HAZ as separate materials that
are explicitly represented by means of the same type of elements used to model the base material (e.g. Nielsen et al. [20,21],
Rashid and Tvergaard [24], Wadley et al. [37], Wang et al. [38,39], Zheng et al. [49–51]). This approach requires the element
size to be smaller than the weld/ HAZ. Depending on the discretization level, the behavior of the weld and specific regions
within the HAZ (including softening and failure) can be represented as different materials [38,39] or the weld and HAZ can be
represented as one material with effective reduced properties. In the former case, relatively small three-dimensional ele-
ments would be required to explicitly model the constituent materials (including the weld nugget, CGHAZ, FGHAZ, etc.).
The latter approach is often referred to as the weakened element approach. One of the key advantages of the cohesive zone
methodology is the fact that it employs the effective work of separation per unit area of the welded joint – a mesh indepen-
dent quantity. In contrast, the weakened element approach, where the weakened elements represent nonlinear deformation
and failure of the weld/HAZ, inherently depends on the length scale (i.e. mesh size) used in discretizing the reduced strength
zone.

3. Cohesive zone model and initial calibration

3.1. Cohesive zone model

Cohesive zone models have been widely employed for fracture problems (e.g. Anvari et al. [1], Needleman [16], Ortiz &
Pandolfi [23], Scheider & Brocks [26], Tvergaard and Hutchinson [32], Woelke et al. [41–43]). They are particularly well sui-
ted for problems where the crack path is predictable, such as delamination problems (e.g. Sills and Thouless [27], Tvergaard
and Hutchinson [33], Woelke et al. [43], Yang and Thouless [48]) or weld fracture (e.g. Cavalli et al. [4] as well as Zhou et al.
[53,54]). The cohesive zone is characterized by the traction-separation relation, which defines the relationship between the
cohesive tractions and the separation of the crack faces.

As already emphasized, the weld fracture methodology developed herein is intended for large-scale welded aluminum
plate and shell structures which can only be effectively modeled by plane stress plate/shell elements with in-plane dimen-
sions larger than the plate/sheet thickness (as opposed to solid elements that are small compared to the thickness, e.g. Niel-
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sen [19]). Explicit representation of the through-thickness behavior of the different materials in the welded joint (i.e. BM,
WM, HAZ) requires a level of discretization that is only practical for relatively small welded coupons. Thus, in the present
approach the cohesive zone is calibrated to model the overall separation behavior of the joint while the base material outside
the joint is modeled with standard shell elements (Fig. 4). The cohesive zone is defined by traction calculated as force/length,
versus separation (or end displacement) obtained directly from an experiment on a specimen gauge length that includes the
weld and heat effected zone. The goal is to effectively calibrate the cohesive zone such that it reproduces the strength and
energy dissipation due to yield and separation failure of the combined weld/HAZ region. We note that the force/length-
separation could also be obtained from a detailed numerical simulation of the gauge section. However, this would require
significantly higher level of discretization as well as large strain formulation along with advanced constitutive model that
incorporates damage and failure. The ‘beauty’, or perhaps one should say ‘practicality’ of the present approach from an engi-
neering point of view, is that the force/length-displacement relation of the cohesive law can be accurately specified within
the small strain framework. This is because all the large strain behavior is captured within the representative behavior of the
gauge length and everything outside the cohesive zone is accurately represented by small strain behavior.

In the current paper, we focus on mode I separations normal to the weld direction (Fig. 4). In-plane and out-of-plane shear
modes (mode II and III) are not considered. Thus, only in-plane translational degrees of freedom normal to the weld are gov-
erned by cohesive zone. The remaining degrees of freedom, including rotations are free on both sides of the cohesive zone.

The traction-separation relation, TðdÞ, along with the schematic representation of the welded aluminum specimen such a

test coupon are given in Fig. 4. The peak traction, T̂ , and the parameters, d1; . . . ; dn and dF determine the shape of the traction-
separation. As discussed by the authors in [42], these parameters as well as the cohesive energy/area, CðDxÞ can be regarded
as functions of distance Dx ahead of the pre-crack or notch if the calibration process dictates such dependency.

The implementation of the cohesive zone model used in the current study is based on one-dimensional spring-type ele-
ments connecting two nodes on the opposite side of the weld. The traction-separation can be input as a general, piecewise-
linear curve with any number of pairs of ðT; dÞ. This corresponds to a set of shape parameters, i.e. d1; d2; . . . ; dn; dF . The cohe-
sive energy/area is given by:
Fig. 4.
parame

Please
Engng
CðDxÞ ¼
Z dF

0
Tdd ð1Þ
While plane strain studies [31] have indicated that the two most important properties of the traction-separation law are the
peak traction and the energy of separation, more recent investigation by the authors [42] indicated some sensitivity of the
response to the details of the shape parameters for applications similar to those considered here. The influence of the shape
of the traction-separation law was also investigated by Hachez [5], Sills and Thouless [27], Volokh [34] and other authors,
who indicated that the shape may have significant influence, depending on the application.

3.2. Welded coupon tensile test and initial calibration of the traction-separation relationship

An extensive experimental program involving both coupon and component level welded aluminum specimens subjected
to mode I and mode III loading was conducted by Zhang et al. [49–51]. In the current paper, we focus on the mode I fracture
test of the large scale welded AA 6061 extrusion [50], discussed in Section 4, along with the corresponding coupon level test
[51] used in this section for calibration of the cohesive traction-separation relationship.

The plastic part of the true stress-logarithmic strain response of this material was approximated by the following power
law relationship: r ¼ 328:7ðe0:06Þ, as shown in Fig. 5.

A welded tensile specimen made of the same material with a friction stir weld in the center was tested to characterize the
weld behavior. The welded specimen dimensions as well as its finite element representation are shown in Fig. 6. The spec-
Schematic representation of the welded aluminum component and general traction-separation relationship with peak traction T̂ and shape
ters, d1; . . . dn and dF .
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Fig. 5. True stress-strain response of the base metal AA 6061, including the formula fitting the data (reproduced from Zheng et al. [52]).
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imen was designed to represent the welded joint in the large scale mode I fracture test of the extruded structural panel dis-
cussed in the next section. It has the same thickness (3.2 mm) as the plates comprising the panel. The width of the specimen
at the weld is slightly more than 4 times the plate thickness and can be expected to produce conditions of approximately
plane strain tension after plastic flow begins in the weld, similar to the conditions of a long linear weld undergoing mode
I tearing. The force-load point displacement curve measured for the specimen is given in Fig. 7(a). The abrupt force drop ter-
minating the test entails shear localization and shear-off which consumes very little energy.

The coupon test was modeled using large shell elements with an average in-plane dimension of 7 mm (2 � the sheet
thickness) representing the parent metal. The material parameters used in the analysis were as follows:
E ¼ 66 GPa; ry ¼ 237 MPa; n ¼ 0:06; where n is the hardening exponent. The comparison of the measured and calculated
force-displacement response, as well as the contour plots of axial displacements and equivalent plastic strains are shown
in Fig. 8.

The analysis of the coupon test confirmed that the response outside the welded joint was entirely elastic. Fig. 7 illustrates
the straightforward manner in which the cohesive response of the joint is identified. The elastic response of the full speci-
men, including the weld, is shown in Fig. 7(b). The portion of the response attributed to the cohesive zone in Fig. 7(c) is the
difference between the total response in Fig. 7(a) and the linear response in Fig. 7(b). The small elastic response arising from
the weld is included in the plate elements. With T identified as the force divided by the initial cross-sectional area of the

gauge section (T̂ ffi 200 MPa) and d as the displacement in Fig. 7(c), the separation energy C is defined by (1). This value,
Css�weld ¼ 831 kJ=m2, is assumed to govern the steady-state tearing energy of the weld/HAZ applicable after the crack has
Fig. 6. Welded tensile specimen [51] and its finite element representation
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Fig. 7. Decomposition of force-displacement and strain energy into the elastic and plastic contributions for the welded coupon test: (a) Total force-
displacement and strain energy [51]; (b) Elastic contribution to force-displacement and strain energy; (c) Plastic contribution to force-displacement and
strain energy (note that dn � dF ).

Fig. 8. Comparison of the measured and calculated force-displacement response for a tensile welded aluminum coupon and contour plots of the calculated
displacements and equivalent plastic strains at peak traction.
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advanced at least several plate thicknesses. The possibility that the separation energy depends on the distance ahead of the
initial crack tip in the initial stages of crack growth will be addressed in the next section in a second iteration of the calibra-
tion process. As expected, by employing the cohesive law TðdÞ derived from Fig. 7(c) in a simulation of the coupon specimen,
one reproduces the overall force-displacement response seen in Fig. 7 and confirms that the plate elements outside the
welded joint remain in the elastic range.
4. Mode i fracture of large welded aluminum extrusion

4.1. Experimental test of large welded aluminum extrusion

The mode I test of a large welded two-layer extruded AA 6061 sandwich plate (Zhang et al. [50]) is investigated here. The
test specimen was built by friction-stir-welding two extrusions on both sides, along the length of the specimen (except for
the pre-notch region), as shown in Figs. 9 and 10(a). The tested extrusions included rails for train equipment attachment (e.g.
seats). These rails did not affect the overall behavior of the panels, as shown by Zhang et al. [49–51], and were therefore not
considered here. These welded panels were subjected to mode I tension as shown in Figs. 9 and 10(a). Fig. 10 provides the
dimensions of the specimen, the loading direction and overall force-displacement responses measured from two nominally
identical tests.

The test discussed above bears certain resemblance to another mode I fracture test of a large unwelded Al5083-H116
plate of 10 mm thickness conducted by Simonsen and Törnqvist [28]. The details of the necking and slant fracture observed
in the Simonsen-Tornqvist test during the phase of steady-state propagation were investigated by Nielsen and Hutchinson
[22] utilizing a shear-modified Gurson model [15]. Findings of this investigation were later used byWoelke et al. [42] to sim-
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Fig. 9. Mode I fracture test of a welded aluminum extrusion: (a) the experimental setup for mode I testing of large panels – welded train extrusion; (b) the
cross section of the extrusion showing the two welded sides with weld and HAZ regions; (c) the back side of the panel showing the weld region (reproduced
from Zheng et al. [50]).

Fig. 10. (a) Schematic of test setup and (b) Force-displacement results for Mode I fracture test of a welded aluminum extrusion (reproduced from Zheng
et al. [50]).
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ulate full crack propagation in the same plate using a similar approach to the one discussed in this paper (i.e. large shell ele-
ments and cohesive zone). The steady-state crack growth resistance calculated in [20] was used to characterize the steady-
state cohesive energy, which was achieved after the after crack had advanced 6–7 plate thicknesses. The investigation
revealed that the steady-state cohesive energy (Css ¼ 1175 kJ=m2), was approximately 35 times the cohesive energy neces-
sary to initiate the crack from a blunt notch tip. Such behavior is consistent with the fact that a fully developed necking zone
ahead of the crack tip requires the crack tip to advance at least several plate thicknesses. It is the necking which contributes
most of the energy dissipated by the cohesive zone. To model the history of crack advance and the overall load-displacement
behavior in the Al5083-H116 plate from initiation to steady-state it was essential to account for the x-dependence of the
cohesive zone energy. Furthermore, in the case of the unwelded Al5083-H116 plate, the majority of plastic dissipation
(�66%) occurred outside the cohesive zone associated with large-scale yielding. These findings will serve as a reference
for the case considered here. In particular, whether the weld considered in the present paper has a similar x-dependence
of its cohesive energy is investigated in this section as the second iteration of the calibration process.
4.2. Simulation of the mode I fracture of large welded aluminum extrusion

The welded extrusion simulations model was built using quadrilateral shell elements with the average in-plane dimen-
sion of 21 mm. As previously noted, nodal cohesive elements placed on both sides of the extrusion, along the length of the
weld were used to simulate the weld and HAZ, as shown in Fig. 11. The model was restrained laterally and vertical velocity
boundary conditions were applied along the bolt holes to model the mode I tensile loading shown in Figs. 9 and 10.

The traction-separation relation determined through the analysis of the welded coupon discussed in the previous section
serves as a basis for cohesive elements used here, at least after the crack has undergone sufficient extension. The cohesive
energy obtained from the welded coupon test (shaded zone in Fig. 7(c), normalized by the cross-sectional weld area) gives
the steady state cohesive energy/area: Css�weld ¼ 831 kJ=m2. The first simulation has been carried out using an x-independent
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Fig. 11. Finite element model of welded AA 6061 extruded panel subjected to mode I tensile loading
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cohesive zone with C ¼ Css�weld ¼ 831 kJ=m2 and the traction-displacement relation derived from the coupon test in Fig. 7(c).
This result for the load-load point displacement of the structure is compared the experimental result presented in Fig. 12.
The agreement between the two curves is reasonably good but it is noted that the simulation overestimates the peak load
by about 5%. This is not a large discrepancy, but based on the behavior discussed for mode I tearing of the large Al5083-H116
plate [42], one might also anticipate an x-dependence of the cohesive energy for the weld in the extruded panels with initial
values that are lower than the steady-state value.

In order to quantify the x-dependence of the weld cohesive zone on the structural-scale calculation we employ an inverse
identification of the cohesive energy prior to reaching the steady-state value obtained from the small-scale coupon calibra-
tion reported above. After the steady-state has been reached, the cohesive energy/area was assumed constant and equal to
steady-state value obtained in the coupon test. By adjusting the cohesive energy step by step in the advancement of the
crack, prior to reaching the steady state, the improved calibration, CðDxÞ, shown in Fig. 13 is obtained which has been forced
to asymptote to the steady-state value determined from the coupon test.

This second iteration on the calibration process generates the force-displacement behavior included in Fig. 12. In these
simulations, the cohesive energy reduction was achieved by reducing the final separation dF while maintaining the peak trac-
tion and the overall shape of the traction-separation curve.

This second iteration of the calibration process to produce the x-dependent cohesive energy is based on the experimental
data for the structure itself, apart from the steady-state limit, and thus the fact that it more accurately reproduces the behav-
ior of the structure is hardly surprising. Additional structural tests with this plate thickness and weld-type are not available
to put the second iteration to a critical test. However, the second iteration is useful to show that a reduction in the cohesive
energy in the early stages of crack initiation and growth is likely, although only about 25% below the steady-state value
obtained from the coupon test and thus far less than the reduction seen for the monolithic Al5083-H116 plate. Given the
accuracy of the prediction for the simulations based on the x-independent cohesive energy with C ¼ Css�weld ¼ 831 kJ=m2,
one might well conclude that an improvement on the single coupon-based traction-separation law is unnecessary for the
mode I tearing of the welded Al6061 plates. However, whether this conclusion holds for other undermatched welds remains
to be determined by further studies.

Neither simulation captures the drop observed during the experiment starting at the displacement of �14 mm, which
was caused by the initiation of a second crack in the HAZ, away from the initial tip [50]. As already noted, the discretization
level and the type of model used in the current investigation is not sufficient to capture the details of the second crack ini-
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Fig. 12. Applied force vs. crosshead displacement measured in the experiment [50] and obtained by simulation with (i) cohesive energy/area dependent on
crack advance CðDxÞ shown in Fig. 12 and, (ii) for a cohesive energy/area independent of crack advance with C ¼ Css�weld obtained from the coupon test.

Fig. 13. Cohesive energy/area as a function of the distance ahead of the pre-crack Dx, normalized by the thickness of the face-sheet of the extrusion for
mode I fracture of welded Al6061 extrusion tested in [50].
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tiation in the HAZ. The discrepancy between the measured and calculated response after this crack is initiated is a little over
2% and, again, not very large, indicating that the second crack, possibly caused by a weld flaw, has not significantly affected
the global force-displacement response of the panel. A more dramatic effect could however be observed if a weld flaw (e.g.
large void) caused premature fracture initiation and propagation. The effects of weld flaws that depend on the welding pro-
cess and quality control require further investigation that is beyond the scope of this paper.
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We again emphasize that the results shown in Figs. 12 and 13 were obtained with a relatively coarse finite element model
utilizing shell elements that are large compared to the plate thickness together with an independently calibrated cohesive
zone, at least for the x-independent zone. As previously discussed, the main purpose of this work is to provide a simple and
systematic approach to modeling fracture of undermatched welds for large-scale industrial applications in support of the
design process. In this context, the agreement between the simulated and measured force-displacement response, even
for the position-independent cohesive zone (i.e. C ¼ Css�weld) far exceeds the typical level of accuracy achieved today in
large-scale structural simulations performed in support of design of structures.

One of the possible reasons for this weak x-dependence of the cohesive energy for the welded plate structure (compared
to the unwelded Al5083-H116 plate in [42]) is a very large notch radius, i.e. � 4:5t, where t is the face-sheet thickness of the
extrusion. Another possibility is that the low level of constraint at the notch tip for thin sheets (t ¼ 3:2 mm) combined with
the low yield stress of the weld material and HAZ allow neck development and extensive plastic dissipation at the notch tip
almost as soon as the crack begins to advance. Whether the weak R-curve behavior of the cohesive zone seen for the welded
Al6061 extruded panel turns out to be the rule rather than the exception for other undermatched welded structures will be
important to establish.

Another interesting observation can be made by comparing the steady-state cohesive energy/area (Css�weld ¼ 831 kJ=m2)
obtained for the weld/HAZ of the Al 6061 plate with thickness t ¼ 3:2 m with that of the analogous value obtained for the
unwelded, 10 mm thick Al5083-H116 plate (Css ¼ 1175 kJ=m2). Since the steady-state cohesive energy/area is expected to
depend nearly linearly on plate thickness, due to the fact that the neck height scales with thickness as discussed in [22],
the weld/HAZ steady-state energy for a 10 mm plate, would be expected to be approximately three times that for the thinner
welded plate, all other things being equal. This is clearly not the case—the cohesive energy of the much thinner welded plate
is almost the same as that of the unwelded plate that is three times thicker, albeit the materials are not the same. What this
does indicate is that the weld/HAZ material, while significantly weaker than the base material, is remarkably tough, owing to
the significant ductility increase and the width of the heat affected region of the weld. Although the increased toughness is
important, the small strength of the weld/HAZ causes plastic strain to be confined to the weld/HAZ with little or no plasticity
outside this region, reducing the overall plastic dissipation. This is clearly shown in the equivalent plastic strain contour plot
in Fig. 14. In the initial phase of propagation, plasticity is confined to cohesive zone only. When the crack approaches the end
of the plate, significant bending stress is induced in the plate which causes compression near the free edge and additional
plastic straining (outside the cohesive zone) near the crack tip. The extent of this additional plastic zone is still relatively
small and confined to the immediate vicinity of the weld. By contrast, in the case of the unwelded Al5083-H116 plate,
the majority of plastic dissipation (�66%) occurred outside the cohesive zone [42].

The above discussion suggests that modifications of the welding process for aluminum (as well as analysis and design
methodologies) may be possible, to improve performance of the welded aluminum structures. One possible avenue is mod-
ifying the extent of the HAZ to produce more plastic dissipation in the cohesive zone and thus higher overall toughness of the
structure.
Fig. 14. Equivalent plastic strain contours for mode I fracture simulation of welded Al6061 extrusion.
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5. Conclusions and future work

While use of aluminum alloys as structural material has a long history, recent efforts to reduce the weight of various
structural systems (e.g. cars, aircraft, ships, trains, pipelines) has led to renewed interest in structural aluminum, mainly
due to its low density and corrosion resistance. The light-weighting initiatives have resulted in multiple structural platforms
that need to resist loads which can cause fracture and failure. This motivates research efforts aimed at new and effective
analysis and design methodologies for large-scale welded aluminum structures.

A simple, effective method to predict ductile fracture in welded aluminum structures (WALFRAM - Welded Aluminum
Fracture Modeling) using large shell elements and a cohesive zone has been proposed and evaluated here. The main focus
of this paper is on mode I tensile fracture in large-scale welded aluminum structures with significant undermatching of
the welds and HAZ. The simplest calibration process of the cohesive traction-separation relation, which represents the weld
and HAZ, is performed based on a tensile test of a welded aluminum coupon for a plate of the same thickness. Appropriate-
ness of the simple welded coupon geometry to represent behavior of linear undermatched weld, stems from the fact that the
longitudinal constraint (in the weld direction) prevents deformation parallel to the weld. This causes localization through
the thickness with a localized neck perpendicular to the loading direction. Thus, the calibration process is based on the spec-
imen geometry that forces plane strain behavior, with the zero strain along the weld (as opposed to the thickness direction).
The effectiveness of the proposed methodology in predicting mode I fracture in undermatched aluminum welds is demon-
strated. Since the approach relies on localization of plasticity in the weld and HAZ, it will generally not be applicable for
welded joints that are not undermatched, although a study of mode I tearing of unwelded plates [42] suggests that a similar
approach can be effective with these other welds as well. On the other hand, the proposed approach is not limited to alu-
minum welds only, i.e. it will be equally effective for all undermatched linear welded joints under mode I loading (e.g.
martensitic steels).

Several key areas of further research have been identified. They include development and validation of the mixed-mode
(mode I-II-III) cohesive zone formulation that would allow for fracture mode interaction while maintaining simplicity of the
calibration process. More research is also needed to understand the crack growth resistance behavior, where the crack ini-
tiates from the blunt notch in the weld/HAZ. While the cohesive zone for the welded plates in this study can be taken to be x-
independent, to a good approximation, it does not seem to be widely appreciated that this may not be adequate for all prob-
lems, as illustrated in [42]. Another important area of investigation is the welding process itself, which may lead to charac-
terization of the weld flaw distribution as well as reduction of the flaw frequency through adequate quality control. In
addition, certain modifications of the welding process (e.g. increasing the extent of the HAZ) could possibly lead to better
performance of welded aluminum structures. Investigation of these challenges and development of effective solutions could
lead to significant improvements in the process of analysis, design and construction of large-scale welded aluminum
structures.
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