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Objective

Develop, validate and disseminate a combined experimental and numerical method to
describe (statistically) and quantify (systematically) the forming limits of welded aluminum
alloys and high-strength steels.

Provide industry users with a low-cost and reliable experimental and analytical tool for use
in the design, processing and application of welded aluminum and high strength steels for
tailor-welded blanks and hydroforming preforms.

Approach

Develop a standard tool for weld process development that will systematically quantify
failure probabilities during forming.

Provide accurate, standardized methods of experimentally characterizing weld metal
formability using unique but simple test methods available on the shop floor.

Provide predictive models for more accurate forming simulations of tailor-welded blanks
(TWBs) and hydroforming operations. Predict parts-per-thousand failure rates during
production from finite element analysis.

Characterize static properties and forming behavior of several weld populations and correlate
with statistical-based tool.

Demonstrate application of the weld metal formability tools for biaxial forming of welded
aluminum and high strength steel sheet.
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Milestone, Metrics and Accomplishments

e Milestone 1 - Established an industrially relevant procedure to determine the forming limit
diagram (FLD) of welded DP600 steel alloys. (Completed) The fully-integrated analysis and
testing procedure was demonstrated for an industry-supplied DP600 steel welded sheet
population. The procedure and results were presented to the industry consulting group.

e Developed a more general procedure that can be applied to welded thin sheets.

e Completed the combined forming limit prediction for DP600, AA5182-6111 and AA5182
welded alloys.

¢ Quantified the combined FLD using the statistical approach for each welded alloy population.

e Conducted program review meeting in October 2009 to Industrial Team Advisory Committee.

Future Direction

e The technical work on this project was completed in FY2009.

e A peer review publication to commercialize the technology is being prepared.

Introduction

This work is a collaborative effort between DOE, Pacific Northwest National Laboratory (PNNL),
U.S. Automotive Materials Partnership (USAMP) team of the U.S. Council for Automotive Research,
U.S. Steel, Olympic Controls and Alcoa. This project will develop, validate and disseminate
combined experimental and numerical methods that systematically quantify the forming limits of
weld materials in aluminum alloys and high-strength steels through a combination of experimental
and deformation modeling analysis. This work will enable high-volume, robust deployment of
tailor-welded blanks (TWB) and seam- and tailor-welded tubes in emerging materials. Figure 1 is
a schematic of the possible vehicle manufacturing applications and relevant current and future
materials for the technology.

The deformation of weld materials and their limits of formability are important aspects to both
TWB and hydroforming technologies. The conventional low-carbon steels used in automotive
applications are easily fusion-welded using conventional technologies and suffer no appreciable
strength degradation near the weld. Aluminum alloys are more difficult to weld than low-carbon
steels due to high conductivity and reflectivity as well as low-molten viscosity. Aluminum also
has a high propensity for porosity to form during fusion welding as well as hot cracking and
heat-affected zone (HAZ)-related issues in heat-treatable aluminum alloys. Many of the high-
strength steel alloys that are finding increased application in the automotive industry suffer
from degradation of strength in the HAZ. Further, nearly all fusion welds suffer from irregular
geometries and elevated levels of surface roughness compared to the parent materials, which
also influence formability and component performance.

9-2



Seam Welded
High Volume Manufacturing Alternatives Tubes

Current Materials:
Predominantly low carbon steel

Emerging Materials:
Aluminum Alloys
High Strength Steels

Cost and weight savings
Future Materials:

" ; = technologies, but with
lagnesium Alloys Formability of . .
Titanium Alloys Weld Materials the risk of weld failures

Tailor Welded Tailor Welded |y
Blanks Tubes .

Figure 1. A schematic of the formability of weld materials project and applications where welds
are formed during vehicle manufacturing.

This project has focused on developing a generalized numerical method to predict forming
limits in weld materials and verifying deformation and forming limit predictions. The approach
relies on developing standardized test methods for weld material populations to establish a
statistical description of material imperfection and mechanical properties in their weld region
and developing statistically based forming limit diagrams (FLD) or continuum damage models
that predict material failure in the weld region.

The project includes numerical model development, validation and supporting experiments. A
number of candidate weld methods have been examined in combination with selected aluminum
alloys and high-strength steels. The principal materials of interest have been aluminum alloys
AA5182, AA6061, and DP600 steel. The selection of sheet materials and welding methods
were coordinated with the participating original equipment manufacturers (OEMs) and are
representative of high-volume commercially viable materials and processing technologies. The
deliverables include a standard procedure for weld material evaluation coupled with a numerical
approach for establishing weld region forming limits. The results will also allow the evaluation
and development of candidate weld processes and the interaction between materials and weld
parameters. The overall objective is to develop test methods and experimental results to enable
the widespread deployment of weight- optimized TWB and tube hydroforming and to avoid
weld failures during production. Figure 2 is a schematic of the typical manufacturing process
development for tailor welded products.

During fiscal year 2008 and into 2009, much emphasis was spent on developing an industrially
relevant procedure to determine the FLD of welded aluminum and high-strength steel alloys. A
procedure was first applied to DP600 welded alloys and then generally modified, so the procedure
may be applied to aluminum-welded alloys or any thin sheet-welded alloy to determine the
forming limit. The following describes results to date and the development of the industrially
relevant procedure.
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Figure 2. A schematic of the typical manufacturing process development.

M-K Method to Predict Formability

The prediction of TWB formability in this work relies fundamentally upon the Marciniak-Kuczynski
(M-K) method coupled to an experimentally-derived measure of weld material imperfection. The
M-K method tracks development of plastic strains in the monolithic sheet and weld materials
under applied external loading. The M-K method is predicated on the assumption that real
materials possess imperfections (or geometric inhomogeneities), and that the strain evolution
and eventual localization at the imperfection is the source of failure during metal forming.

In the current work, imperfection levels for a given tailor welded blank population are determined
by performing approximately thirty tensile tests in each of the directions longitudinal and
transverse to the weld within the TWB. The level of imperfection (f) that must exist in the
specimens in order to describe the formability for each of the thirty specimens is determined
using M-K methods. Give the localization strain from each test, and the variations in the
localization strain, one can establish a statistically-based level of imperfection for each weld
population in both the longitudinal and transverse direction.

The Weibull probability distribution has proven to be the most suitable to describe the specimen
imperfections, and the predicted FLD for the TWBs is generated using this function. Using this
standard function permits an active selection of the level of risk that the practitioner assumes
during manufacturing to develop safe forming limit diagrams for a given weld population.

General Procedure in Determining the FLD of Welded Alloys

Currently, there is no industrial standard that describes the formability of TWBs that include
the effects of the weld region. The primary goal of this project is to develop a procedure for
industry to use by characterizing the variability of these materials to reduce the risk assumed
while deploying this weight-saving technology to enable greater commercialization. This project
has generated a procedure to describe the forming limit operating envelope of TWB materials.
The general procedure was first applied to DP600 welded alloys. Figure 3 depicts the DP600
TWB FLD generated from the 10-step process described below:
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1. Establish the thin (or the weaker) sheet FLD and draw a three-quadrant FLD where longitudinal
strain is the ordinate (y-axis) and the transverse strain is the abscissa (x-axis) for this
material

2. Conduct approximately 30 longitudinal tensile tests and measure the “safe” level of strain in
the thin sheet adjacent to the weld for each specimen

3. Calculate the statistical distribution for the level of imperfection for the longitudinal specimens

4. Conduct approximately 30 transverse tensile tests and measure the “safe” level of strain
in the thin sheet adjacent to the weld for each specimen and verify that no weld related
failures occurred Note: In previously reported work, experimental results showed that in
the transverse weld condition, there was no fracture in the weld or in the heat affected zone
of the DP600 welded specimens. Localization occurred in the thin sheet, and fracture was
determined by the properties of the 1 mm parent sheet material. Therefore, the Tmm sheet
FLD dictates TWB failure in transverse loading conditions.

5. Assume the acceptable failure rate for a given metal forming application (recommendation
is 1 part per 1000)

6. Calculate the imperfection level for the longitudinal population that corresponds to the
acceptable failure rate

7. Calculate the “safe” level of strain along the longitudinal tensile direction that corresponds
to the acceptable failure rate (Locate Point 1 on diagram)

8. Calculate the strain path direction developing in the thin sheet when the weld is being loaded
in plane strain longitudinal to the weld and place a point on the FLD that corresponds to the
“safe” longitudinal plane strain and the transverse strain in the thin sheet (Locate Point 3
on the diagram)

9. Connect Points 1 and 3 via a line.

10.Draw a horizontal line from Point 3 horizontal to intersect the thin sheet FLD to the right of
Point 3.

In Figure 3, the safe FLD for this TWB population is defined as the condition where no more than
1 part per 1000 parts formed will fail under biaxial stretching. In practice, the working strain
during forming should be limited such that it remains under the 1 part per 1000 forming limit
and the thin sheet FLD in the transverse direction.

In order to validate this approach, a set of biaxial forming experiments were conducted with the
identical TWB population. Figure 4 illustrates the LDH (limiting dome height) results of biaxial
experiments in near biaxial stretching, and the shows the loading applied and lubrication used
during these experiments. This set of tests compares the failure strain when sheet is loaded
biaxially, and permits comparison of predicted and actual failure strains. Figure S compares this
biaxial data to the predicted FLD for the given weld population. The biaxial data is on or near
the 50% failure rate line, which would be expected given a small number of samples.
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Figure 3. DP600 TWB FLD developed utilizing the industrially relevant procedure.

Photos representative of
the LW DP600 specimens
after LDH testing. Fracture
in the thin sheet observed
in all specimens. Table
below illustrates the loads
and heights observed.

Punch Test Height At
Specimen Clamp Test Rate Max Load Max Load
Specimen ID Thickness Lubricant Load (Ib) (in./min) Detected (Ib) (in.)

DP-DP-3 1.5mmto1mm Teflon 38,000 0.05 20,824 1.05
DP-DP-4 1.5mmto 1 mm Teflon 38,000 0.05 20,915 1.06
DP-DP-5 1.5mmto 1mm Teflon 38,000 0.05 19,736 1.03
DP-DP-6 1.5mmto1mm Teflon 38,000 0.05 19,453 1.01
DP-DP-7 1.5mmto 1 mm Teflon 38,000 0.05 18,920 0.98

Figure 4. lllustration of the LDH (limiting dome height) results of biaxial experiments in near biaxial
stretching and the applied loading lubrication during these experiments.
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Figure 5. DP600 TWB FLD developed utilizing the industrially relevant procedure compared to a set
of biaxial stretching result of the same weld population.

The final activity on this project is producing a peer reviewed publication to enable greater
commercialization by reducing the risk assumed while developing and deploying this weight-
saving and material-saving technology.

Conclusions

From this investigation, the following conclusions were derived:

e Forming of welds has the potential to simultaneously reduce the cost AND weight of
lightweight automotive structures.

e Emerging materials (aluminum and HSS) are generally more challenging to join and form.

e This project has developed a standard approach for describing the forming limits that include
the effects of the weld region, which predicts forming failure rates at quantitative levels of
deformation.

Presentations/Publications/Patents

e “Forming Limits of Weld Material in Aluminum Alloys and High-Strength Steels.” 2009.
Presented to Industrial Team Advisory Committee, Southfield, MIl. October 29.
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Objective

e Develop a new, robust Spot Weld Element (SWE) that can accurately model the deformation
and fracture modes of spot welds as a function of impact loading, welding and steel chemistry
while maintaining computational efficiency and ease-to-use.

e Develop the implementation procedure to incorporate the SWE in advanced crashworthiness
computer aided engineering (CAE) codes used by the automotive crash modelers.

e (Generate a companion experimental database on the impact behavior of advanced high-
strength steel (AHSS) spot welds under various loading conditions and deformation rates to
support and validate the modeling approach.

Approach

Development of a new spot weld element and associated constitutive models.

Modeling and characterization of weld microstructure and property.

Integration of SWE model and weld process and microstructure model.

Deformation and failure behavior testing under different dynamic loading conditions.

Accomplishments

Successfully completed the Phase | Concept Feasibility development of the SWE modeling
framework and demonstrated the effectiveness of such modeling approach in impact simulation
of spot welds. Specifically,
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Developed the initial version of SWE
1. Capable of handling weld geometry and weld property gradient;

2. Capable of predicting different fracture modes and fracture load limit experimentally
observed in impact tests.

Developed the initial version of integrated electrical-thermal-mechanical-metallurgical
resistance spot weld model

1. Capable of predicting weld geometry, microstructure and microhardness distributions;
2. Friendly user input interface for welding parameters, sheet thickness and steel chemistry.

Collected baseline spot weld impact test data on dual phase 780 MPa (DP780) and draw-
quality semi-killed (DQSK) steels

1. Characterization of effects of impact speeds and loading modes;
2. Web-based database for user-friendly interactive data analysis and retrieval.

Completed the comprehensive Phase | project report to Department of Energy (DOE) and
Auto-Steel Partnership (A/SP).

Future Direction

Further expand, and validate the SWE model to cover wide range of AHSS grades and spot
weld configurations to demonstrate the applicability of SWE for current generation of AHSS.

Extend to weldbond for AHSS.
Extend to other materials and joining processes

1. Joining of steels to other materials (such as Al alloys, Mg alloys, polymer composites) for
multi-material body structure;

2. Friction bit joining, friction stir joining, and laser welding.
Failure criteria evaluation and development

1. Incorporate the effect of heat affected zone (HAZ) softening in ultra high-strength steels
and Al alloys;

2. Develop and evaluate failure criteria including the adhesive bonding.

Further refine SWE formulation for robustness.

Introduction

A primary driver for increased use of advanced high-strength steels (AHSS) and other high
strength materials in auto body structures is the improvement in crash performance while
reducing the weight. Resistance spot welding (RSW) is by far the most common joining process
used in automotive manufacturing. Typically, there are four to five thousand spot welds in
a vehicle. Because the separation of spot welds can affect the crash response of a welded
structural component, the dynamic behavior of the spot welds under impact loading of vehicle
crash has been one of the critically important considerations in vehicle design and manufacturing.
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RSW of AHSS presents unique technical challenges for automotive structure applications.
Due to their high carbon and alloying element contents, and tailored microstructure, AHSS
are considerably more sensitive to the thermal cycle of welding than the conventional steels
used in auto body structures. Therefore, RSW of AHSS can exhibit very different structural
performance characteristics than the ones made of conventional steels. For example, AHSS RSW
generally has higher load-bearing capacity, but can fail under different failure modes (button
pullout, interfacial, or mixed). The structural performance of AHSS RSW is highly dependent
on the grades and types of AHSS. Furthermore, impact experiments on joints and structural
components (top-hat and double-hat sections) have shown that RSW have different responses
under static and dynamic loads.

In recent years, CAE based simulation of dynamic (impact) behavior of auto body structures
during crash has become an indispensable tool that enables rapid and cost-effective design
and engineering of crashworthy auto body structures. However, recent impact crash tests
revealed that the prediction of spot-weld failure in crashworthiness CAE simulation of auto
body structures made of AHSS is generally unsatisfactory. A gap analysis conducted by A/SP
concluded that the industry lacks the fundamental understanding and predictive capability for
the spot-weld behavior of AHSS and other light-weight materials (such as Al alloys and Mg alloys)
during impact loading of vehicles. These gaps hinder rapid and optimum insertion of AHSS and
other lightweight materials in auto body structures. The weld failures, detected in later stages
of new model car development cycles, have frequently resulted in design compromises that
can adversely affect the weight savings available by using AHSS. Furthermore, lightweighting
opportunities from optimized use of AHSS and other lightweight materials will not be possible
without improved understanding of the phenomena and the development of respective models
and CAE tools for crashworthiness analysis.

This program is aimed at developing a new spot weld modeling methodology, supported
by experimental data that can be implemented in crash simulation FEA codes used by the
automotive crash modelers. The essential feature of this new model includes, through multi-
physics simulation of the spot welding process and the resulting microstructural evolution of
materials, a novel spot weld element (SWE) approach capable of handling various deformation
and fracture modes, the effects of microstructural and strength variations in spot welds of AHSS
and other lightweight materials, and the deformation rates and loading modes encountered in
vehicle crash.

A three-prong approach has been adopted in the development of the new spot weld modeling
approach:

e Aintegrated electrical-thermal-mechanical-metallurgical resistance spot weld process model
to generate the weld geometry, microstructure and residual stress results needed by SWE,

e A new spot weld element (SWE) and associated constitutive models for its robustness in
crashworthiness CAE simulation, and with the complexity to incorporate weld geometry and
microstructure effects, and

e A companion weld characterization and impact test database for development and validation
of the new spot weld modeling approach.

In recognizing the complexity and the scope of efforts required to develop and mature this new
modeling methodology for the wide variety of AHSS currently used in auto-body structures, as
well as the use of AHSS and other lightweight materials in future multi-material vehicles, this
project was divided into two phases. Phase | was an initial concept feasibility effort to develop
and demonstrate the feasibility and potential of the SWE modeling approach for an initial set of
steels, weld configurations, and impact testing conditions. Phase Il is a comprehensive Technical
Feasibility R&D which will cover a wide range of materials, thickness ranges, weld configurations
and microstructures, to refine, improve, mature, validate and demonstrate the SWE methodology
for eventual implementation in CAE by the industry users.
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The project has successfully completed the Phase | development and has achieved the technical
goals for Phase | set forth by the A/SP, which co-sponsored the work. The successful Phase |
development has attracted strong support from the original equipment manufacturers (OEMs)
and steel suppliers. The integrated weld process model has been licensed and transferred to
industry. The SWE formulation and the Phase | results have been adopted and further refined by
the OEMs and industry consortia.

This report highlights the key developments accomplished in Phase | of the project. A
comprehensive Phase | Technical Report is available that details the approaches and findings of
the Phase | work.

Materials, Welding and Testing

Two steels, dual-phase AHSS DP780 steel (1.15-mm thick) and DQSK mild steel (1.0-mm
thick), were selected for the initial development in Phase I. DP780 was galvaneal-coated, and
DQSK was hot-dip galvanized. These steels were selected and provided by the A/SP Strain Rate
Characterization Committee.

For each of the steels, the welding schedule was varied to produce three different weld nugget
sizes acceptable to the industry specification to study the effects of weld size on the fracture
behavior of spot welds in impact testing. The welds in Phase | were made in a two-thickness (2-
T) stack-up of the same steel of the same thickness.

Detailed microstructural analyses were performed to characterize the microstructure and
microhardness gradients, as well as the weld defects (if any), in the weld and heat-affected
zone (HAZ) of the spot welds. The microstructure and microhardness results were used to
validate the weld process model for RSW. Figure 1 shows the appearance of the welds produced
under different welding conditions.

DP780 maximum nugget size DQSK maximum nugget size

Figure 1. Weld nugget appearance of DP780 and DQSK welds.
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Both dynamic and static testing of the spot welds, in lap-shear, cross-tension, and mixed
torsion/tension loading configurations, were performed at four loading velocities: quasi-static,
2.6 m/s (5.8 mph), 3.6 m/s (8.1mph), and 5.8 m/s (12.5 mph). The tests were carried out at
University of South Carolina. A drop tower impact test machine was used for the impact tests.
The fracture modes and peak loads to failure of all spot welds were analyzed. A web-based
project portal and database were developed that allowed the industry members to access the
project results. Dependency of the spot weld failure mode and peak load on weld size, loading
mode, and loading rate were observed.

These data were used to validate the SWE modeling approach. Selected testing results are
provided in Figure 2.
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Figure 2. Effect of weld nugget size and impact speed on the fracture strength of spot welds. CT: cross-tension load,
LS: lap-shear load. The fracture strength under different impact speed is normalized to the static strength of the
same weld condition.

Integrated RSW Process Model

The SWE requires detailed microstructure and property information in the weld region to properly
formulate the constitutive equations. An integrated electrical-thermal-mechanical-metallurgical
welding process model for electric resistance spot welding was used in this project, to predict
the microstructure and property gradient in the spot weld and the adjacent region. It is based
on the early work with further refinement of the microstructural model for AHSS.

The integrated electrical-thermal-mechanical-metallurgical RSW process model predicts the weld
size, microstructure and residual stresses in a spot weld based on the following user inputs:

e Steel chemistries and base metal microstructure
e Surface coating

e Sheet stack-ups

e Welding conditions (current and electrode force)
e Electrode geometry

A key feature of this integrated weld process model is that it predicts the microstructure evolution
based on the calculations of the thermodynamics and kinetics of steel phase transformation
processes. There is no need to experimentally measure the continuous cooling transformation
(CCT) curves for given steel, an impossible task for all possible thermal cycles experienced in
different locations of the weld and HAZ of a spot weld.

The integrated RSW process model was applied to the two steels and different welding
conditions in Phase |. The simulation results compared well with the measurement results
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of weld microstructure and microhardness distributions. Figure 3 shows the predicted weld
nugget, volume fraction of different phases, and the resultant microhardness distributions in a
DQSK spot weld. The weld nugget region exhibits a complex distribution of martensite, bainite
and ferrite. The comparison of microhardness distribution of both DQSK and DP780 steels are
presented in Figure 4. For each steel, the prediction is in the top contour plot, whereas the
measurement results are given in the middle contour plot and also the bottom line plot along
the middle thickness of the steel sheet.

Figure 3. Predicted weld nugget as represented by the peak temperature in red color (top), volume fractions of
different phases (middle), and microhardness distribution (bottom) in a DQSK spot weld.
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Figure 4. Microhardness distribution. (a) DQSK, (b) DF780.

Development of Spot Weld Element

Spot welds in finite-element modeling (FEM) impact simulations are usually modeled with two
sub-models; a kinematics model of the joint and the associated constitutive model describing
the material-related response of the joint. Currently, the kinematics of the joint is primarily
modeled as point-to-point connection by means of flexible or rigid (i.e. constrained) line finite
elements. The line connection restricts the constitutive spot weld models to force-based laws.
This in turn requires extensive experiments to determine the model parameters for different
RSW configurations (nugget size or steel chemistry, for example). One of the principal problems
with beam-based kinematics models in AHSS spot welds is that the stress and strain distributions
in the weld area are not accurately represented. For RSW in conventional steel structures, the
dominant failure mode is the button pullout and the inadequate calculation of the shear stress
may not be a major concern in impact simulation of vehicles. However, for AHSS RSW, accurate
determination of the shear stress may be critical because of the occurrence of the interfacial
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failure or mixed interfacial plus pullout failure mode. In addition, the multiple failure modes
and the changes in failure modes under different loading conditions require development of
more versatile failure criteria based on the fracture and damage mechanics principles than the
resultant force-based ones. From the structural stiffness perspective, the bar and beam models
typically yield acceptable accuracy under tension, out-of-plane torsion and bending loads.
For in-plane torsion and shear, the stiffness values are highly inaccurate. The brittle fracture
associated with the interfacial failure of the spot weld is more likely during impact where plastic
deformation of the base material may be constrained by large elastic stress field. Compared to
a gradual increase in hardness in the HAZ in mild steel RSWs, the AHSS exhibit sharp hardness
change that adds to brittleness and notch sensitivity of the joint.

The SWE formulation developed in this project allows for more accurate representation of the
stress distribution in the weld zone that is computationally feasible for crash simulations. The
recent RSW models based on solid elements inserted between shell elements of the sheet
material have shown much better accuracy than the line-based elements. We have extended
that approach to the model configurations illustrated below in Figure 5. The schemes depict
through-thickness direction of the spot weld.

_ Model 1 Shell

——= [soia} 1
f 1 —33

® Shell node O Solid node
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© Shell node @ Solid shell node O Solid node

Figure 5. Configuration of the spot weld model in the through-thickness direction. Model 1 has shell elements in
the HAZ and the plate whereas Model 2 used 8-node solid shell for the HAZ. The middle figure shows the coupling
between the 4-node shell and solid.

The models have compatible connection between the plate (shell) and the nugget (solid) regions.
The principal difficulty is the element meshing of the region, but with the current computational
design tools such connections should be easily manageable. Additional simplification of the
connection comes from the fact that the inner region of the spot weld is relatively stress
free compared to its periphery. Accordingly, the inner region of the weld can be replaced
by computationally inexpensive rigid elements, or equivalently, kinematic constraints. The
constraints computationally stabilize the solid elements in the deformable region of the spot
weld and provide additional mass that can be used for computational speed-up of the region
using mass time scaling.



Possible failure regions in the new spot weld connection are shown in Figure 6. The stress-strain
values in those regions can be used to evaluate various fracture criteria that would initiate
failure of the spot weld. In Phase |, a simple failure criterion based on equivalent strain to failure
was used. The material properties in the weld region were based on the hardness measurements
and simulations. Base material properties were scaled with the simulated/measured hardness
coefficient and equivalent strain to failure was reduced accordingly. This constitutes a very
simplistic model that will need to be refined by more accurate criteria in the future.
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Figure 6. Failure zones in the spot weld model.

Lap-Shear Specimen Simulations

The standard lap-shear specimen geometry was simulated, with detailed FEM discretization
shown in Figure 7. Figure 8 shows the simulation side view of the spot weld region of the
lap-shear test with small nugget diameter. The figure shows configurations before and after
the failure. The failure of the spot weld in simulation and experiments was along the interface
between the two connected sheets.

Figure 7. Lap-shear specimen model. Detailed FEM mesh.
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Figure 8. Lap shear test simulation for small spot weld nugget diameter (4.3 mm). DP780 steel.

Comparison of the force-displacement data from simulation and the quasi-static test is shown
in Figure 9. The resulting force comparison is very close given the experimental scatter and the
simplicity of the failure model. The simulation for large spot weld diameter in lap shear test is

shown in Figure 10. The simulation in Figure 11 is again reasonably close to the experimentally
measured force and stiffness of the assembly.

14
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Figure 9. Comparison of the resulting force for experiments and simulations for DP780 steel, small spot weld diameter
(4.3 mm).

Figure 10. Lap shear test simulation for large spot weld diameter (5.9 mm).
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Figure 11. Comparison of the resulting force for experiments and simulations for DP780 steel, large spot weld
diameter (5.9 mm).



The spot weld model accurately recovers geometry effect based on intrinsic material properties
and a very simple failure condition, without a need for accounting of any extrinsic joint properties
such as nugget diameter.

Cross-Tension simulations

Model geometry configuration for the cross-tension test is shown in Figure 12. The clamped
boundary conditions are imposed on the nodes emerging from the fixture.

Simulation of the cross-tension test of DP780 steel with large nugget diameter (D=5.9 mm) is
shown in Figure 13.

Figure 12. Geometry configuration of the cross-tension specimen. Detailed FEM discretization.

Figure 13. Cross-tension specimen deformation before and after the joint failure. DP780 steel, large spot weld
diameter (5.9 mm).

When the model is compared with impact experiments, Figure 14, a relatively large scatter of the
results can be noted. The origin of this disparity may be in incomplete clamping in experiments,
as the post-test specimen analysis showed traces of slipping in the clamps.
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Figure 14. Comparison of the model with experiments for quasi-static and impact tests. DP780 steel, large spot weld
diameter (5.9mm).

The origin of stiffer behavior may also be in the size of the shell elements in the HAZ zone. The
elements in that zone are responsible for the overall failure. The actual strain localization zone
is very small and we need to scale the plastic strain to failure with respect to the size of the
finite elements in order to conserve the energy to failure. Normalization procedures and viscous
regularization based on strain rate effects can be employed for this purpose. Overall, maximum
force in the simulation corresponds very well to the tests.

Conclusions

Phase | (concept feasibility) of the project successfully carried out the initial development of
the Spot Weld Element (SWE) modeling framework and demonstration of the effectiveness of
such a modeling approach. Specifically,

e The initial version of SWE has been developed with the following capabilities:
1. Capable of handling weld geometry and weld property gradient, and

2. Capable of predicting different fracture modes and fracture load limit experimentally
observed in impact tests.

e The initial version of integrated electrical-thermal-mechanical-metallurgical resistance spot
weld model has been developed with the following capabilities:

1. Capable of predicting weld geometry, microstructure and microhardness distributions,
and

2. Friendly user input interface for welding parameters, sheet thickness and steel chemistry.

e Baseline spot weld impact test data on DP780 and DQSK steels have been collected and
analyzed to characterize the effects of impact speeds and loading modes, and

e A web-based database has been set-up for user-friendly interactive data analysis and
retrieval.
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Objective

e The overall objective of this project is to develop friction stir spot welding (FSSW) as a
superior method to join Advanced High Strength Steels (AHSS).

e Specific objectives of Phase 1 activities were to address the critical questions of whether
there are tool materials available that have potential for reasonable life, and whether FSSWs
made in AHSS are feasible and can develop similar or better mechanical performance than
welds made by conventional processes like resistance spot welding (RSW).

e Specific objectives of Phase 2 activities were to increase joint strengths and minimize welding
cycle times through systematic investigations into weld process parameters, and to further
examine the effects of tool designs and tool materials on joint properties and processing
requirements.

Approach

e The projectis collaboration between ORNL and PNNL, and includes a committee of consultants
from Chrysler Group LLC, Ford Motor Company, General Motors Company (GM), several steel
manufacturers and a friction stir tool manufacturer.
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Lap-joints were made and used to correlate tensile-shear strength with processing parameters
and microstructures.

Milestones, Metrics and Accomplishments

Hundreds (> 600) of friction stir spot welds were made on uncoated dual-phase sheet
steel with nominal tensile strength of 780 MPa (DP780), galvannealed DP780 (DP780GA),
and uncoated hot-stamp boron steel (HSB steel, or HSBS) using a wide range of welding
conditions.

Strength data were accumulated on the effects of weld time, tool rotation speed, and
tool shape on weld appearance, bonding, fracture, microstructures, properties, and process
loads.

Mechanical testing of Phase 1 lap shear coupons in DP780 and HSBS indicated that while
overall strengths for certain weld parameters were in the range of acceptable values defined
by the American Welding Society (AWS) Specification for RSW of steel, the specific strength
of nearly any condition exceeded the minimum stress condition.

Mechanical testing of friction stir spot welds made with Phase 2 tools produced dramatic
increases in lap-shear strength when compared to the results from welds produced with
Phase 1 tools.

For weld times of 4 seconds, the maximum lap-shear tensile strengths measured were 17 kN
for DP780, 22 kN for galvannealed DP780, and 16 kN for hot-stamp boron steel. All of these
values exceeded minimums specified in the AWS Specification for RSW.

Lap-shear strengths tended to increase with removal of mill finishes indicating that surface
conditions of the sheets influenced mechanical properties and bonding.

For otherwise identical welding conditions, increasing tool rotation speed from 800 to 1600
revolutions per minute (rpm) increased strength values for spot welds made with DP780
and DP780GA. Using a 2-step schedule rather than a 1-step schedule had a similar effect.
Metallographic examinations indicated this was related to increased bonded area.

Stir tools of six different tool materials were made and evaluated. These materials were
tungsten 25% rhenium alloy, polycrystalline boron nitride (PCBN), silicon nitride, titanium
diboride, tungsten carbide-cobalt, and a cermet made of complex carbides bonded by a
refractory metal alloy.

PCBN demonstrated the most promise as a stir tool. Wear rates in PCBN tools were very low,
although the overall durability, availability and cost are concerns for widespread commercial
applicability.

Results also confirmed that tool shape has a significant influence on lap-shear strength.

Future Direction

The primary objective of the continuing project is to evaluate friction stir spot welding (FSSW)
on steels strengthened by transformation-induced plasticity (TRIP steels), and any others
for which cost-effective joining solutions are not already available as identified by industry
representatives. Compared to previous work, the overall approach will involve:

More comprehensive characterization of mechanical behavior including fatigue strength,
T-peel strength, cross-tension strength, possibly impact behavior, and metallurgical
examinations
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e |dentification and characterization of liquid metal embrittlement phenomena
e (Concentrated evaluation of candidate materials for friction stir tools

¢ |Interaction with equipment suppliers to so that their constraints help guide decisions about
welding parameters and tooling.

Introduction

The technology for implementing Friction Stir Spot Welding (FSSW) of aluminum in automotive
manufacturing environments exists. C-gun-type FSSW heads have been developed and adapted
to robotic systems that are now commercially available for FSSW of aluminum alloys. This
project addresses the questions of whether the FSSW process is viable for joining Advanced
High Strength Steels (AHSS) and whether FSSW has advantages over conventional processes
like resistance spot welding (RSW). Preliminary work on FSSW of AHSS suggested that several
features of the process (fine grained microstructure in the nuggets of AHSS, potentially higher
strength joints, higher energy absorption in crash, low energy consumption and environmental
emission reduction during manufacturing) may give FSSW cost and energy saving advantages
over RSW. In addition, the process may be viable for high-strength, lightweighting alloys that
currently have joining problems using conventional techniques (DP1000, martensitic steels such
as hot-stamp boron steels, etc.).

Important questions remain about effective, economical application of FSSW to certain AHSS
alloys like TRIP steels. Critical questions being addressed in this continuing work include:

e More comprehensive characterization of mechanical behavior including fatigue strength,
T-peel strength, cross-tension strength, possibly impact behavior, and metallurgical
examinations.

¢ |dentification and characterization of liquid metal embrittlement phenomena.

e Development of a consensus approach for comparing FSSW joints to those made by other
processes such as resistance spot welding, clinching, and adhesive bonding.

e (Concentrated evaluation of candidate materials for friction stir tools.

¢ |Interaction with equipment suppliers to so that their constraints help guide decisions about
welding parameters and tooling.

If the effectiveness of FSSW for joining AHSS is established, this could accelerate the insertion
of these high-strength lightweighting alloys into automotive body construction to help meet
FreedomCAR goals.

Approach

The primary objective of this project is to characterize the responses of advanced high-strength
steels to FSSW. The project was organized into two phases. Phase 1 activities addressed
the critical questions of whether there are tool materials available that have the potential
for reasonable life and whether FSSWs made in high strength steels could develop strengths
comparable to those made by conventional processes like RSW. Phase 2 emphasized some
of the factors crucial to industrial implementation of FSSW, concentrating on issues of weld
cycle time, tool durability, process robustness and repeatability. The Phase 1 results combined
with the initial work under Phase 2 highlighted two important challenges: the need for robust
economical tool materials, and the complexities of developing welding parameters capable of
consistently producing high joint strengths.
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Presently, PCBN is the most durable, effective material from which to make stir tools for welding
of steels. PCBN is relatively expensive. It is also difficult to machine into the needed shapes, and
it is not widely available for purchase. These characteristics significantly complicate modifying
tool designs, but such modification is a critical element of maximizing joint strengths. In
addition, the intrinsic durability of PCBN is not well characterized. There is considerable interest
in identifying and evaluating alternatives to PCBN, particularly any that would reduce tool costs
and improve durability.

Relative to the second set of challenges, joint strengths are being obtained that compare
favorably with minimum values specified in industry standards for spot welds such as AWS D8.1M.
However, the consistency of obtaining these strength levels must be improved. In addition,
welding times must be minimized. These conditions can be met by increasing the bonded area
of FSSWs. Clearly, both sets of issues, those related to tooling and those related to joint
strength, are themselves interrelated. Besides addressing the issues discussed above, Phase
2 encompassed evaluating joint microstructures and mechanical properties, and establishing a
framework of a design database for spot friction welded structures.

The project is a 50/50 collaboration between Oak Ridge National Laboratory (ORNL) and Pacific
Northwest National Laboratory (PNNL). Additionally, it includes a panel of consultants including
representatives from Chrysler, Ford, and GM, and at various other times, representatives of
ArcelorMittal, Gestamp US Hardtech, Inc., and MegaStir.

Experimental Details and Results

Materials and Experimental Details

The bulk of this work was done using two uncoated high-strength steels: the dual-phased steel,
DP780, and a hot-stamp boron steel (HSBS), (sourced from a Swedish supplier, the parent of US
Hardtech). The DP780 is 1.5-mm-thick sheet; the thickness of the HSB steel is 1.4 mm. More
recently, a lot of galvannealed DP780 (U.S. Steel) was included in the program. The nominal
thickness of this sheet was also 1.5 mm. The suffix, GA, is added to specifically identify this
steel and results obtained with it. In very recent times, some exploratory welds were made on
TRIP steel provided by GM.

Most of the FSSW done during Phase 1 and Phase 2 was with PCBN tools. However, during Phase
2, several new tool materials were evaluated including, silicon nitride (SizN,4), titanium diboride
(TiB2) and new tungsten-based cermet alloys. The SizN, is still currently under investigation as
a lower cost alternative to PCBN.

All spot welds are made in displacement-control mode by varying the parameters of tool plunge
depth and tool plunging rate. In addition to these control parameters, a number of other process
variables are typically recorded for each weld including weld time, spindle torque, normal force,
and temperature on the back side of the two-sheet stack-ups. This additional information is
archived for future use and analysis.

Joint strengthis evaluated by tension testing lap joints to determine their shear-tension strengths.
Strengths are correlated with processing parameters and microstructures. Microhardness
mapping is also being used to assess the characteristics and properties of the joints.
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Joint Strength Testing

Several sets of welds were made for additional testing. An offer was received from Ford Scientific
Research Laboratories to conduct fatigue tests of FSSWs made on this project. One set of 15
welds each was supplied for DP780 and the HSB steel. All of the welds were made with the
BN46 tool using, the 2-step procedure, and 1600 rpm. These are the conditions that produced
the highest lap-shear strengths. Unfortunately, the Ford staff who offered to run these tests
was terminated in a round of downsizing. The specimen could not be recovered, so these tests
were not completed.

A similar welding strategy was used to make specimens for initial cross-weld tension testing
and the DP780GA steel was also included. Welds were also made with the BN77 tool. Five welds
were made for each tool/steel combination and the results are shown in Table 1.

Table 1. Results of initial cross-tension testing (5 specimens for each combination).

Steel-Tool Max. load, | Std. Dev.,
kN kN
DP780-BN77 4.34 0.21
DP780-BN46 343 0.47
DP780GA-BN77 | 4.73 0.64
DP780GA-BN46 | 2.15 0.16
HSBS-BN77 4.17 0.81
HSBS-BN46 1.98 0.24

The cross tension strengths were not conclusively related to base metal strength, but may be
used as an indication of weld strength. The AWS standard D8.1 recommends a minimum cross
tension strength of 3 kN for material that is nominally 1.5 mm thick. The data presented in
Table 1 indicate that all the welds made with the BN77 tool exceeded 3 kN. They also had higher
strengths than those made with the BN46 tool. This is the reverse of the results found during
lap-shear tension testing.

Impact of Tooling Costs on Process Economics

Working through our industry collaborators enabled the FSSW process costs to be compared to
those of RSW. The analysis was based on the following welding details:

e Comparison was based on an existing component requiring 46 spot welds to build.

e Welding involved 3 pedestal welding stations making 23 welds, and 3 robotic stations making
23 welds.

¢ Annual production volume was 320,000 requiring a total of 14,720,000 welds/year.

e Production rate was 85 components/hour.

¢ Assumed energy consumption was 2.1 W-h/weld for FSSW and 3.9 W-h/weld for RSW.
e The same teardown criteria were used for both processes.

There was no assumption of existing equipment, so both installations were completely new. This
resulted in equipment costs for FSSW being about 10% lower than those for RSW. Additionally,
utility costs for FSSW were assumed to be only about 30% of those required for RSW. Most
other costs such as those of floor space charges, utility infrastructure, direct and indirect labor,
and inspection were similar for the two processes. Costs for maintenance and downtime were
dependent on welding tip/tool life. These were the major cost differences for the two processes.
For RSW, the cost of welding electrodes was assumed to be $0.65/tip, and the assumed tip
life was 5000 welds. For FSSW, stir tools were assumed to cost $100, $300, $500, or $2,000.
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Collectively, these assumptions were then used to estimate the variation of process costs with
stir tool life. A premium in cost was found for FSSW and this is illustrated graphically in Figure 1.

Costltip
O 8500
3 ® $300
< $100

ACost for FSSW, M$

2 3 4567 " 2 3 4567 2 3 4
Welds/Stir tool

Figure 1. Variations of cost of FSSW relative to RSW depending on stir tool cost and life.

This analysis indicates that at $100/tool, stir tools would need to survive for about 26,000
welds to be cost neutral relative to RSW. Higher stir tool costs demand significantly higher
lives to meet the same criterion. The cost of tools being used in current experimental work is
$2,500-3,000. No systematic evaluation of tool durability has been done yet, but experience
on this project suggests that PCBN tool life is likely to be on the order of 500-1,000 welds.
Consequently, reducing the cost of tooling appears to be a significant challenge if FSSW is
to compete directly with RSW. Alternatively, at current tool prices there must be compelling
technical reasons to use FSSW rather than RSW.

Initial Evaluation of FSSW of TRIP Steel

Several series of spot welds were made using a 1.5-mm-thick TRIP steel provided by GM. The
steel was reported to be uncoated. The stir tools used for these welds included existing designs
of PCBN as well as newly acquired tools manufactured from Si3N4. As for previous evaluations,
welds were made using both 1-step and 2-step procedures, and tool rotation speeds of 800
and 1600 rpm. The welding time was fixed at 4 s so that strength results could be compared

with existing datasets. The various welding details and lap-shear strength results are presented
in Table 2.

Table 2. Initial results for FSSW of uncoated TRIP steel.

Tooling | rpm Steps | kN
BN97 800 1 9.7
1600 1 11.3
1600 2 15.1
BN46 1600 1 8.1
1600 2 12.5
SN77 1600 1 6.14
SN97 1600 2 5.3

A total of five spot welds were made for each condition. Four of the welds were tested for lap-
shear strength and one was reserved for metallographic analysis. The strength values in Table 2
represent averages for the 4 specimens. The BN tools are made of PCBN; the SN tools are made
of Si3N,4. This TRIP steel had a nominal strength of 780 MPa; thus, the BN97 welds at 1600 rpm
and the two step BN46 welds exceeded AWS D8.1 minimum values.
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Conclusions

1.

Sets of 15 welds each were made with the HSB steel and DP780 using a 2-step welding
schedule and the BN46 tool. These were provided to the Ford Scientific Research Laboratory
for fatigue testing.

. Cross tension testing indicated that welds made with the BN77 tool had higher strengths

than welds made with the BN46 tool.

. An economic analysis suggested that either stir tool prices must reduce significantly or tool

life must increase significantly for FSSW to be cost-competitive with RSW for automobile
assembly operations.

Initial testing of FSSWs made with an uncoated TRIP780 steel indicate they are capable of
exceeding minimum values required of resistance spot welds.
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Objective

e Establish the applied technical understanding necessary to produce robust joints between
magnesium alloys and steel using solid state joining, friction stir welding (FSW) and ultrasonics.

e Develop the fundamental relationships influencing bond formation in metallurgical, mechanical
and chemical forms created during FSW and ultrasonic welding (USW) solid state processes.
Ascertain their responses to changing alloys, product forms and surface conditions as they
affect creation of structural joints between magnesium and steel.

e Determine the effect of FSW and ultrasonic joining on corrosion protection coatings and
characterize the corrosion performance of joined assemblies.

Approach

e Systematically evaluate the application of friction stir and ultrasonic processes to welding of
magnesium to steel. Develop an improved understanding of the interaction of each unique
energy source with appropriate alloy/product form combinations as agreed upon by our
industrial advisors.

¢ Investigate the fundamental aspects of bond formation (metallurgical 