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Automotive Application and Forming Problems
for New Sheet Materials*

Christopher L. MAGEE**

Synopsis:

The overall obstacles to lightweight sheet metals application in vehicles are briefly reviewed in this
paper with particular emphasis on sheet metal forming problems. Results of a survey indicate that
sheet forming is the largest barrier to further high strength steel application; however, for sheet alu-
minum, cost and welding difficulties are as significant obstacles as the important sheet forming probl-
ems. Reduced stretchability and sharp radii sensitivity for both classes of materials are the major li-
mitations and these cause a wide variety of independent failure medes in sheet forming.

The overall advantages of the application of these materials are very briefly reviewed. Four areas
of progress towards overcoming the forming problems are discussed: (1) materials characterization, (2)
improved procedures and guidelines, (3) new forming processes or approaches, and (4) improved ma-
terials. Progress in all areas has been highly useful in achieving increased application of the new li-
ghtweight sheet metals and the continued importance of new approaches (or processes) to sheet form-
ing is highly likely. Such progress will be essential to the continued realization of the significant
benefit of lightweight sheet metal utilization in vehicles: cost-effective decreases in fuel consumption.

© 1982 ISIJ

I. Introduction

This paper is concerned with materials for weight
reduction transportation vehicles.
There is a considerable history of achieving weight
reduction in automobiles by material substitution
as vehicle weight has always been an automotive
design criterion. The application of heat treated
higher strength steels in suspension components
for weight saving (and space saving) dates to
the earliest days of chassis development. Indeed,
use of such steels was a key ingredient in the ad-
vances made in the original Model T. Auto-
motive usage of aluminum dates from the 1920,
whereas plastics in vehicles for weight reduction

in private

is a more recent phenomena. The present paper
discusses the intense activity in lightweight sheet
metal for the last decade.
new drive for weight reductionV? resulted from
the weight increases due to increasing size, power
requirements and by emission and safety stand-
ards.
energy prices (fuel economy increases desired) to
make U. S. interest in weight reduction partic—

The beginning of the

All of these factors converged with rising

ularly intense in the last five years.
This paper covers two categories of lightweight
materials: high strength sheet steels (HSS) and

sheet aluminum products. The chief fabrication

processes involved with manufacturing vehicles
from these materials are sheet stamping and spot
welding. The major distinguishing characteristic
of the activity since 1970 (relative to earlier HSS)
has been its focus on decreasing the weight of
stamped and spot welded structures. Qur knowl-
edge of these fabrication processes has had to
expand to new malerial classes being developed
and supplied for weight reduction.

Table 1 summarizes for HSS some of the key
technological dates.
in 1972 and there has been consistent progress

The earliest applications were

applying these materials in new components into
the current period. Some of the key develop—
ments in HSS were: (1) the development of cold

Table 1. Highlights of high strength steel sheet
application to U.S. vehicles.

1969 Hot rolled, controlled-cooled HSLA developed
1972 Application to engine mounts
1973 Inclusion shape controlled materials introduced
1974 Bumper reinforcements (50 ksi)
Side-door beams
1975 Cold rolled high strength sheet steels developed
1976  Bumper facebars (50 ksi)
Side-door beams (140 ksi-roll formed)
Exterior panels (40 ksi)
1978 Application to body structural parts (40 ksi)
Wheels, suspension arms (80ksi)
Frame members (50ksi)
Dual-phase steels emerge
1979 Coated cold rolled high strength steel
1980 Redesigned structural applications (80ksi)
1984-8 Vehicle wide optimal application (60 to 140 ksi)
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Table 2. Highlights of modern sheet aluminum
application to U.S. vehicles.

1971 AU2G introduced in France
1972 2036 introduced
1973 2036 applied to load floor
5182 hood inner
6061 extruded bumper reinforcements
1974 7616 bright anodized bumpers
1976 6009/6010 introduced
1977 7029 bumpers
2036 outer hoods and decklids
air cleaners, heat shields, fuel filler pipes
1978 6009/6010 truck bodies
1979 Stamped aluminum wheel, seats
1981 2038 introduced
Stamped suspension components
1984-9 Structural body parts ?
High aluminum content vehicles?

rolled high strength steels, (2) the improvement
of formability in the materials—particularly the
evolution of dual phase steels— and (3) the wider
availability of high strength and coated products.
The remaining challenge is yet very difficult as it
achievement of weight
reduction by application of the high
materials throughout the vehicle.

will involve the optimal
strength

Table 2 shows some key technological dates
for the modern efforts in sheet aluminum alloys.
The development of materials with some im-
provement in spot welding (the AU2G and 2036
alloys) marked the beginning of modern sheet
aluminum application. In this evolution, we also
note the general spread of the various materials
The
application of these materials thus far has been
much more limited in volume than HSS and

into different components of the vehicle.

indeed, the achievement of high volume aluminum
sheet application has been retarded by competi-
tion with the high strength sheet steels. The key
problem involves developing sheet aluminum ap-
plications whose weight reduction is significant
enough to warrant the attendant cost penalty?.

The problems concerned with these evolving
sheet metal technologies are many, particularly
if we consider the varieties of materials and ap—
In Section II, I
will first consider the overall obstacles to appli-
cation of each class of material and then specifi-

plications that are involved.

cally discuss problems in the forming area in more
detail.
the progress that has been made in overcoming
the forming obstacles before considering the ad-

In Section III, I will review some of

vantages and overall progress in Section IV. It
should be noted at the outset that all of the ap—
plications of the new materials have required some

adaptation either in the design, manufacture or
in the materials themselves. These adaptations
or solutions can sometimes themselves introduce
additional problems and so may offer less than

satisfactory solutions.

II., Obstacles to Sheet Aluminum and HSS
Applications

A. OQOverall Problems

Much has been said and written about prob-—
lems that can and have been encountered with
Dif-
ferent experts give different assessments of their

automotive application of these materials.

relative importance. Thus, to obtain a broader
view of U. S. experience, a questionnaire was
distributed at the April, 1981 ADDRG meeting.
Some findings are shown in Appendix I in the
The
numbers in the personal information section show

general form of the original questionnaire.

the distribution of people responding (82 total)
and the numbers in the ranking columns (Ques-
tions 1-5) average the answers for each ques—
tion. The numbers in parentheses behind each
ranking show the number of respondents to each
item.,

The perceived restraints to application for each
class of materials were addressed in question 1.
For the high strength sheet steels, the chief ob—
stacle is forming since it polled the highest average
severity ranking. In addition,
overall manufacturing knowledge, overall design
knowledge, and dissemination of knowledge also
are seen as important roadblocks. The obstacles
for application of sheet aluminum were similarly

reproducibility,

perceived— as listed in the aluminum column in
question 1. Perhaps not surprisingly, however,
cost and welding of sheet aluminum emerge as
even more significant obstacles than forming.
B. Forming Problems
Questions 4 and 5 in the survey pursued the
Question 5 addressed

the failure modes and forming process problems

formability aspects further.
important for the sheet metals. For high strength
steels, production experience indicates an impor—
tant range of failure modes. In particular, edge
cracking, fracture during hole expansion, stretch
failures, excessive springback and wrinkling pre—
dominate as failure modes. One of the most im—
portant findings of the survey is the wide variety
of somewhat independent difficulties that arise with
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forming these higher strength, less ductile materials.

For sheet aluminum, production experience in—
dicates the prevalence of most of the problems
that are found for the high strength sheet steels
(with the exception of difficulty in hole expansion
possibly because certain parts have not been tried).
In addition, excessive galling and choice of lu—
bricant are also cited as processing constraints
in the application of sheet aluminum. Again, it
can be noted that the forming problems involve
a variety of independent failure modes.

The forming problems were addressed in ques—
tion 4 from the point of view of matcrial prop—
erties, Properties which caused the most dif-
ficuly in application of these materials were judged
to be lack of stretchability, and sharp radii sen-
sitivity for both classes of materials. Other rank—
ing of material properties were similar for the
two classes of materials with the anticipated dif-
ference due to the decreased rate sensitivity of
sheet aluminum.

The combination of ranking emerging from. these
two questions and experience in the application
of these materials make it clear that the reduced
elongation and/or higher strength introduce a va—
riety of significant forming problems. In the fol-
lowing section, therefore, I will briefly discuss
some of the progress that has been made in ad-
dressing these problems.

III. Progress in Forming Lightweight Sheet
Metal

In view of the complexity of metal forming
and the wide variety of new materials, it is not
surprising that progress has been relatively slow.
Nonetheless, our ability to successfully form parts
from these materials has increased significantly
over the past decade.
sulted from experience and development in a num-
ber of areas; thus, we will discuss four of the sig—

The advances have re—

nificant areas in this section.

A. Materials Characterization

In the early stages of application of these new
sheet materials, little was known about their form—
ing characteristics, aside from tensile properties.
Information about most of the materials is still
incomplete; moreover, there is not general agree—
ment on what kinds of information are most es—
sential. However, many of the materials have
now been characterized by forming limit dia—
grams, limiting dome height measurements, bend

radii measurement and a variety of other ex—
perimental techniques. I will not attempt in this
paper to review the variety of material measure—
ments that have been made, but instead, sum-—
marize some significant recent results.

In many stretch—forming measurements (see fig—
ure 1), there is not a great difference among the
various sheet aluminum alloys being applied. On
the other hand (figures 2 and 3), there are sig-
nificant differences among the varieties of high
strength steels being evaluated (particularly if we
consider the low ductility recovery annealed steels).
This is in large part due to the much greater
range of strength being utilized within the class
of high strength sheet steels. Thus, much care
must be exercised when attempting to discuss HSS

as a class of materials.
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Fig. 5. Comparison of springback for several HSS
sheet materials at a die gap to material thickness
of 1.05 as a function of material thickness to die
radius after Davies.

Recent measurements of the forming limits in
complex forming operations have provided infor—

mation such as those shown in figures 1 and 3
from Demeri’s work®. In addition, measurements
of edge cracking sensitivity has now been perform—
ed on a wider number of high strength steels by
Davies®, figure 4. Inclusion shape control and
strength level have significant influence on hole
expansion capability. Measurements of springback
for a wide variety of HSS have also been reported
by Davies? and some results are given in figure
5.

The importance of an improved level of know—
ledge of material formability cannot be over—
emphasized. As more experimental results be—

- come available and as recognition of the inde—

pendent failure modes grows, it has become pos—
sible to rationally utilize such data in practical
metal forming. Indeed, such measurements have
formed an important basis for developing guide-
lines for the forming of these materials.

B. Forming Guidelines and Improved Proce—

dures '

A variety of lessons that have been learned
from die trials have been reduced to initial guide—
For both and high
strength sheet steels!® there are now simplified

lines. sheet aluminum®?®
guidelines on die radii, wall angles, extruded hole
height, bend radii, and other forming parameters,
In addition, there have been attempts to reduce
simple material property measurements (as re—
viewed in Subsection A above) into simplified
design guidelines. These guidelines are proving
to be extremely useful in the orderly application
of the high strength sheet metals and the efforts
to systematize the body of information is moving
ahead.

In addition to the evolution of new experience-
based guidelines, there has been a simultaneous
development of new methods for forming and die
design. Significantly, the introduction of com-
puter-aided die design and the application of
computer graphics to the process of binder de-
velopment has occurred simultaneously with the-
evolution of the new sheet materials!V. In many
cases, these new techniques have made possible
the introduction of the lightweight sheet metal
technology in a more productive fashion. The
ability to geometrically visualize the interaction
of material, die and punch has been an important
asset in the more rapid assimilation of experience
to later production. Ongoing research and new
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analytical procedures for understanding the sheet
forming process also have been of help in the
application of the high strength sheet metals.
Nonetheless, the wide variety of materials and
the wide variety of failure modes that do occur
(without a complete physical explanation) mean
that the evolution of die design guidelines that
are not overly conservative continues to be a
slow process.

C. New Forming Processes and Approaches

Many approaches to avoid forming difficulties
introduce cost penalties since they sometimes ne-
cessitate larger blanks or more generous radii
which can add useless material or limit design
options. Thus, new process approaches that can
be adapted specifically to the inferior properties
of these materials can provide more cost-effective
solutions. There has been some progress along
these lines in the past ten years and a few cases
can be discussed further.

An example of a new forming process that has
achieved some widespread success in the appli-
cation of low elongation materials is the roll form—
ing process. This process now is being applied
to numerous side door beams in U. S. cars'®
and to some bumpers as well. Roll forming does
not involve significant stretching or excessive wrin—
kling and so offers a natural solution for materials
with low tensile elongation.

Hemming of outer sheet panels is often the
most effective joining process but strain localiza—
tion in aluminum has caused problems in practice.
A method for gradually introducing the hem and
avoiding cracking is shown in figure 69.

Draw—forming of larger outer panels involves
a complex technology that has evolved around
the properties of mild steel and is particularly
sensitive to reduced material properties. Form—
ing these panels with outstanding surface quality
by avoiding wrinkles and loose metal is more
difficult than is generally understood. Analysis
by Duncax and Birp'®) of the conventional proc—
ess for forming these panels indicates the severe
difficulties of forming acceptable panels in ma-
terials having reduced yield to tensile strength
ratio. This is an area in which new processes
and new approaches may be needed; “stretch—
forming’” represents one such new process. One
variation, shown in figure 7, involves turning the
normal forming process upside down so that the

7 “{"
247 251
VAN

21 DOWN FLANGE
RADIUS ESSENTIAL

DOWN FLANGE

10t
(M}

PREFORM__HEM 0°-45°
61 CURL RADIUS
PREVENTS SHARPENING AT
OOWN FLANGE RADIUS AND
SURFACE DISTORTION.

53

s7t
hﬁh [ RaDus: % .

//'FULL SUPPORT AT
3 ROPE SHAPE PREVENTS
i 25" FLATYENING AND CRACK-

ING.

FINAL _HEM %%3‘ \
I

T // ‘DL—;?

Fig. 6. New rope hem tool design?®.

ANANRRRRRAN

/ S/ y e
Final punch travel

Back

Section A-A Front

Fig. 7. Stretch stamping process after Wolff13),

binder pulls the sheet down over the punch. The
process makes it easier to avoid wrinkling and
to get adequate stretch across a panel in a ma-—
terial which cannot be stretched to large strains.
The technique should be applicable to high
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tion for the wide variety of available HSS sheet
demonstrating weight-reduction/formability trade-
off11),

strength sheet steels and sheet aluminum ma—
terials as well as to mild steel. In the case of
mild steel, the added tolerance of this process
is not necessary, but in the new less ductile ma—
terials it may well be.

D. Improved Materials

An important element of progress throughout
the application of these new sheet materials has
been the evolution of new materials. Tables 1
and 2 show some of the important materials
that have evolved during this period.

In high strength sheet steels, important de—
velopments have been the commercial availability
of cold rolled high strength steel and coated high
strength steels. However, the major breakthrough
in new material properties have occurred in the
cold rolled and continuously annealed products
first developed in' Japan!®6. The dual phase
steels show the possibility for significant increases
in forming at any given tensile strength (figure
8). In applications where tensile strength is the
proper design property, formability can be sig—
nificantly increased at a given weight reduction.
It is perhaps significant that the survey results
shown in Appendix I (question 2) do indicate
strong expectations that these materials will be
more important in the future.

A second aspect of continuously annealed ma-—
terials that may well be as important in over—

coming forming problems is the increased repro-

ducibility expected with these materials. Appen—
dix I, question 1, indicates the emphasis—partic—
ularly for high strength sheet steel-placed on ma-

terial reproducibility. Manufacturing personnel

particularly have been concerned with this prob—
lem.

Major developments in aluminum have involv—
ed alloys which are capable of bright anodizing,
and alloys with improved spot welding and re—
cyclability. Improved formability of sheet alloys
would be enhanced by increased resistance to edge
cracking and/or capability of stretch forming. Any
significant development along these lines would
have an important influence on the future ap-
plication of either class of materials.

IV. Advantages of Lightweight Materials

-— -—--Applications- - - - -

Obviously other factors in addition to formability
difficulties can limit the application of the light—
weight sheet metals. For each class of materials,
significant reviews of these factors have been pub-
lished®1®1"), Thus, the discussion. will be limited
to the applications and citation of some very
recent work in special areas. ‘

For each class of material, the key design prob—
lem has been to determine the degree of weight
reduction possible with the various materials in
all the different applications possible in vehicles.
Complete answers to this question clearly is not
in sight but improved knowledge has been con-
stantly emerging. Figure 9 shows the expected
weight reductions for high strength sheet steels
in energy absorption applications. Similar infor—
mation exists for durability of HSS and for sheet
aluminum in energy absorption and durability!?

applications.
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Fig. 9. The degree of possible weight reduction
as a function of tensile strength for HSS sheet.
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The application of results such as those shown
in figure 9 to actual vehicle structures is not simple,
however. One of the key areas that remains un—
der investigation is to understand the effect of
spot welds on the behavior of these materials when
used in vehicle structures. Recent work on the
energy absorption of spot welded high strength
steel tubes indicates some reduction in the degree
of weight savings possible in spot welded struc-
tures as compared to unwelded structures®®.

Such results have not been reported for the case
of sheet aluminum but earlier results® would
suggest that the possible weight reduction may
be even more diminished than for HSS.

For the durability of spot welded structures,
past results indicated (in certain loading modes)
a similarity in fatigue endurance of high strength
and mild steel spot welds. Recent work in this
area by Krause?®) has led to the results shown
in figure 10. These results indicate that for a
given amount of downgaging the same area of
spot weld is needed independent of the type of
steel sheet.

Other important areas not covered in the survey
given in Appendix I involve the quality control
and non—destructive evaluation of products made
There has been some
progress attendant with the new forming tests to
control the properties of incoming material. How-—
ever, it is clear that the entire evolution of ma-
terials specifications and quality control of these
materials 1s still in the early stages.

from these new materials.

V. Concluding Remarks

The weight reduc{tibn possible with these new
sheet materials in the overall vehicle are signifi-
cant. In the case of high strength sheet steels,
extensive application of high strength materials
throughout the vehicle might lead to vehicle weight
reductions approaching 10%. This could lead to
significant fuel consumption reductions® and if
the fabrication cost penalty can be kept minimal,
significant amounts of fuel can be saved at rel-
atively low total cost. Thus, continued progress
and evolution towards better understanding and
capability of handling these high strength sheet
materials in the manufacturing environment is of
For both HSS and aluminum, it
is also imperative that we continue to find ap-

great value,

plications in which the optimal weight reductions

are achievable. This is particularly important in

the case of aluminum because otherwise, the weight
savings may not be worth the cost penalty in terms
of the fuel that they save®. It is also clear that
the major roadblocks to future HSS application
involve sheet metal forming where new approaches
may offer some of the largest future gains.
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APPENDIX I

LIGHTWEIGHT MATERIALS SURVEY

Personal Information Check as Appropriate

36 Automotive 22 Steel
Type of Company/Division/ USER SUPPLIER OTHER 14
Institution 8 Non-Automotive _7_ Aluminum

Job Function: 59 Research

8 Product Engineering
1

0 Other

16 Manufacturing

QUESTIONS

no opinion or do not know
no significance

little significance
moderate significance

very important

among the most important
i.e. extremely significant

Answer Code:

b Ho
Worononon

1l

PLEASE TRY TO ANSWER ALL AREAS, BUT IF YOU FEEL YOUR BACKGROUND IS NOT APPROPRIATE,
USE ZEROS (0) LIBERALLY

L. What are the major roadblocks to further vehicle applications?

High Strength Wrought

Sheet Steels Aluminum
Cost 2.7 (66) 4.2 (62)
Forming 3.9 (73) 3.8 (63)
Welding 2.8 (63) 3.9 (55)
Availability 2.4 (66) 2.5 (56)
Finishing/Corrosion 2.9 (56) 2.5 (53)
Reproducibility 3.5 (64) 3.0 (51)
Complexity 3.0 (48) 3.1 (36)
Overall Manufacturing Knowledge 3.4 (60) 3.6 (52)
Rigidity 2.6 (56) 3.3 (55)
Crash 2.4 (56) 3.2 (50)
Denting 2.4 (59) 3.3 (55)
Durability 2.5 (58) 2.8 (52)
Overall Design Knowledge 3.6 (57) 3.6 (51)
Dissemination of Knowledge 3.3 (58) 3.3 (49)
Other 2.7 (03) 2.7 (03)

(Average Response) (No. of Respondents)

This questionnaire appeared with blanks and was given to 82 people (distributed as
shown in Personal Information Section). The average response and number of non-zero
responders is shown with each question.
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2. In your opinion/judgenent, which -of the materials classes are most important
(rank relative importance within each grouping not considering other materials)?
(5 is most important)

High Strength Steels

Now Future
Conventional 945 and below 3.7 (55) 3.1 (49)
HSLA 945 to 965 3.8 (55).3.8 (49)
965 and above 2.9 (54) 3.2 (50)
Dual-Phase 2.4 (53) 3.5 (54)
Recovery Anmealed 2.5 (53) 2. 3 (49)
Wrought Aluminum
Now Future
2000 series 3.2 (24) 3.0 (23)
5000 series 2.5 (22) 2.8 (21)
6000 series .0 (24) 3.3 (23)
7000 series 2.9 (23) 2.8 (22)

|
|

3. What applmcatlon areas are most significant for application of the lightweight
materials? (5 is most significant)

High Strength Steels Wrought Aluminum

Now Future Now Future

Quter Panels 2.8 (62) 3.4 (54) 3.4 (39) 3.7 (32)

Body Structure 3.7 (61) 4.1 (54) 1.9 (31) 2.8 (31

Chassis Structure 3.9 (56) 4.3 (50) 1.9 (30) 2.7 (30)

Bumpers 3.9 (59) 3.9 (52) 3.7 (38) 3.4 (33)

, Interior Components 2.2 (47) 2.4 (44) 2.8 (34) 3.0 (28)
Other - - - -

4, As a whole, what are the major material properties that limit forming for each
overall class of materials? (most important properties for limits = 5)

High Strength Steels Wrought Aluminum

Drawability 3.4 (62) 3.7 (40)
Stretchability 4.0 (64) 4.1 (43)
Sharp Radii

Sensitivity 3.9 (60) 4.1 (41)
Elongation 3.7 (63) 3.5 (41
High Strength per se 3.0 (50 2.7 (31
Fracture Toughness 2.8 (44) 2.8 (27)
Reduction in Area 2.9 (50 2.9 (28)
Work Hardening Rate 3.4 (58) 3.3 (36)
Rate Sensitivity 2.9 (49 3.4 (35)
Reproducibility 3.8 (55) 2.9 (33)
Other . 03 ____on

5. What failure modes and forming process problems are most important for each
lightweight material? (most important modes/problems = 5)

b

High Strenpth Steels Wrought Aluminum
Trials Production Trials Production
Edge Cracking 3.9 (46) 3.9 (43) 3.5 (17D 3% 4 (23)
Hole Expansion/Extrusion 3.6 (39) 3.7 (35) 3.1 (13) ___ 1 (@7
Excessive Springback .2 (50) 3_g (44) 3.8 (20) 3.6 (24)
Wrinkling/Buckling/ 4.1 (46) 4.0 (46) 3.9 (15) 3.9 (21)
Loose Metal
Lack of Shape Fixation/ 3.9 (47) 3.8 (48 3.6 (19) 3.7 (24)
Surface Springback
Excessive Galling 2.2 (33) 2.6 (32) 3.5 (16) 3.9 (22)
Stretch Failures 3.5 (40) 3.5 (37 3.8 (18) 3.7 (22)
Lack of Surface Quality 2.6 (33) 2.9 (32) 3.4 (16) ___27(21)
Blanking/Trimming Problems 2.4 (37) 2.3 (33) 2.4 (14) 2.2 (29)
Lack of Press Capacity 1.9 (32) 2.0 (30) 2.0 (15) 2.2 (19)
Cheice of Lubricant 2.7 (40) 2.8 (36) 3.2 (17) 3.4 (24)
Handling/Slivers, etc. 1.7 (30) 2.2 (29) 3.0 (17) _g (21)
Die Wear 23 (3D 3.0 () 2.7 (18) Z.I (2D

|
|
'

Other -




