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| The Role of Weight Reducing
Materials in Automotive Fuel Savings

ABSTRACT

A framework for considering trade-offs be-
tween increased costs for lightweight materials
and the attendant fuel savings accruing from
weight reduction is developed in this paper.

Two quantitative estimates of lifetime
fuel savings due to weight reduction of a vehi-
cle are derived. For substitution on an ongoing
vehicle, available data suggest savings of about
0.26 gallons for the vehicle lifetime per 1b. of
weight reduction. When long-term changes in
vehicles follow lightweight material feasibi-
lity, a range of estimates must be quoted; viz:
0.55 to 1.07 gallons for the vehicle life per
primary pound saved.

Considerations of trading these fuel sav-
ings against higher costs highlights two crucial
issues: (1) the percentage weight reduction
achieved in the substitution and (2) fabrication
cost penalties. These technical issues largely
determine whether a given application saves
over-all resources. In a broad, approximate
manner, the present trade-off amalysis is found
to be consistent with recent substitution prac—
tice and with apparent future trends.

ONE OF THE MOST CHALLENGING, exciting periods in
automotive materials engineering is now well
underway. Significant changes in material uti-
lization are occurring partly driven by the well
known changes in the U.S. and world energy
supply and price situation. The purpose of this
paper is to describe some of the changes and by
identifying the relevant parameters to attempt a
projection of further change, Identification of
the important technical/econemic issues also
allows one to consider the facters that ceuld
significantly alter the prejectien,

The major thrust of the paper will be
towards the material changes occurring because
of changing energy supply and prices, This is
not because other changes are insignificant -
emerging materials will intersubstitute for one
another in the future as in the past because of
total resource efficiency, i.e. capital, labor
and other total cost factors will continue to
play a role despite relative changes in energy
prices. Nonetheless, the relatively sudden
change in U.S. awareness, vulnerability to
import price, and concerted drive to change con-
sumption habits, dictate that energy is current-
ly dominating these other driving forces., In
the energy saving arena, materials can play two
major roles. The first is their influence on
increased efficiency of power plants; for

C. L. Magee
Ford Motor Co.

example, the appropriateness of wholly new engine
systems (e.g. electric or turbine) may well hinge
on materials technology. Indeed, the addition of
platinum as catalysts and silicon in chips or
micro-processors may well result in more overall
fuel savings (at a given emissions level) than
the total weight reduction from all material sub-
stitutions which have occurred or are highly
likely, TIn the near term, the total weight
reduction due to materials substitution will
probably not exceed 207 of vehicle weight which
translates to about 107 less fuel consumption.
Nonetheless, it is this second role - the weight
reduction thrust to reduce the energy consumed -
which is causing the largest shifts in material
volumes (literally milliens of tons) and are

thus the subject of most discussion and con-
stitute the main theme of this paper.*

In treating the overall problem of materials
substitution for weight reduction, an attempt is
made to establish a quantitative framework for
describing current and likely future events.
Several findings or results of extensive past
experience on automotive materials substitution
should be listed as they are inherently assumed
in much that will follow. TFour can be noted:

1, Given enough time and/or money, almost
all materials can be substituted for one another.,
As a most radical example, it is difficult for
mpst people te even envisioen a nearly all ceramic
car; nonetheless,'it is this author's judgement
that one would arise if only these materials were
available (or even if they were the only ones
available at '"'reasonable" cost). Such vehicles
may well not be as comfortable or safe or even
as fuel efficient as steel alternatives (and
might cause a need for new highways). However,
one would not know the full implications of
ceramic cars without long, expensive techno-
logical development programs. Thus, if we con-
sider large scale radical change, (including
mass vs. private transport) “almost complete
materials substitutability" may err from under-
statement,

2. The second important lesson derived from
our experience is that in a highly developed
product/industry, all material substitutions are
difficult. The full product and manufacturing
implications of change in the working material .

*A third materials role in automotive energy
efficiency could be to reduce non-weight re-
lated power losses; however, materials are
playing a relatively minor role in the ongoing
reductions in aerodynamic drag.
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are almost never fully forecast without expensive
and elaborate hardware and pilot studies. The
time span for application is usually quite long.
System redesign — especially manufacturing - is
always necessary to 'otpimize" substitution and
is usually needed just to make it possible. (1)*

3. Technical and economic feasibility
issues are closely interdependent in materials
substitution problems. Our prime example is the
effect world energy economics is having on U.,S,
automotive materials technology. However, it is
just as significant that the economics of substi~
tution hinge largely on technical issues. As we
will see, improved material properties can signi-
ficantly change the economic feasibility of sub-
stitution.

4. The fourth conclusion from experience
(and it obviously follows from the first three)
is that one must prioritize efforts reasonably
carefully since the issue isn't what can be dene
but instead what should be done.  Because of
large interrelated changes in manufacturing and
product necessitate long applicatien time scales,
it is also prudent to adopt a long-run point of
view in such analyses.

In the present context, appropriate weight
reducing applications are assumed to be those
where the relevant fuel savings is worth any
extra cost associated with application of weight
reducing materials. Some applications will turn
out to save cost and weight and thus need no de-
tailed analysis to be seen as appropriate.** Tn
this paper, we first consider the wvalue of weight
reduction in decreasing fuel coensumptien, This
is a very difficult area to rigoreusly quantify,
but arriving at estimates allows us to establish
¢cost per pound saved as an excellent teoel for
prioritizing effectiveness of application. This
allows the major technical issues to be identi-
fied - viz: percentage weight reduction (pr sub-
stitution ratio) and fabrication costs, The
analytical framework is then tested by reviewing
material substitution in the past, Finally, the
analysis is viewed as a projective tool and it
allows sensitivity to various parameters to be
ascertained and thus the relative value of poten-
tial future technological developments can be
estimated.

INFLUENCE OF WEIGHT ON VEHICLE FUEL CONSUMPTION

Since a primary reason for reducing weight
is to save fuel, a quantitative framework must
include a method for calculating the lifetime
fuel savings associated with weight reduction,
Although the total vehicle mileage, mileage by
year and discounting are important issues, the
key uncertainties in calculating lifetime fuel
savings resolve around determining the change in
fuel consumed per mile per peund of weight saved,
Issues include the time~frame of application, the
level of secondary weight savings, the assumed
level of powertrain efficiency, data correction
due to aerodynamics and data cerrection due to
vehicle performance and functional differences.
The time~frame of application is impertant, first
because it can affect the technological achieve-
ment possible and secondly because one must
separately consider application on existing vs.

FUEL CONSUMPTION GALLONS/MILE

"all-new" cars. 1In this latter rare event,
powertrain sizing and other chassis systems can
be reoptimized (2,3,4) to take advantage of the
lower vehicle weight resulting from lightweight
materials application. Based on the overall
complexity of such total and coordinated change,
such benefits are probably only practically
realizable in a 1l0-year or more time-frame;
thus, throughout this paper we refer to these as
"long-range'" estimates.

For determining changes in fuel consumed as
a function of weight, it is useful to realize
that in principle the weight of a vehicle should
linearly (but not_proportionally) increase the
fuel consumed per mile travelled by that vehicle.

~ The major problem is to obtain the appropriate

data base for obtaining the change in fuel con-
sumption with change in weight. Figure 1 shows
date from 1979 cars simply plotted as fuel con-
sumption#*#** vs, weight (5) and shows a simple
straight line in agreement with expectation. The
figure would indicate a slope of 1.4 x lO'S'gal—
lons per mile per pound of vehicle and this
estimate has been used in some analyses. (6,7)
However, the result is not theoretically sound
because all of the fuel consumption is now attri-
buted to weight dependent terms. It is well
known that aerodynamic drag factors are signifi-
cant in the work done by real vehicles and thus
the dintercept on figure 1 should not be at

zero.,

1.4 GALLONS/POUND
. IN 100,000 MILES

5.00 I 1 ] ] !
S0 1000 2000 3000 4000 5000

TNERTIA WEIGHT, POUNDS

Fig., 1 - Fuel-censumption and inertia weight
relationship for 1979 passenger cars after
Cochran and McClure.

*Abernathy (1) discusses in depth the effect of
prior productivity increases on raising obsta-
cles to further technical change.

**Tnvestment costs are not treated in this paper
but a full cost analysis would include them.
**%*Fuel consumption is simply the inverse of the
more usual (in U.S.) "fuel economy'" measures.



The data plotted in Figure 1 over the range
of vehicle weights are not from comparable vehi-
cles. The acceleration performance, transmission
efficiency, and vehicle area and thus aerodynamic
drag losses are not constant over the vehicle
series considered. To obtain the change in fuel
consumption with weight alone, one would want
data from functionally equivalent cars having
different masses. Unfortunately, every one of
the functional changes act to reduce the apparent
fuel consumption of low mass cars relative to
those with higher masses. Thus, the theoreti-
cally incorrect result of no mass-independent
fuel consumtpion can arise as in Figure 1.
Apparently, the first publication which (impli-
citly) recognized that vehicle weight should
linearly increase the fuel consumption is that
due to Marshall (8). It is of interest that he
applied an aerodynamic correction to his data and
obtained a slope of 0.76 x 10-5 gallons per mile
per pound.

An independent analysis of these factors was
performed as part of this study and is briefly
reviewed here. Working with data from 1978 to
1979 Ford cars and considering three terms as
the key vehicle variables (Figures 2 and 3 ex-
plain the concepts and expected nature of graphs)
we have derived slopes of 0.69 x 105 gallons per
mile per pound for manual transmission vehicles
and 0.92 x 107> for vehicles with automatic
transmissions.

Fuel Consumption and Weight Concepts

A. Work done per unit time includes three terms;y

'l. Rolling resistance = B U V . W

2. Inertia = B av . W
7%

3. Aerodynamics =By Cqg A v3

- Two depend on weight W, thus

Work = B, + B.W

W

B. Therefore, fuel consumption depends simi-
-larly on weight since

F.C. = 1/a .(Work)
a = "Powertrain Efficiency”
F.C. gal. =A + AW A, =%ky CqA, O
=T o) Aw o] 1 ~d “o
Aw = K2 a
C4 = Drag coefficient

A frontal area

kq, k2 = Constants determined from data

C. For any vehicle o can be determined by measure—
ment of fuel consumption and all parameters in
A summing over the EPA cycle, Then other fuel
consumptions can be calculated at other
weights and the slope and intercept determined
(Figs. 3 and 4).

-
Fig. 2 - Concepts used in studies of effect of
weight on fuel-consumption

Thus, one can obtain differeént wvalues or
estimates for the change in fuel consumption with
change in weight. All of these estimates assume
that cars when weight reduced are then given
reduced power engines and drivelines in order to
obtain more fuel efficiency with constant accel-
eration performance. Since new design, develop-
ment and putting into practice requires more
than five years, this is clearly a long-run esti-
mate. Table I summarizes the estimates from
different sources. Also shown are shorter term
OT "application to esisting vehicle" estimates.
The short term data reported inm this study was
on 1979 cars, where careful repetitive dyna-
mometer tests wére run with only inertia weight
settings for the dynamometer changed. The
"corrected" figures are estimates by the author
of how rolling resistance changes (also weight—
dependent) would alter these measurements. From
the analysis done in this study, the slopes
given in entry 10 on Table I are recommended.

We will now consider other factors which affect
estimates of lifetime fuel savings.

One further problem with the data base that
should be considered is our use of EPA (chassis
dynamometer tests) estimates of fuel consumption.
The fuel consumptions are often lower than real-
world experience which could lead to under-
estimates of the weight dependent slope, In
addition, the test methods probably even give
incorrect relative values and the domination of

‘the test mode by low speed city-like driving may

well seriously underestimate the importance of
aerodynamic drag and fuel efficiency while
cruising, Because this latter uncertainty would
lead to over-estimation ef the "weight-dependent"
slopes, we have approximated the net effect as
unimportant and have made no correction because
of the testing mode. Extensive real-world data
on actual mass effects might allow for better
estimates.

An additional important uncertainty is the
future efficiency of powertrains. This is a
particularly important point for the long term
effects estimated above. It should be noted
that any improvements in efficiency will directly
reduce the weight~dependent slope since the
amount of fuel required to perform a given func-
tion will decrease. A wide variety of efficiency
increases have been discussed and their actual
implementation and achievement is clearly a
further uncertainty. For this analysis, we have
assumed ‘that future slopes will be about 70-85%
of current ones. This is consistent with diesels
currently being sold (see Figure 4). Thus, we
retain 0,35 x 1077 gallons per mile per pound as
our short term slope estimate (average Table I-9B)
and obtain 0.49 to 0.79 x 1072 gallons per mile
per pound as the range of our longer term esti-
mates (from ranges in slope and future efficien-
cy).

For the current analysis, we have assumed
each vehicle will be driven 10,000 miles per year
for 10 years and have discounted future fuel at
5% per yeaxr, Thus, we estimate the lifetime fuel
savings for short term substitution of weight-
reducing materials as .26 gallons per pound of
weight saved. On the longer-range or full rede-
sign application mode, our estimates for lifetime
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vehicle fuel savings per pound of weight save
then range from 0.34 gallons to 0.56 gallons.

SERIES OF CARS WHERE
ONLY WEIGHT CHANGES

FUEL
CONSUMPTION
GALLONS /MILE

SLOPE =
Ay .t AS INEFFICIENCY, ot

Ao.} AS AREA,Cq, INEFFICIENCY }

INERTIA WEIGHT

Fig. 3 - Expected plots for fuel consumption
as a function of weight. Of particular interest
in this analysis is the Slope Aw'

Finally, the issue of what can be changed when
lightweight materials are used te reduce weight
while maintaining other functiens is alse
important in its own right, Since reduced
weight powertrains and running gear are needed
when weight reduction actions are taken, a
"secondary" weight reduction is possible (2,3,4).
The level of these secondary weights is clearly
zero for very short term substitution but recent
estimates using previous methods (2) indicate
that an additional 0.6 to 0.9 pounds of weight
will accompany a primary weight reduction when
the planning horizon is sufficiently long-term
to allow complete redesign and manufacturing
investment.* Thus, our short term effect remains
at 0.26 lifetime gallons for each vehic¢le pound
but our long-run estimates now range between
0.55 and 1.07 lifetime gallons per primary pound
saved (all estimates are ranged). These three
estimates are,clearly subject to reconsideratien,
but are the best we can do at the present time
and are therefore utilized through the remainder
of the analysis. When a single number is used
for convenience, our lower long-range estimate
(0.55 gallons per pound saved) is favored as the
''middle" estimate.

FRAMEWORK FOR APPROPRIATE WELGHT/COST TRADEOFFS

The estimates for lifetime vehicle fuel
savings per pound of weight reduction allows one
to obtain the lifetime fuel savings for any
weight reduction action. Thus, it is possible to
estimate the cost of fuel saved by various
weight reduction scenarios that involve a cost
penalty and so simultaneously calculate the fuel

savings and cost penalty. Furthermore, if the
cost penalty per pound saved is used as a meas-
ure of the appropriateness of substitution, one
can calculate an equivalent price of fuel per
gallon that any hypothesized weight reduction
action entails. Figure 5 shows the calculated

"cost of the vehicle fuel saved for various

weight~reducing actions. These fuel costs
should be considered a "shadow" cost for fuel
not used -~ it is paid for by cost increases in
the vehicle because of weight reduction.

The three lines shown on Figure 5 are for
the three estimates of lifetime fuel savings
previously mentioned. We see that for a cost
per pound saved of one dollar, our estimate of
the short term fuel savings are such that it
would be equivalent to paying about four dollars
per gallon for the gasoline saved over the life
of the vehicle, On the other hand, if we use
the lower long-term number (0.55 gal./lb.), we
see a much more reasonable price for the "saved"
gasoline, namely about $1.70 per gallon. We
also see that in any case very expensive weight
reductions are equivalent to buying fuel at very
expensive prices.

The cost per pound saved is thus an impor-
tant parameter because it is "equivalent" to a
cost of fuel saved by the vehicle over its life-
time, Figure 6 shows a plot for a hypothetical
material of the material cost penalty per pound
saved as a function of the weight substitution
ratio. The weight substitution ratio is the
weight of the standard material for an equivalent
functional characteristic. The important point
of Figure 6 1is that the cost penalty per pound
saved is strengly and nonlinearly dependent on
the weight substitution ratio because both the

‘cost penalty and the amount of weight savings

are each dependent on the substitution ratio.
For example, we have assumed that the substitute
material costs two dollars per pound whereas

the standard material costs twenty cents per
pound. For this hypothetical case, it is seen
that a weight savings by substitution of forty
percent is equivalent to buying gasoline for
$4,50 per gallon, whereas a seventy percent
weight save for the same materials is equivalent
to buying gasoline for less than one dollar per
gallon, This strong influence of the substitu-
tion ratio is almost always ignored in discus-
sions of materials substitution. Obviously, the
material price ratio also plays a role and we
will return to this shortly.

We should briefly consider what is known
about weight substitution ratios. Generally,
those interested in substituting a specific
weight~reducing material assume a highly agres-~
sive and often unrealistic weight save. Let us
consider a few facts in this difficult area.
Table II considers the weight reduction possible
in suspension springs with a variety of mate-
rials. The relationship at the top of the table
shows the effects of design parameters and mate-
rial parameters on the overall weight of a
spring (14). The weight of the spring increases

*Further complicating the achievement of second-
ary weight reduction is the practice of deriving
a variety of wvehicles from a common base.

[
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with density and modulus and is inversely pro-
portional to the strength squared, Thus, high
strength steel springs which are commonly used
in vehicles weigh only one tenth (or less) as
much as an equivalent mild steel spring., This
"explains" why high strength steel suspension
springs have long been used in the industry,
To use mild steel would cause major redesign to
a bulkier vehicle with less desirable ride
quality, The other materials shown have wvarious
weight reductions (or increases as with aluminum)
and show weight reduction percentages from forty-—
five to zero percent.

Table III shows other design cases that can
be considered- and gives estimated weight reduc~-
tion percentages for different materials. Three

Fig, 4 - Calculated fuel~censumption-weight curves for some 1978 and 1979
Ford cars following the concepts in Figures 2 and 3,

Slopes (Aw) are shown,

points should be made. One, the weight reduc-
tion percentages are not well known even for
these simpie cases, Secondly, there are a
variety of different percentages that can be
quoted, depending on the assumed controlling
design criteria.* The other point that should
be noted is that the weight reduction percentage
depends on the base material assumed. For
example, in suspension springs, aluminum would
show a seventy-five percent weight reduction

*Component and subsystem redesign usually
accompany material substitution and so the true
ratios are not particularly well known after the
fact for most real-world cases.




Table 1 - Estimates of Change in Fuel Consumption with Weight

Gallons per

100,000 Miles per 1b,

Year Reference
1. 1970 Marshall. (8)
2. 1973 Cochran (7)
3. 1976 Tien & Clark (9)
4, 1975, Aluminum (6)
1977 Assoc., T & II
5. 1978 GM (11)
6. 1979 Herridge and (12)
Hole
7. 1979 Cochran & (5)
McClure
8. 1979 A. D. Little (13)
(AISI)
9. 1980 This study 9A
This study 9B
This study 9C
10. Recommended slopes for
weight effects on fuel
consumption

11. Estimates for weight
effects on lifetime
fuel savings used in
later analysis

0.7

o
RS

.09 long term

NE= O

.5 short term
2

5 short term

0 long term
short term

0 long term
m/t short

2 a/t term
m/t short
a/t term

9 m/t long

2 a/t term

short term

-
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W
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o
~
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to 0.92
leng term

0.26 gal/lb.

short term
0.55 to 1.07 gal/1ib.
long term
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5/GAL -~ $/18
0.8
|
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MATERIALS COST (VARIABLE) PENALTY PER POUND SAVED 0

$/1B.

Fig. 5 - The "effective" cost of the gasoline

saved by weight reduction.as a functien
cost penalty (per pound) to.achieve the
reduction. The three lines are for the
estimates of the lifetime fuel savings.

of the
welght
three

16 =

Weight and aerodynamics

Method

considered
Sales weighted average (SWA)

" SWA (as #2)
SWA

No technical discussion

All cars

Aero "Correction"
Agree with #5

Agree with #5

Aero & Dyno Correction
Experiments on Ford cars (no
rolling resistance change)
Correct for rolling resistance
and use of automatic overdrive
Aero, idle and rolling resistance
considered
(average of 9B)

(range used due to uncertainties
in various factors discussed in
text)

Future changes in powertrain
efficiency, secondary weight and
disceunting cause range for
uncertainty

WEIGHT REDUCTION, %
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1.0

Fig. 6 ~ The material cost penalty per pound
saved for a hypothetical substitute material as
a function of the percentage weight reduction.
The cost of the saved gasoline is based on the

lower long-range estimate, 0.55 gal./lb.




Table 2 - Weight Reduction in Springs

Weight of Spring o

Material Parameters Design Parameters

p = density Pm = maximum load
E = elastic modulus 6m = maximum deflection
Odes= design stress
allowable
(e.g. 106 cycle
fatigue stress)
Relative Spring Weight
H.S.S.% Mild
Steel Steel Al Ti  Composites
Relative 10 150 20/30 4/5 3/8
Weight
Substitution. 1 15 2.5 .45 .55
Ratio
*Heat treated steel; © = 200 ksi
uts

relative to mild steel, but relative to high
strength steel it shows a 250 percent wedight
increase. It should also be reemphasized that
the weight reduction percentage or weight sub~
stitution ratio is very dependent upen the parn~
ticular component and design system chosen, as
well as upon the material properties,

In the case where one limits himself to
energy considerations alone, the weight substi-
tution ratio (or weight reduction percentage) is
still a very important variable, ¥For substitu-~
tion of a more energy-intensive material such as
sheet aluminum for steel, no net energy savings
are realized (even if the vehicle fuel econemy
increases as estimated herein) until some finite
‘value of percent weight reduction. Figure 7
shows - for a crude estimate of the energy to
produce the materials - that the tradeoffs for
aluminum do not become favorable until about
30-40 percent weight reduction. The new produc~
tion energy difference could be greatly reduced
by assuming several recycling loops, but it is
not yet clear that aluminum recycling from cars
is (or will be) as economically effective as the
current system from steel. Thus, the fraction of
each material class that will, in fact, be re-
cycled is not known.

To return -to the main theme, the appropriate
material substitutions for wvehicle weight reduc~
tion here are hypothesized to be those whose
cost ratio and weight substitution ratio are
proper to give a reasonably low overall wvehicle
fuel price. Figure 8 shows a plot of the mate-
rial cost ratio and the weight substitution
ratio as a basis for comparing given materials in

various applications. The lowest line which
shows equal materials cost is the well known case
where the weight substitution ratio is low enough
to completely offset the higher materials price
ratio (the so-called "cost wash"). We should
note in passing that we assume materials that
save weight and cost are automatically applied
whereas those that save neither are not applied.
Therefore, it is orly in the case where the cost
is higher and the weight is lower in which there
is legitimate area for further analysis.

% WT. REDUCTION
100 90 80 70 60 S50 40 30 20 10 0o

1 T T T T T
300 [~ -
200 - -
N\ LIFETIME ENERGY
NET 100 NET SAVED
ENERGY, — —
’ FE CY
THOUSANDS LIFE CYCLE N
BTU L ~ _
~
~
S~
)
_50 — -
—100~  DIFFERENCE IN .
100 ENERGY TO PRODUCE —~
MATERIALS
| | | | | | | | |
0O Ol 02 03 04 05 06 07 08 09 10

WT. SUBTITUTION RATIO —=

Fig, 7 ~ The net life cycle energy (no recycling)
assumed) difference for sheet aluminum vs. sheet
steel as a function of the percentage weight
reduction achieved in application. The differ-
ence in energy to produce the materials is a
gimple average of two other estimates (6,13) and
the lifetime energy savings 1is based on our lower
long-range estimate.

In this case of interest, the materials cost and

- substitution ratio are such that the application

involves a net cost increase and the point is
above the bottom solid line in Figure 8, How-
ever, since there are vehicle fuel savings possi-
ble in an automotive application, it is possible
to offset these by the value of the fuel saved.
The three lines thereby drawn on Figure 8 include
the value of this offsetting fuel savings. The
solid line in the middle is from our lower esti-
mate of the long-range vehicle fuel savings over
the lifetime of the vehicle and the others are
the short-term and maximum long-term estimates.
The value of fuel per gallon in all three cases
has been taken as six times the standard mate-
rial price per pound. Thus, on our major

example - current mild steel - this is roughly
equivalent to gasoline at $1.50 per gallon and
the formulation is not changed by general in-
flation. 1Indeed, Figure 9 indicates our estimate
has been reasonable in the past.



Tahle 3 - Calculated Percent Weight Reduction for Idealized Design Situations
Brackets ( ) for Increase in Weight )

CASE 1 CASE 2 CASYE 3

CASE 4 CASE 5 CASE 6 CASE 7 CASE 8

Fixed Collapse

Fixed Dent
Resistance Fixed Strength Fixed Fatigue

Fixed Size Fixed Size Load & Bending & Bending & Buckling Resistance Fixed Fixed Dent
Material & Stiffness & Strength _ Stiffness Stiffness _Resistance  ___ & Size  Stiffness Resistance
Mild Steel BASE _BASE BASE _BASE BASE BASE BASE &
50K steel 0 40% 18% 15.4% 27% 5% 0 22.5%
80K steel 0 62.5% 32% - 28% 427 30% 0 39%
150K steel 0 80% . 46% 41% 59% ~ 42% 0 55%
25K Al . < 1% 60% 50% 48% 52% 40% 52% 63%
55K Al < 1% . 81% 63% 60% 68% ~ 45% 52% 75%
50K Ti (1% 67% 46% 45% 63% - 33% 57%
200K Ti 1z 92% 68% 642 78% ~ 60% 33% 79%
15K FRP (580%) 51% (11%) (10.7%) (15.1%) ~ (50%) 28% 60%
30K FRP (400%) 75% 25% 227 30% - 38% 72%
100K CFRV (120%) 927 60% 567 55% ~ 30% 48% 80%
150K CGrFRP 607 96% 83% 817 80% ~ 75% 75% 88%
Cast Fe (16%) (7.8%) (34%) (28%) (54%) - - -
Cast Al (%) 48 247 29% 10% - - -
M 7% 56% 39% 417 18% -— - -
Cast Mg 972 . ~ ,
HOLLOW BEAMS PANELS

If we focus on any one of the three lines in
Figure 8, it is then possible to determine
whether an application for weight reduction with
a more expensive material is indeed "appropriate'.
Substitutions whose cost and substitution ratios
lie below the relevant line are effective in
conserving total resources. In order to use this
framework, it is necessary to attempt to place
substitutions of interest at their actual cost
and substitution ratios. Before doing so, how-
ever, it is important to briefly mention one
further (and most important) area of ignorance,
For concepts and graphs such as displayed
in Figure 8 to be truly effective in determining

(Variable Thickness Only)

appropriateness, it would be necessary that the
cost ratio become a fabricated part cost ratio
per pound of structure. This, of course, is not
accomplished by the current analysis as we have
considered the cost differences upon materials
substitution to be due only to materials costs.
This is an oft-used assumption; however, it is
clearly untenable. For example, it should be
noted that the fabricated cost of a part is
usually several times the base materials cost.
Further evidence of the importance of fabrica-
tion resources arises if one considers the hand
lay-~up composite structures used in some aero-
space applications. It is not unknown in these

R



applications to utilize twenty man-hours per
pound of structure as labor for fabrication. For
such fabrication methods, one would have to uti-
lize all the world's workers to produce the cur-
rent world output of vehicles.* Thus, if we
attempted to produce hand layed-up compesite
cars, all of the people in the world would be
working to produce cars for those fortunate. few~-
perhaps twenty percent of current population—-~
who have access to them (and no one would be
available for distributing cars or fuel),
Indeed, the transition from metal to plastics
that is occurring in many products is not occur=
ring because of favorable material cost raties
(see Figure 10), but instead is due te superior
fabrication costs (16). One final interesting
example of materials change possible due to
fabrication costs is the early transitien in the
automotive industry from a wood-based car to
metal, at least partly, if not largely, because
of the superior fabricability of metal struc-
tures at high volume.

% WEIGHT REDUCTION
80 60 40 20 0

40 T T T T 40
MATERIALS COST PLUS
VEHICLE FUEL COST
EQUAL
20 |- Poas = 6 Catee
MATERIAL
COST 10— —10
RATIO, c
PERUNIT 7| 4 "
WT, Cq
5 -5
4l 4
21 MATERIALS 12
COST EQUAL
1.5
1.0 ' |

02 04 08 08 I.Ol
WT. SUBSTITUTION RATIO, Xg

Fig, 8 - A plot of materials cest ratio
(logarithmic scale) as a function of the sub-
stitution ratio showing lines for (1) equal
materials cost (bottom line) and (2) three
estimates of equal total cost (materials plus
fuel saved) under an assumed ratio of the price
of gas per gallon to steel per 1lb. of 6.

Thus, our conclusion about fabrication costs
must be that they cannot be ignored in a proper
framework. However, we also must recognize that
there are no available means for calculating
them. Thus, we remain in this analysis ignorant
of fabrication costs and largely ignore them
despite the clear evidence that this weakens

our ability to predict or explain changes.

RATIO OF
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YEAR

Fig., 9 - Historic trend in the ratio of the price
of gasoline per gallon and the cost of sheet
steel per 1b. (15)

COMPARTSONS AND PROJECTIONS

Figure 11 is the same as Figure 8 except
that we have retained only the central solid
line as our single "best' estimate of substitu-
tien appropriateness (more for simplicity than
reality). We have also attempted to place a
variety of potential material substitutions on
this graph. Each is shown over a range of price
ratios and substitution ratios*%* and because of
all the uncertainties, only very rough estimates
of appropriateness can be made. 'In comparing
our framework to past applications, we assume
that market feorces work so as to cause appro-
priate change to occur, In using it to project
future events, we assume the same mechanism
despite "apparent' government intervention with
fuel economy standards.

Figure 11 can now be used to compare how
well the proposed framework has described the
past while considering it as a basis for future

*(36 x 10% vehicle yr. x 2500 lbs./vehicle x 20
man hrs./1b. = 107 workers x 2000 hrs./worker)

#*%*In reality, there are a variety of ratios and
the most appropriate applications are those at
the lowest substitution ratios. Finding these
is the most challenging technical task before
the materials and design communities.
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projection. Among the favorable substitutes, we
first note that cast aluminum as a replacement
for cast iron is in fact a viable technology that
is proceeding relatively rapidly in North
America. Despite the need for foundry invest-
ment, the percentage of cast aluminum in Nerth
American vehicles will probably double from 1979
to 1987. Because of their higher fuel prices,
the earlier utilization of cast aluminum in
European vehicles is also consistent with the
assumptions here. New casting alloys and wear
prevention technology are major developments
which have increased the effectiveness of such
applications. The weight reductiens -are rela-
tively large (up to 70%) because of aluminum's
superiority as a heat-managing material in the
engine-related applications (heads, blocks,
manifolds) and because in castings weight dis
often determined by processing constraints on -
minimum dimensions so weight savings up to the
density ratio are sometimes achieved.

GP Styrene
Steel

Wood

Portland cement

China

Glass

Fig. 10 - Comparative raw material prices
after throne (16)

It is also consistent with current proejec-
tions that the utility of sheet aluminum as a
substitute for mild steel is still under ques-
tion. At the weight reduction percentages
normally attained (in this case, structural
limits are present and results such as Tables
2 and 3 are expected) and at the cost ratip now
found, the substitution represents relatively
expensive gasoline prices, This is even ignering
the more difficult fabrication procedures which
are indicated by the arrow on the wrought alumi-
num box in Figure 11. We also see that substi-
tution of Titanium in springs, while offering
very significant weight reduction, represents
extremely expensive fuel savings., The same
comments apply to application of graphite—based
composites at current prices,

Among the most favored substitutions indi-
cated by Figure 11 is the substitution of high
strength sheet steel for mild steel, Indeed,
the substitution appears so favorable that one

could wonder why it did not occur before the
recent changes in the energy supply/price or
before now in Europe despite the neglected
fabrication costs (see arrow on Figure 11).

This view ignores the availability of new tech-
nology and in particular the newness of the high
strength sheet technology (17) and the lead

U.S. automotive and steel producers happen to
enjoy in this technology. Figure 12 shows a
previously published plot (17) of the penetration
of HSS in vehicles over the past few years, in-
cluding a speculative projection. We note that
the extremely rapid rate of penetration of this
material ~ compared to well-known plastics
penetration - Just1f1es our calling it the

"quiet materials revolution." The current
analysis strongly suggests that this substitution
should eventually occur worldwide despite early
disinterest because "we already have light cars."

% WEIGHT REDUCTION
80 60 40 20 0
Ll : L) ]

R
40 |- gk -
!0 CURRENT Gr COMP 40

o Ti SPRINGS

20 —20
HYBRID COMPOSITES
MATERIAL AT %6/LB GRAPHITE
COST |0|— —_
RATIO, 10
PER UNIT Cr
WT, Ck 7| _
‘ w. Al
—5

W. Al vs. Hs;

Y |
0.2 04 06 08 1.0
WEIGHT SUBSTITUTION RATIO, Xg

Fig. 11 ~ Materials cost ratio (logarithmic scale)
against substitution ratio showing placement of
various automotive applications on Figure 8.

All cases except those indicated are versus mild
steel as the base.




One further point to note from Figure 12
is that the HSS substitution explosion seems to
be technologically rather than institutionally
paced. The penetration began soon after the
initial materials evolved and the simultaneous
application driven materials invention and rein-
vention of the manufacturing process are going
hand-in-hand with learning how to use the mate~
rials to reduce weight (17). It would seem that
further relatively low cost fuel savings are
possible and this can justify the difficulties
that must be overcome. The role of fuel-economy
standards seems unimportant.

The materials technology which has a longer
proven track record in vehicle substitution are
the plastics materials also shown on Figure 12,
The relevant question is whether the major
changes are finished and whether the percentages
of plastics in vehicles can yet rise signifi-
cantly. This question is particularly relevant
because further substitution must involve more
structural and functional applications, Tt
seems obvious that reliability of these appli-
cations will result in mneed for use of con-
tinuous fiber composites. Some key issues are
(1) whether competitive cost fabrication pro-
cedures can be developed (in SMC and injection
molding technology, less expensive fabricatien
has been a key in the past penetration), (2) the
degree of weight recuction achievable with glass-
only composites, and (3) the development of
glass-graphite hybrids and attainment of lower
-graphite prices., In general, the weight reduc~
tion, price-ratio analysis indicate the incentiwve
to develop viable technologies and thus the pro-
jection that such will emerge, Nonetheless, we
should expect the overall penetration rate to
remain relatively slow (as in Figure 12) because
of the limited knowledge and the extensive need
for investment (new fabrication and assembly
processes eventually needed for "'plastic" cars).

25
201 /\%

MATERIALS WT.
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OF TOTAL
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MODEL YEAR

Fig. 12 - Plastics and high strength sheet
steels in U.S. passenger cars as percent of
vehicle weight over the last two decades. Data
beyond 1980 model year is from a speculative
projection (17)
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CONCLUDING REMARKS

A final issue for consideration is the sta-
bility of the "predictions" given here relative
to technological or even institutional changes.
There are two sets of uncertainties in the pre-
dictions. First are those that are not material
related. Among these are: 1) the future real
cost of fuel, 2) future powertrain efficiency,
3) true future secondary weight factors, and 4)

" investment and other institutional constraints,

including govermment standards, which prohibit or
push particular materials. The analysis, in
general, can be modified to deal with these, but
clearly the uncertainties already considered are
sufficient to preclude firm conclusions.

There are larger uncertainties relative to
the predictions which hinge on the materials
world. Among these are future and even current
real material costs and availability questions.
Most important, from our analysis we have seen
the importance of fabrication costs and percent
weight reduction on the appropriateness of sub-
stitution. Since these parameters both depend
on material properties, new materials can have
an enormous influence in our analysis. For
example, fabricable higher strength aluminum
alloys, allowing us to achieve higher weight
reduction could easily make wrought aluminum
a more effective candidate. Secondly, new
fabrication processes for composites and new
reliability for these materials to achieve
their weight reduction potential could accel-
erate their application, In the area of
weight reduction, new designs, new design
systems, and new vehicle systems could uncover
new weight reducing potentials which would be
appropriate and effective,* Intercompetition
among the weiglit reducing materials is also
extremely important - see the wrought aluminum/
HSS comparison in Figure 11. ‘

In conclusion, the analysis "predicts"
that high strength steels, cast aluminum,
plastics and magnesium should and will continue
to grow in their application in personal trans-
portation vehicles. Wrought aluminum and hybrid
composites will remain as uncertain candidates
depending on weight reductlion percentage,
fabrication costs, and future material and fuel
cost ratios. There are other substitutions
(such as titanium) which will not occur widely
without important material cost changes in the

"future. The last and most important conclusion

is that all of these predictions are fortunately
subject to technical change.

ACKNOWLEDGMENTS

Very useful discussions concerning weight
effects on fuel-consumption were held with C. N.
Cochran, N, J. Sheth, H. A, Graetzel and F. G.
Willis. The author is also grateful for helpful
critical reviews of the manuscript by
P. Wynblatt, G. F. Bolling and J. J. Harwood.

*Conversely, more effective mild steel designs
have often precluded what was originally viewed
as an effective application of a weight-reduc-
ing material.



12

REFERENCES

1. W. J. Abernathy, "The Productivity
Dilemma - Roadblock to Innovation in the Auto-
motive Industry," Johns-Hopkins Press, 1978,
pp. 68-86.

2. C. L. Magee, "Weight Interaction - 1975
Ford Cars," Technical Report No. 75-~105, Ford
Motor Company, 1975.

3. D. E. Adams, J. A, Dicello, A. S. Kasper,
A. N. Keisoglou and W. W. McVernnie, "Vehicle
Weight Reduction,” SAE Transaction Paper
No. 750221, 1975.

4. G. J. Huebner and O. C. Gasser, "SP-383
Energy and the Automobile," SAE Paper No. 730518,
1973. .

5. C. N. Cochran and R. G. McClure,
"Weight Saving Materials,. Energy and the Auto~
mobile," in Proceedings of the First Inter-
national Automotive Fuel Economy Research Con-
ference, U. S. Department of Transportatioen,
1980, pp. 254.

6. "Use of Aluminum in Automobiles - Effect
on Energy Dilemma," Aluminum Asseciatien Tech=
nical Publication T-12, 1st Editien, 1975,
2nd Editiom, 1977. .

7. C. N, Cochran, "Aluminum ~ Villain eor .
Hero in the Energy Crisis?"," Automotive Engim
neering, Vol. 81, June, 1973.

8. K. D. Marshall, "The Economics of
Automotive Weight Reduction,'" SAE Paper
No. 700194, 1970.

9. J. K. Tien, R. W. Clark and M. K. Malu,
"Reducing the Energy Investment in Automobile,"
Technology Review, Vol. 77, February, 1975,

p. 39.

10. Aluminum Association Technical Publi=~
cation T-12, 3rd Edition, 1980.

11. General Motors, "How Weight Affects
Gas Mileage," Time Magazine, June 26, 1978,

p. 73.

12. "Report on Weight Effects on Vehicles,"
Columbus, Ohio, 1979.

13. C. L. Kusik, "Life Cycle Energy Require-
ments for Selected Sheet Materials Applicable to
Automobile Components,” A, D, Little Report to
American Iron and Steel Institute, August, 1979.

14. A. M. Sherman, "Titanium Coil Springs
for Automotive Suspension Systems,'" SAE Paper
No. 800481, 1980.

15. '"Metal.Statistlcs," American Metal
Markets Fairchild Publications, Inc., New York,
1974~1979.

16. J. L. Throne, '"Plastics Process Engi-
neering," Marcel Dekker, Inc., 1979, pp. 1-61,

17. C. L. Magee and R, G, Davies, "Auto-
motive Sheet Steels for the 1980's," in Alloys
for the 80's, published by Climax Molybdenum Co.,
Ann Arbor, Michigan, 1981, p. 25.




