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ABSTRACT 

The use of structural foam in large, load-bearing parts has 
increased dramatically in the past decade. The need to ac- 
curately predict load-deformation performance and stresses in 
these parts has led engineers to re-evaluate material property 
generation and investigate advanced analysis techniques. The 
work presented here discusses enhancement to GE- 
FOAMS TM database in providing anisotropic properties and 
prediction of the time-dependent deformation of structural 
applications. Improved test procedures for determining flex- 
ure, tensile, and creep (time-dependent) properties are used in 
development of a comprehensive database. Accessible to the 
engineer, stiffness and strength properties can be quickly 
evaluated for several materials and weight reductions. Fur- 
thermore, the strain-time data is used to generate an 
isochronous stress-strain curve for creep analysis. Using 
layered finite elements which account for the skin-core-skin 
morphology of structural foam, accurate prediction of part 
performance is possible. This combination of improved 
material properties and unique finite element techniques 
enables engineers to accurately design structural foam com- 
ponents undergoing creep deformation. 

INTRODUCTION 

Thermoplastic structural foam is now being used in a wide 
range of engineering applications where high rigidity and long- 
term mechanical performance is critical. The need to ac- 
curately predict load deformation performance and stresses 
has led engineers to re-evaluate material property generation 
and investigate advanced analysis techniques [1], Improved 
test procedures for determining tensile, flexural and time- 
dependent (creep) response as a function of weight reduction 
are necessary. Combined with this, a structural analysis 
f ramework--bui l t  around these propert ies--must  be 
developed for use by design engineers. 

The objective of this paper is to discuss new test procedures 
for accurately characterizing the mechanical behavior of struc- 
tural foams. Nonstandard test procedures for obtaining stiff- 
ness and strength properties for a test bar cut from a plaque 
are described. Following, an example is given showing the 
high degree of anisotropy typical in glass-filled structural 
foams. The importance of considering glass orientation in part 
analysis is discussed. Development of a tensile creep test pro- 
gram for data generation and collection into a formatted 
database is shown. Use of this graphical display program con- 
taining time and temperature interpolation routines allows 
design engineers to obtain an isochronous stress-strain curve 
for any chosen time and temperature. Finally, the technique of 
incorporating these properties into a single computer database 
will be described. 

MATERIAL PROPERTY GENERATION 

Standard ASTM tests were designed for homogeneous 
materials and although they do lead to different properties in 
tension than in flexure, these properties are inconsistent with 

GEFOAMS TM is a trademark of General Electric Comparny. 

experimental performance data from actual parts. The 
primary reason for this discrepancy is that the morphology of 
the foam molded ASTM t e s t  bar shown in Figure l is quite dif- 
ferent from that of a specimen cut from a plate. Because it is a 
molded specimen with skin surfaces on all four sides, the 
ASTM bar does not give an accurate representation of a part. 
Furthermore, in glass-filled materials, the glass fibers align 
themselves in the direction of flow [2], This geometry yields 
optimistic results in both tension and flexure that can lead to 
under-designing if large safety factors are not included. 
Although the ASTM test is still useful for comparing different 
resins, more accurate testing procedures were needed for 
engineering analyses of foamed parts. 

New test procedures for determining stiffness and strength 
properties start with cutting rectangular specimens from an 
end-gated plate and obtaining the weight reduction through 
accurate measurement of the individual specimen. Figure 2 
shows the progression of cutting the specimen, performing the 
flexural tests, and finally routing the bar down into a standard 
ASTM Type 1 geometry and pulling to failure. (More detailed 
information on the actual test procedures can be found in 
Reference [3].) From these tests, the following properties are 
obtained: 

E r - t h e  tensile modulus 
E B - t h e  flexural modulus 

P/Po-  the normalized density (where Po is the unfoamed 
density) 

ama x --the maximum tensile stress 
ey--the tensile strain at failure 

Using the relationships developed in reference 1, an effec- 
t i r e"sk in"  and "core" moduh can be determined (denoted E s 
and E c respectively). With these values, either traditional hand 
calculations or finite element analyses can be used to predict 
part performance. The maximum tensile stress and strain at 
fracture properties are indicative of the onset of yield or 
failure. Therefore, if the design is limited by stress rather than 
deflection, accurate strength criteria is available. 

GLASS-FILLED THERMOPLASTICS 

As an example of the effect of glass orientation on tensile 
and flexural moduli, several bars of a 40°7o glass-filled ther- 
moplastic were tested in both flow and cross-flow directions. 
In Figure 3a, E r and E B are plotted against the normalized 
density for bars cut from the CROSS-FLOW direction. Here, 
the tensile modulus is higher than the flexural modulus. This 
may be due to flow direction oientation of the fibers in the 
skin, and perpendicular fiber orientation m the core as 
discussed in Reference [2]. If this is the case, then the cross- 
flow orientation of glass will contribute much more to the ten- 
sile modulus due to the geometries of the test. Put simply, 
because the cross-oriented glass lies on the neutral axis, it will 
contribute httle to the total stiffness in flexure. For foams con- 
taining ten percent or more glass, the tensile modulus for 
cross-flow cut specimens is consistently 10-20070 higher--in- 
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Figure 1. Molded ASTM Bar Versus Bar Cut from Plaque. 
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Progression of GEFOAMS TM Test Procedure. 

creasing with glass loading. This is based upon a typical 15% 
weight reduction. 

In Figure 3b, the same data is shown for bars cut from the 
FLOW direction. Here we see that the flexural modulus is 
significantly higher than the tensile modulus as is common in 
unfilled foams and would be expected based on the assump- 
tions of  fiber orientation. What is most significant, however, 
is the overall stiffness difference with respect to direction of 
flow. At  15°]0 weight reduction (P/Po = 0.85), it is seen that 
the tensile modulus is 390]0 lower in cross-flow and flexural 
modulus is 58% lower for the data given in Figures 3a and 3h. 
It should also be noted that limited testing indicates that this 
difference between flow and cross-flow properties increases at 
elevated temperatures. An understanding and consideration of  
this orientation effect on properties in part design is critical. 

If  possible, it is recommended that glass-filled foams be 
tested in both directions in order to obtain the best informa- 
tion for design. For conservative design, the cross-flow pro- 
parties should be used when an isotropic analysis must be per- 
formed. Use of  a layered anisotropic shell with proper con- 
sideration given to the direction of  flow in a finite element 
analysis should yield the best results. 

The incorporation of this information into a computer 
database allows engineers to quickly and efficiently assess 
several materials and weight reductions. Three plots from the 
GEFOAMS TM database are shown as Figures 4a, 4b and 4(:. 
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Figure 3a. Cross-Flow Direction Tensile and Fiexural 
Modulus Versus Normalized Density for 400]0 Glass-Filled 
Thermoplastic. 
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Figure 4a,b,c. Material Properties for NORYL ® FN-I70 
from GEFOAMS TM Database. 
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Figure 5. Schematic of Creep Data Input, Storage and 
Manipulation/Display. 

These represent material properties for the unfilled NORYL ® 
FN 170 thermoplastic foam, and as is typical, the tensile 
modulus is 16070 lower than the flexural modulus [3]. Pro- 
grams to format the information for hand calculations or 
finite element analysis expedite the design process for the 
engineer once a material is chosen. 

CREEP IN STRUCTURAL FOAMS 

Time dependent deformation (creep) is often a critical con- 
cern when designing a part in structural foam. Although data 
exist for specific times, stress levels, and temperatures, it has 
been difficult for an engineer to translate this information for 
his/her specific application. Furthermore, since testing for 
long periods of time is not always feasible, methods for ex- 
trapolating short term data accurately is desirable. A complete 
discussion of numerous creep prediction theories is given by 
Penny and Marriott [4]. Although some of these demonstrate 
good predictive capabilities for specific materials, little pro- 
gress has been made in making it easily accessible to the 
engineer. The approach taken here follows that given by Tran- 
tina [6] for predicting creep deformation in polymer struc- 
tures. This involves using time-strain data generated at specific 
times, temperatures and stress levels to form an isochronous 
stress-strain curve. The generation of tensile creep data, 
development of a database program and verification using a 
finite element model are described in [5]; however, the use of 
non-homogeneous materials was not addressed. Here the same 
approach will be used for structural foams and the geometric 
skin-core-skin morphology treated accordingly. 

TENSILE CREEP TESTING AND ANALYSIS 

Tensile creep testing was performed on ASTM routed bars 

NORYL ® ts a registered trademark of General Electric Company. 
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Figure 6b. Arrhenius Temperature Interpolation with 180°F 
chosen as an Example. 

cut from a 6" x 18" plaque in the cross-flow direction. This 
was done in accordance with ASTM D2990-77 at a constant 
temperature and stress. Although creep deformation is de- 
pendent on different combinations of loading, temperature, 
and stress distribution, the uniaxial test is considered most 
useful for giving accurate, consistent results that can be easily 
interpreted [4]. 

The test equipment used consisted of six static-load creep 
stations, each having a monitored temperature control system. 
The extension within the gage area is measured using a Linear 
Voltage Differential Transducer (LVDT); therefore, the exten- 
sion is measured directly on the specimen rather than by grip 
separation. The material is tested in tension at specific 
temperatures and stress levels. This is done to provide a range 
of stresses and temperatures over which to interpolate. Using 
this approach, the data are applicable to a wide range of 
problems. Time-strain area are directly transferred to the 
designer's computer system through the local network and 
compiled into a formatted material database (Figure 5). This 
allows for the most efficient updating and notification as addi- 
tional data are generated. 

Since applications are designed for stiffness and strength, 
time-strain data are not directly useful. This section describes 
briefly the steps required to translate the initial short term 
time-strain tensile data into an isochronous stress-strain curve 
for any time or temperature. It will be seen that the large 
number of computations required make the use of  a computer 
essential for general design use. 

Time-strain data are interpolated and extrapolated as shown 
graphically in Figures 6a, 6b and 6c. It should be emphasized 
that the testing done is for approximately one day. Because 
most applications concerned with creep are designed for 
greater magnitudes of time, accurate extrapolation techniques 
must be developed. Several methods for extrapolating short 
term data with time were evaluated, such as a power law and 
exponential law. Based upon simplicity and visual inspection, 
it was determined that the second order polynomial function 

e =A (Log t) 2 +B(Log  t) + C 

gave the best fit. This curve is developed using the least 
squares curve fitting method. 

Once the time-strain data have been fitted, the coefficients 
are used to calculate the strain for any time. If 1000 hours is 
chosen as in Figure 6a, the points which intersect the line ex- 
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Figure 6c. Isochronous Stress-Strain Curve. 

tending perpendicular from the time axis are the strains for 
that time and associated stress and temperature level. By 
testing at three temperatures and three stress levels--for a 
total of nine tests--the predicted strains at 1000 hours can be 
plotted as in Figure 6b. 

Based on fundamental principles for thermally activated 
processes, use of the Arrhenius relation was chosen to inter- 
polate in temperature. Plotting the strains for increasing 
temperatures and constant stress on a natural log percent 
strain versus inverse absolute temperature graph, a linear in- 
terpolation can be used. In Figure 6b, the linear fit is shown 
for the stresses and temperatures tested, each line indicating a 
constant stress level. As earlier, the data are fitted using the 
least squares method. Finally, using the coefficients from the 
Arrhenius relation, the appropriate strains can be calculated 
for the stress levels tested and chosen time and temperature. 
As an example, 180°F (82°C) is chosen in Figure 6b, and the 
intersections are the appropriate strains. Correlating these 
strains on a stress versus strain graph (Figure 6c), the 
isochronous tensile stress-strain curve is developed. 
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Using this same approach for a structural foam, one must 
consider several complications. First, the tensile and flexural 
moduli are different for both unfilled and filled ther- 
moplastics. Secondly, the change in properties with respect to 
density must be accounted for. Finally, as with the tensile and 
flexural tests, the direction of testing is critical in glass-filled 
foams. For simplicity, the unfilled foam NORYL ® FN 215 
resin was used in this study. Using the procedure just outlined, 
an isochronous tensile stress-strain curve for any time or 
temperature can be developed. How this is used to generate 
properties for a skin-core-skin model is discussed next. 

If the tensile creep testing is performed on specimens of the 
same weight reduction and direction, it is possible to predict 
other creep properties from standard tests. Here the assump- 
tion is made that both the variation with density and dif- 
ference in tensile/flexural properties is independent of time. 
Therefore, if tensile creep testing is done, a skin and core 
modulus may be estimated. Using the standard data as in 
Figure 4a, a ratio between the flexural and tensile modulus 
may be found for any chosen weight reduction. The flexural 
stress-strain curve for the chosen time and temperature is 
found by: 

EB 
O~c =--~-  ~ c  (1) 

for each stress and corresponding strain on the isochronous 
stress-strain curve; where aac represents the stresses on the 
flexural stress-strain curve and arc the tensile stresses. Next, 
these can be scaled to the desired weight reduction using the 
curves from the standard data. 

At this point, an effective slope based on the estimated max- 
imum tensile stress can be taken off each curve as in Figure 8. 
These "apparent modulus" values should then be put into the 
skin-core equations as: 

Esc - E r c (  1 - ~o) 2 
Esc (2) 

7/0(2 - 7/o ) 

(3 - 3~o + ~o2)Erc -EBc 
Ecc - (3) 

( l  - ~10)(2 - 70) 

where Esc is the skin creep modulus, Ecc the core creep 
modulus and ~/0 the nondimensionalized skin thicknesss 2ts/h. 
Using these values in a layered finite element model, a single- 
step analysis of the creep deformation in a structural foam 
part can be performed. 

CONCLUSIONS 

New procedures for conducting creep testing and analysis of 
structural foam parts have been outlined. Use of this system 
enables engineers to improve designs and optimize material 
selection for components undergoing creep deformation. The 
effect of glass orientation on stiffness properties was shown to 
be significant. It is evident that this must be considered in both 
testing and analysis phases. Finally, the importance of pro- 
viding this information in an on-line database for design 
engineers was discussed. By using that data which better 
represents material behavior combined with advanced 
analytical tools, it is possible to accurately predict the per- 
formance of structural foam parts. 
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