Chris Barlow
Department of Materials Science
and Engineering,

University of Washington,
Seattle, WA 98195

winkumar | IMPact Strength of High Density
T | S0lid-State Microcellular
Polycarbonate Foams

Brian Flinn
é-mail: BFLINN@U.WASHINGTON.EDU The effect of density (relative densities 0.33 to 0.90) on the impact behavior of microcel-
. . lular polycarbonate (PC) was investigated. Cell size and foaming gas content were also
Rajendra K. Bordia considered. Flexed-beam Izod impact tests were conducted and the impact strength of
) . these foams appears to be a strong function of both density and cell size. The impact
Department of Materials Science strength was observed to improve over the unprocessed polycarbonate’s impact strength
~ and Engineering, for foams with relative densities of 60 percent and above. In terms of cell size, the impact
University of Washington, strength increased with increasing cell size at a given density.
Seattle, WA 98195 [DOI: 10.1115/1.1339004
John Weller
Deparment of Mechanical Engineering,
University of Washington,
Seattle, WA 98195
Introduction The cell walls of the solid state foams are expected to have a

substantial amount of biaxial orientation as bubbles grow and
stretch the polymer in the rubbery state. By comparison, the cell

tv b di tudv by Col Coli t al walls of the melt-extruded foams are not expected to have as high
cently been answered in a study by Collias e{2).Collias et al. 5 jeqree of biaxial orientation. For this reason, for a given foam

found in PC microcellular fc_)ams that the maximum '06?0' and 'nHensity, the solid-state foams are expected to have improved me-
pact toughness, measured in sharply notched Charpy impact tegignical properties compared to conventional melt-extruded
increased with cell size for cell sizes and densities ranging frofgams.

5-45um and 97-72 percent relative density. All foams exhibited
higher maximum loads and toughness than neat PC. They hypoth-
esized that the microcells induced a brittle-to-ductile transition bé( .
relieving the triaxial stress conditions in front of the crack tip. xperimental

The above results are promising to microcellular processors,The polycarbonate used in this study is General Electric’s
especially where the governing design criteria is impact strengitgxan 9034. This polycarbonate has a publishg@fT150°C and
however, Collias et al[2] failed to discern whether or not thea density of 1.2 g/cth Samples measuring 7.6 ¢t7.6 cm were
observed increase in impact strength is dominated by either of ttigt from the 3.00 mm thick Lexan sheet. These samples were then
primary foam microstructural variables: density or cell size. Ifbamed as described by Kumar and Wel[W}. First, the samples
addition, it has been shown by Seeler and Kup8drthat residual were saturated with CQOn a pressure vessel at a temperature of
foaming gas trapped in the matrix can have a strong effect on thg°C. The specified pressure and temperature the samples were
mechanical behavior. Therefore, the objective of this work is ®@xposed to will hereafter be referred to as saturation pressure and
ascertain the effects of density, cell size and residual gas contggturation temperature. The saturation pressure and saturation
on the impact strength of solid-state microcellular PC foam. Thigmperature were regulated t00.1 Mpa and+1°C, respec-
study takes advantage of the microcellular polycarbonate-carb¢ely, using the University of Washington Pressure Vessel Con-
dioxide (PC-CQ) system which has the ability to produce conirol System(Holl [6]). As soon as the samples reached their satu-
stant density foams with a variation in cell sizumar and ration limit (i.e., no more CQcould be absorbed by the sample
Weller [4], Weller [5]). they were re_moved from the pressure vessel_ and aIIowz_ad to desorb

In the process used to produce microcellular foams, the high§§2 for 5 minutes. The samples were then immersed in a heated
temperature in the entire process is in the neighborhood of glaghycerin bath, and held there for a length of time allowing the
transition temperatur€lg) of polycarbonate. This is in contrast tosamples to foam. To.ensure that the .foams remained flat, the
the conventional foam extrusion process in which the polymer%‘mpIeS were constrained between spring loaded sheets of perfo-

melted. To underscore this fundamental difference, the foams p?;ed aluminum, the sheets were perforated to ensure uniform heat

S e ransfer during foaming and the sheets were spring loaded to al-
duced by the process in this paper are termed “solid state foam ow for sample expansion, but not warpage. The temperature at

Commibuted by the Materials Division f biication in t . which the glycerin bath was heated to shall be called the foaming
ontripute y the Materials Division Tor publication in heURNAL OF ENGI- H
NEERING MATERIALS AND TECHNOLOGY. Manuscript received by the Materials temperature. The temperature of the glycerin bath was controlled

Division July 7, 1999; revised manuscript received September 19, 2000. Associbﬁé a Haake N3 circulator and temperat.ure control SySFem- All
Editor: C. Brinson. samples were allowed to foam for 10 minutes, after which they

The question raised by Sue et El] of whether or not micro-
cells are effective in toughening of polycarbon@RC) has re-
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Table 1 Processing conditions, densities and relative densi-
ties for 1zod impact specimens used in this study. All samples
were saturated at saturation pressure of 4 MPa and saturation
temperature of 25°C.

Foaming Foaming density Relative Cell
tempeaturg°C) (g/cm®) density Size (um)
70 1.07 0.90 4.34
80 0.96 0.81 5.09
90 0.85 0.71 6.96
100 0.74 0.62 6.94
110 0.62 0.52 7.73
120 0.51 0.43 7.18
130 0.39 0.33 8.97

Table 2 Processing conditions, relative densities and cell
sizes of foamed samples used to determine the effect of cell
size on Izod impact strength. All samples saturated at 25°C.

Saturation Foaming Cell
pressure temperature Relative size
(MPa) (°C) Density (pm)
1 127.1 0.71 18.05 Fig. 1 SEM micrographs of Izod impact fracture surfaces at
2 112.1 0.72 12.60 various densities and cell sizes. (&) Relative density = 0.89,
2 1882 8;% ?gé average cell size = 4.3 um, (b) Relative density = 0.71, average

cell size =18 um.

were removed from the foaming bath and immediately quenchﬁije . . . . . . .
in water held at room temperature. All foaming was conducted 1€ Impact properties shown in this section will be shown in a

atmospheric pressure. relative fashion. The .rellative impa(;t strength is then the impact
The processing conditions used to produce samples with vafjiength of the foam divided by the impact strength of the unproc-
ing densities are listed in Table 1. Note that all density sampl§§S€d material. Data presented below will first be presented in a
were produced using a saturation pressure of 4 MPa and a satif§! form showing standard deviation with error bars, then average
tion temperature of 25°C. In order to determine the effect of rélormalized values will follow.
sidual CQ in the foam matrix on the impact strength, the above General Observations. All samples tested in this work frac-
variable density samples were tested at different times after foafiired in a brittle manner. Examination of the impact specimens
ing: 2 weeks, 7 weeks, 4 months, and 3 years. Samples Wify;ealed no observable macroscopic plastic deformation zones or
constant relative density and varying cell sizes were processghensional changes in any sample. This is to be expected due to
under the conditions listed in Table 2. Note that in both Tablesthe high strain rates associated with impact testing. Representative
and 2, there is a relative density listed; this relative density is tRg=\ micrographs of foam fracture surfaces are shown in Fig. 1.
density of the foam divided by the density of the unprocessethese microcellular foams are closed cell foams, with nominally
material. Samples in Table 2 have a constant relative density Qfherical cells. High magnification examination of the fractured
approximately 0.7 and cell sizes ranging from 7/ to 18.05 ce|l walls showed no evidence of microplasticity, except for a
pm and were tested 49 days weeks after foaming. narrow band, nominally 20@m wide at the end of the specimen

After foaming, specimens were machined out of the 7.§pposite the notch where a plastic hinge developed during the end
cmx7.6 cm plaques to ASTM D256-93&], Izod test specimen

geometry. Notches were cut with a flywheel cutter at high rota-

tional speed2100 rpm). The notch radius was determined, using

optical microscopy, to be 0.08 mm; this is a deviation from

ASTM D256-93a, which recommends a notch radius of 0.25 mm. 120 e —
X . . . weeks after foaming : H

However, since the test is a relative one, a notch radius of 0.08 [ | @7 weeks after foaming : : ﬁ

mm is sufficient. Specimens were tested on a BLI Impact testing g 100 |---| &4 months after foaming - b L U~ SO

machine, model 1231, made by SATEC Systems, Inc. A 2.7 Joule = || A3yearsafter foaming | :

capacity hammer was used. Five specimens were tested at eacl

condition at room temperature.

Finally, the density of all samples was measured according to
ASTM D792 [7]. Average cell size for all samples was deter-
mined first by taking micrographs of gold coated, freeze fractured
specimen using a scanning electron microsc(piM), and sec-
ond, by applying a stereological method proposed by S. A. Sal-
tikov in the 1960’s for determining particle size distributifin-
derwood [8], Weller [5]). Fracture surfaces of representative
impact specimens were also examined in the SEM.

=l

.

80 |

60 |

Izod Impact Strengt|

40 |-

PV S ST S S S D
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Results and Discussion Relative Density

Since it's customary in literature on cellular materials to NOfig. 2 1zod impact strength as a function of relative density.

malize material properties, such as elastic modulus or strength,Mite the different samples at different times after foam to de-
the corresponding property for the unprocessed material, someeshine the effect of foaming gas on impact strength.
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Fig. 5 Relative lzod impact strength as a function of average
Fig. 3 Relative Izod impact strength as a function of relative cell size. Note that all cell size samples in this plot have a rela-
foam density tive density = 0.7. A line has been drawn through the data to

aid the eye.

of fracture. The fracture appearance of the cell walls was similar

for all samples. Fracture surface roughness increased slightly widsed PC. To study the effect of residual gas in the foam matrix,

increasing cell size. samples were tested at different times after foaming since it's
The Effect of Density. Figure 2 shows the Izod impact been observed that residual €@ the foam continues to desorb

strength as a function of relative density for foams with a narroﬁ%erofg?mtsen;ggg:g?g?f;?&ﬂgﬁ: :f?:ftzojvézi'sdﬁl dct:egs):)r;ption
distribution of cell size¢4—7 um). Note that the impact stren_gthssi ce the results for those samples tested from 2 weeks — 3 years
is very reproducible for most cases, the variation in strength is le f . ithi ' | This is 1

than 5 percent. The impact strength of the foamed samples Ge Oamr']ng ahr.e wit ml exg_er(;menFa hscatfter. q Ihs IS |n.(ajlcc?r-
creased in a linear manner with density. Surprisingly, foams wifff1c® Wit |$0f las et a[?]d!g |ngs,ﬁt eyh ound that r|e3| dua g
relative densities of 0.62 and above all demonstrate an impro nét_rclngen in the foam ”;f‘tljx ' nfct)t algcét € maximum load an
ment in impact strength, compared to the unprocessed saméﬁ)etg energy per unit thickness after ays.

(relative density=1.0). Figure 2 shows the highest impact The Effect of Cell Size. Figures 4 and 5 show the Izod
strength of 105 J/m was achieved at a relative density of Oithpact strength and relative Izod impact strength as a function of
whereas the unprocessed PC had an impact strength of 55 H@erage cell size, respectively. In both plots, at a constant relative
This behavior is also seen in Fig. 3, which shows the relative Izefénsity equal to 0.7, the impact strength is observed to increase
impact strength as a function of relative density. From this figuresith increasing cell size. The highest impact strength observed
it is seen that the 0.89 relative density samples have an impagturs at a cell size of 18.0am with a value of 122 J/m. This is
strength almost 1.9 times that of the unprocessed PC. We see Higiost 2.2 times that of the unprocessed polycarbonate as shown
even with nearly 68 percent reduction in density, the Izod impagt Fig. 5.
strength only drops approximately 50 percent from that of the Using neat laminated tape specimens and rubber toughened sys-
unprocessed PC. These results are promising for the microcelluihs, many authorgCollias and Baird[2], Wu [9], van der
processor, considering almost a 40 percent density reduction Gdnden et al.10,11) have proposed a critical ligament thickness
be obtained while maintaining the impact strength of the unprofsr polymers below which the ligaments yield and above which
they craze. For this study, the ligament thickness is estimated by
assuming a simple cubic lattice as seen in Fig. 6. Then using Eq.
130 ! T . (1.1) which relates the volume fraction of the por&4,, to the
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Fig. 4 1zod impact strength as a function of average cell size. ld + rP

Note that all cell size samples in this plot have a relative den-

sity = 0.7. A line has been drawn through the data to aid the Fig. 6 Simplified model of pore structure used to calculate cell
eye. wall thickness
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4.0 ( ! . that if shearing was the dominant mode of failure, then impact
g P strength should decrease as ligament size increases as shown by
pd Wu [9] (contrary to the observed resylt§Ve therefore hypothesis
3:3 [ [~ Relative Density = 0.7 | two possible mechanisms for the observed increase in impact
‘ : - strength with increased ligament thicknes$. Slince a flexed-
3.0 Lo SR A o beam impact test such as the Izod impact test places the test speci-
ed men in bending, the bending stress becomes very important in
7 such brittle fractures as seen in these tests. The effective resis-
2.5 , tance to bending or the moment of inertia of the smaller ligaments
is less than the larger ligaments when placed in bending. This then
20 o , would explain the increase in impact strength with larger liga-

: 7 : : ments; these larger ligaments provide a greater resistance to bend-
e ; i ing because they have a higher bending moment of inerjia. 2
1.5 ; j i Although the fracture is predominately brittle, some plasticity oc-

6 8 10 12 14 16 18 20 curs in front of the crack tip. The plastic zone size ahead of the
Average Cell Size ( pm) crack tip will be limited by the thickness of the ligament for thin
cell walls. As the cell wall thickness increases with cell size, a
Fig. 7 Calculated ligament thickness as function of cell size larger plastic zone could develop and increase the energy ab-
for relative density =0.7. A line has been drawn through the sorbed during fracture. These hypotheses’ are not exclusive and
data to aid the eye. need to be tested by conducting tensile tests under equivalent
conditions(high strain rate or low temperatyré&ince Izod impact
tests induce strain rates 1000-10,000 times greater than those
radius of the pores;,, the ligament thicknesécell wall thick- encountered in a typical tensile test, the polycarbonate experi-
ness, |4, and relative densityD, we can derive Eq(1.2) which €nces brittle fracturesbrittle fracture surfaces are presenin
shows the ligament thickneds;,, as a function of relative density, €quivalent method to induce brittle fracture in tensile tests would

Ligament Thickness (um)

D, and radius of the pores,,. be to lower the temperature.
(4/3m)r, )
TR (1.1)  Conclusions
P Microcellular polycarbonate foams were produced with a con-
(4/377)1’3rp trolled range of cell sizes and densities. The Izod impact strength
pz—(l_ D)1 —2lp (1.2) of unprocessed and foamed polycarbonate was measured at differ-

ent densities, cell sizes and gas desorption times.

: Thg ca]culated Ilgament thlckpess 1S plot.tedl against average celh The Izod impact strength of microcellular foams was greater
size in Fig. 7 and is shown to increase with increasing cell siz jan unprocessed PC for relative densities over 60 percent
-Lhulf’ plotting thﬁ Izod impact stre(rjlgth as a functlrc:n ofhllgame The Izod impact strength of foams increased with denéity
thickness, as shown in Fig. 8, demonstrates that the impacg . . . . . :
strength increases with increasing ligament thickness just as t s(ii;” wall thickness increased with cell size at a given foam
impact strength increases W|th average (;ell size. These results erg Thé Izod impact strength increased with cell size at a given
contrary to trends reported in conventional foams and rubbFr -
toughened materials. oam density. . .

The cell size(and hence ligament thickngsgependence of the 5 The effect of residual Cfon thg Impact strength of Poly-
impact strength is important and a new result obtained from t (@Lbonate foams appears to be negligible after 2 weeks of desorp-
work. The following observations are important to understand th on.

behavior. First, the fracture mode is brittle in all cases as shown inThe density of polycarbonate can be reduced by up to 40 per-

Fig. 1. This implies that even for the smallest cell size, the locaknt without any reduction in the impact strength relative to solid

crazing stress is higher than the yield stress. It should be nojgslycarbonate. Thus, in applications where impact strength gov-
erns the design, it is possible to use microcellular polycarbonate
foams and realize considerable material savings. The observed

130 : increase in impact strength with increasing cell size may be re-
: lated to ligament size: The thicker cell walls provide a greater
~ 120 e : L volume for plastic deformation and/or a higher moment of inertia
E - Relative Density = 0.7 ) to the bending that is experienced during the impact test.
= 110 ]
=
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