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Abstract

This paper focuses on understanding the compatibility of biodiesel with different grades
of polyethylene, specifically examining the environmental stress cracking ability of biodiesel.
Traditional testing methods were coupled with a nondestructive ultrasonic testing method to
investigate the modes of interaction by biodiesel with the polymer. The mechanism of failure
was studied by gravimetric analysis and infrared spectroscopy to monitor fluid absorption in the
notched and bent specimens while attenuation in the higher harmonics of an emitted acoustic
pulse followed internal stresses. The ultrasonic technique offered a unique opportunity to link
fuel penetration with microstructural changes prior to visible fracturing. Analysis of the
mechanism was aided by the color of the fuel showing that cracking was preceded by highly
localized absorption around the notch of the specimen, whereas resin grades with apparent

immunity to cracking experienced uniform absorption over the whole body of a specimen.

Keywords: Compatibility; Ultrasonic Testing; Biodiesel.
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1. INTRODUCTION

The relatively inert nature, along with other valuable properties, of polyethylene (PE) have
without a doubt made it a prevalent material in today’s world, with uses in numerous
applications ranging from simple household items, such as recycling bins, to industrial
applications such as the storage of chemicals including fuel tanks in automobiles, marine vessels,
and agricultural machinery [1]. As a result of its broad use, parts fabricated from PE are often
exposed to aggressive environments that may cause chemical and physical changes leading to
early failure if not properly selected for the use. Nearly 70 years ago, environmental stress
cracking (ESC) was first identified in the polymer industry as a significant problem to be
considered when selecting PE grades, especially for contact applications with fluids such as
piping and tank fabrication [2-7]. An estimated 15-40% of all plastic component failures based
on application can be traced to ESC [7,8]. Interestingly, the mechanism of ESC is still not
completely understood despite the length of time since it was first recognized.

ESC relates to an accelerated brittle failure of a polymer, resulting from low-to-moderate
stresses while in contact with fluids such as alcohols or detergents [9-16]. It is considered a
physical phenomenon since the polymer chains are not chemically altered [17]. Failures related
to ESC are believed to occur under highly localized conditions related to chain morphology,
absorbed concentration of the contacting fluid, and concentrated stresses producing this
deleterious outcome. Several testing methods are available to characterize slow crack growth
(SCG) and ESC, including the standardized full-notch creep test (FNCT) (ISO 16770) [18], the
notched constant tensile load test (NCTL) (ASTM D5397) [19], the Pennsylvania Notch Test
(PENT) (ASTM F1473) [20], and the Bell Test (ASTM D1693) [21]. Ironically, the active fluids

related to ESC often have little perceived influence on the polymer, which makes the phenomena
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all the more troubling to identify. The present study arose from concerns that biodiesel could be
one such active fluid.

The depletion of fossil fuel reserves along with the environmental issues associated with
using them has renewed interest in biodiesel as a substitute, making its application with PE to be
an immediate compatibility concern when considering that many tanks are nowadays fabricated
with this material [22]. Few studies of biodiesel with PE have been conducted to date [12,23-29],
finding little to no evidence that chemical interactions occur. In the face of some troubling early
failures being reported to industry for parts contacting this biofuel, it seemed prudent to consider
ESC as a likely cause. This is a new consideration for the polymer industry, with only two very
recent studies to suggest that biodiesel could be an ESC agent [11,30]. The study by Schilling
and Bohning [11] used detergents as characteristic model fluids for biodiesel and diesel to
characterize ESC of different high density polyethylenes by the two mediums. Their results
showed the ESC ability of biodiesel through accelerated failure in comparison to air, but with
lower aggressiveness than diesel. The lower ESC effect of biodiesel had been attributed to the
slower absorption rate and lower final equilibrium concentration of biodiesel in PE. In our own
studies examining biodiesel as a plasticizer for PE [30], a newly developed non-destructive
characterization based on nonlinear ultrasonics for monitoring internal stresses [31] noted
interactions resembling those found with other popular ESC-active fluids like IGEPAL rather
than commonly recognized plasticizers like toluene. The ultrasonic characterization tool has been
utilized again in the present work to better understand the ESC mechanism of biodiesel with PE.
In that earlier study [30], the yellowish hue of biodiesel made it possible to detect its distribution
in a contacting polymer, unlike colorless traditional ESC agents like IGEPAL, leading to the

hypothesis that a deeper study of the mechanism for ESC would be possible with this fluid.
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Therefore, the current study conducts further research into biodiesel as an ESC agent with
PEs and based on its findings, proposes a mechanism of interaction. The work uses the
aforementioned nonlinear ultrasonic characterization method in conjunction with gravimetric
analyses to monitor the time dependent progression of biodiesel into different grades of PE
without specimen destruction at each interval of sampling. The results are meant to aid our
previous study in improving material compatibility libraries for parts design involving exposure

of PE to this new biofuel.

2. MATERIALS AND METHODS

2.1. Materials

Four grades of high density polyethylene (HDPE) covering a wide range of properties
were used, chosen based on their differing stress cracking nature. The materials were provided
by Imperial Oil Ltd (Sarnia, ON) in pellet form. A summary of properties can be found in Table
1, with data provided from the supplier. The properties of the polymer grade LA 080 were not
provided by the supplier, and hence were found using suitable characterization methods. The
polymer pellets of all grades were compression molded according to Procedure C of Annex 1 in
ASTM D4703 and were machine cut into rectangular strips of dimensions 65 mm x 13 mm x 3
mm (thickness) for testing.

Biodiesel, a tallow-based methyl ester prepared from animal renderings, was generously
provided by Rothsay Biodiesel Inc (Guelph, ON) in pure form (B100). The biodiesel, whose
chemical structure is shown in Figure 1, was stored in a deep freezer at -40 °C till used for testing
to minimize oxidative degradation. IGEPAL® CA630 (Nonylphenoxy poly(ethyleneoxy)
ethanol) was purchased from Sigma Aldrich (Mississauga, ON) for use in the Bell Test [32]. A

low sulfur diesel (summer grade; Esso Ltd) was used in some testing.
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2.2. Modification of the Bell Test

Specimen size dictated in the Bell Test standard (ASTM D1693) was too small to provide
sufficient surface area to affix ultrasonic sensors for the intended analysis in this study. To
overcome this issue, the length of the samples was modified, while maintaining all other
dimensions (65 mm x 13mm x 3mm (thickness)), to allow simultaneous testing by ultrasonic
analysis. The nicking jig used in the Bell Test was also modified to allow notching of the new
sample sizes.

To reasonably ensure the same stresses would be concentrated at the notch of the
modified samples, as in the original test, the radius of curvature (5.1 mm) for bending was
preserved. Modified u-shaped holders were made to hold only one sample while maintaining the
radius of curvature at 5.1 mm. This setup allowed ultrasonic testing on the samples, one at a
time, without having to remove them from their holder, hence maintaining uninterrupted stresses
on a specimen throughout the experiment.

Each sample was immersed in a sealed glass tube containing the aqueous solution of 10%
biodiesel, unless otherwise stated, and placed in a heated circulating water bath (VWR
Corporation) at 50 °C till the sample failed or after 1000 hours of immersion time had passed. It
should be noted that the oxidative degradation of biodiesel occurring from prolonged testing at
50 °C, has not been found to affect its rate of diffusion into the polymer or the mechanical
properties of the polymer relative to neat biodiesel [30]. Each tube was agitated daily to ensure
proper mixing and samples were taken out at documented times during the experiment for further
analysis. After each of the analyses described below, at least until failure, the sample was placed

back the glass tube and returned to the water bath; a sample was removed from the solution for
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no more than 20 minutes each time for analysis. The control case for the study tested HD

6908.19 in water alone at 50°C. A minimum of five samples were tested for each grade of PE.
2.3. Gravimetric analysis

The absorption of fluid into a sample was monitored gravimetrically at documented times
with a Mettler Toledo AE200 Analytical Balance. The periodicity of testing was dependent on
the ESCR of the polymer grade: for grade HD 6908.19, testing was done every hour; HD
6605.70 was tested every day; grades HD 8660.29 and LA 080 were tested every two days. The
surface of a sample and its housing was wiped dry carefully using paper towels before weighing.
The concentration of absorbed biodiesel in the samples was calculated based on percent mass
gain.

2.4. Ultrasonic testing

To monitor structural changes in the PE samples due to biodiesel penetration over time,
nonlinear ultrasonics analysis was used following the gravimetric analysis mentioned above.
Following a similar procedure described in earlier work [31], an emitter (resonant type, R15a)
and receiver (broadband type, F30a) ultrasonic sensor (Physical Acoustic Corporation) were
affixed to the surface of the specimen using high vacuum grease (Dow Corning) at a center-to-
center distance of approximately 30 mm. Figure 2 shows a schematic of a bent sample with the
ultrasonic sensors coupled to its surface. Ultrasonic guided waves were produced in a sample by
pulse transmission at frequencies from 135 to 165 kHz in 1 kHz step increments produced with
an Agilent 33210A waveform generator. The received signal was amplified using a Physical
Acoustic 2/4/6¢c amplifier set to +40dB and collected at an acquisition rate of 4 MHz using a
National Instruments 10 MHz 12-bit 4-channel data acquisition system. Each signal was

converted to the frequency domain by fast Fourier transform (FFT). The frequency dependent
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amplitudes for all 31 spectra were averaged to get a single spectrum representing the response of
a sample to the signals emitted. An ultrasonic parameter was calculated as the amplitude ratio of
the third harmonic peak (A3z) over the amplitude of the primary emitted frequency (Aj); the
frequency range of this higher harmonic was selected based on previously identified guided
wave modes for the specimens due to low attenuation. To minimize errors brought about by
ambient noise and sample heterogeneity related to variations in crystal morphology among
specimens, the whole process was repeated four times before returning a sample to the glass tube
and the recorded results were averaged to attain the presented ultrasonic parameter at each time

step in the ESC test.
2.5. Infrared vibrational spectroscopy

Prior to analysis, a specimen from the ESC test was gently washed with de-ionized water
and wiped to remove residual biodiesel. In order to identify the depth of biodiesel diffusion at the
notched region, thin cross-sectional films perpendicular to the longitudinal axis were cut from
the exposed fracture plane of a specimen using a microtome (American Optical Corporation).
Each film was cut with a thickness of 100 um. The same preparation was carried out at the end
of the specimen, furthest from the notch/crack. When the samples that did not fail, a specimen
was microtomed while still bent, at the notch, and at the end of the specimen. Fourier-transform
infrared spectroscopy (FT-IR) was performed with a Thermo Scientific Nicolet 6700 in
attenuated total reflection (ATR) mode on the collected films, for a sample at the beginning of an
ESC test (before immersion in biodiesel solution) and at the end of the test (after cracking in
biodiesel solution or after 1000 hours of immersion). An average of 64 scans at a resolution of

0.4 cm™~! were reported for the mid-range wavenumbers (between 700 and 4000 cm™1).
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2.6. Microscopic imaging

Optical images were taken using a Keyence vhx-5000 digital microscope. 5x and 50x
lenses was used to obtain high quality digital pictures of a sample. Images of crack initiation
were taken when failure was first witnessed visually, whereas images of an intact notch were

taken after >1000 hours immersion in the aqueous biodiesel solution.
2.7. Crystalline characterization using Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was used to estimate the crystallinity content
for each grade tested. DSC characterization was preformed using a Q2000 DSC from TA
Instruments, over a temperature range of -50 °C to 250 °C at a ramp rate of 10 °C/min under
nitrogen purge. Approximately 10 mg of each polymer grade was taken from the notched area
and transferred into a Tzero non-hermetic aluminum pan. The percent crystallinity was
calculated based on the measured enthalpy of the melting transition and a theoretical heat of

fusion for a 100% crystalline PE (293 J/g).

3. RESULTS AND DISCUSSION

3.1. Benchmarking biodiesel as a stress cracking agent

The first studies in this work sought to confirm that biodiesel was an ESC agent for the
grades of PE under investigation and to compare its aggressiveness to a known ESC agent,
IGEPAL (IGEPAL CA630). In the study, samples of HD 6605.70 were tested against six
different media: pure biodiesel (B100), an aqueous solution of 10% biodiesel, 10% biodiesel in
petroleum diesel (B10 solution), an aqueous solution of 10% IGEPAL, water, and air. Samples in
B100, B10, and the aqueous solution with 10% biodiesel cracked after 13 days, depicting
comparable aggressiveness between the three mediums, while the baseline conditions in water

and air cracked after prolonged testing (>30 days). Analysis of the fracture area of the samples
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showed a significant decline in fibrillation at the crack with biodiesel compared to water- and
air-aged samples, indicative of a less ductile failure in the presence of the biofuel. For its tests,
the samples immersed in an aqueous solution with 10% IGEPAL showed cracking in less than 1
day (approximately 20 hours). The fracture area of the IGEPAL-aged samples showed a
complete absence of fibrillation, exhibiting a brittle failure typical of an exclusively ESC
response. Based on this comparison, considering the time to failure and the failure mode
displayed with this PE grade, the nature of biodiesel was considered to share a tendency for ESC
with IGEPAL, albeit with less aggressiveness.

With similar cracking aggressiveness witnessed for biodiesel by the different solvents of
dilution, the remainder of testing in this study was done with the aqueous solution of 10%
biodiesel. A yellow/orange coloration left in PE samples by biodiesel was much more distinct
with the aqueous solution, showing preferred absorption during aging and assisting analysis of
the ESC mechanism. The ESC observations with biodiesel in petroleum diesel were notably
concerning from the standpoint of tank fabrication, making future studies recommended, but this

solution was considered less suitable to examining the mechanism of ESC.
3.2. Monitored aging of immersed PE samples in biodiesel

Simultaneously conducted with the ultrasonic testing discussed in a later section,
gravimetric analysis was used to monitor the absorption rates and final uptake concentrations of
biodiesel in the different grades of PE. Figure 3 shows the percent weight gain for the four PE
grades plotted against immersion time with the aqueous solution of 10% biodiesel; presenting all
curves on the same graph required two timescales to be used. The presented curves represent the
best fit of 3-5 repeated trials using a logarithmic function with a R? > 0.9. In all grades, the rate

of absorption of biodiesel was highest initially. ESC never occurred during the period of rapid
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fuel absorption by the PE samples, but rather once the rate of mass gain had slowed, and that
failure times were shorter with less mass gained. The eventual decline in this absorption rate is
explained in part by a thin surface film of biodiesel gradually forming to reduce the effective
concentration gradient [26], but more likely attributed to the microfibrillar morphology of PE
that is becoming increasing aligned due to the bending stresses. The closely packed fibrillar mass
reduces sorption and decreases diffusivity locally [33]; Peterlin [34] has likened the taut polymer
chains to crystals reducing the internal channels for a penetrant. The curves indicate that all
grades had not fully reached equilibrium before cracking, which is when data collection was
stopped; however, the trends suggest little further weight gains was expected.

The polymer grades that did not crack (specifically HD 8660.29 and half of the LA 080
samples) showed higher final percent mass gains corresponding to their higher initial absorption
rates, not simply because the samples were immersed longer in the biofuel. HD 8660.29 showed
a mass gain of 4.171£0.15% after not cracking, while the uncracked LA 080 samples showed a
slightly lower gain of 3.78+0.51%. Correspondingly, the cracked samples witnessed lower mass
gain with LA 080 (3.66+0.22%) being higher than HD 6605.70 (2.6240.23%) and HD 6908.19
(1.65+0.26%). The control of HD 6908.19 showed negligible weight gain in water (0.24%).

One of the reasons for the differing biodiesel mass gain among the grades was their
varying crystallinity. Measured at the notch by differential scanning calorimetry (DSC), the
estimated crystallinity for each grade is shown in Table 2. A lower mass gain corresponded with
higher crystallinity of the polymer, seen for example by comparing HD 6908.19 versus HD
8660.29. The higher crystalline content (lower amorphous content) presented a more torturous
path for the absorbed biodiesel to collect in the amorphous regions of the polymer, resulting in a

material with lower permeability to biodiesel [30].
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The yellow/orange color of biodiesel offered an interesting opportunity to visually track
the preferred areas of absorption in a bent specimen over time. PE grades exhibiting ESC
cracking were darkly stained by the biodiesel, almost exclusively in the area of the fracture,
while the rest of the specimen only showed a light-yellow tint (if at all). Conversely, grades that
did not crack would appear yellow all over but never reach such a dark color. Visual inspection
of the HD 8660.29 samples showed yellow staining over the whole body and not just at the
notch. Conversely, darker yellow staining was witnessed primarily where the crack would
eventually form for HD 6605.70 and HD 6908.19 samples. The grade LA 080 represented a
unique case. Approximately 50% of the time, immersed samples would fail and, in those cases,
the coloration was localized but otherwise the whole body exhibited yellowing. This was a
fascinating general observation since it highlighted early in the test that a sample was more likely
to crack at some point if the notch region got darker in color.

Figure 4 shows FT-IR spectra in the range of 1700-1800cm™ of microtomed cross-
sections taken at the crack/notch area (Figures 4(a) and 4(c)) and at the ends of a rectangular
specimen (Figures 4(b) and 4(d)) for HD 6605.70 (failed) and HD 8660.29 (did not fail). The
bottom spectrum in each plot corresponded to a blank (i.e. sample of the grade that was never
immersed in solution), whereas the three spectra above corresponded to the absorbed biodiesel at
the exposed surface of the samples and at 100-micron and 400-micron increments deeper. The

characteristic peak showed in each spectrum at 1735-1750 cm™!

corresponded to the ester of
biodiesel, highest in intensity at the surface of samples to highlight greatest concentration while
rapidly declining in intensity in the deeper cross-sections to indicate limited penetration. The

biodiesel was not filling the cracks as a trapped liquid but rather, was absorbed into the matrix

near the crack surface. The results showed significant differences at a depth of 100 micron but
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minimal differences deeper (looking forward to the 400-micron depth spectra in the figure).
Focusing on the cross-sections at 100-micron depth in all four plots, the ends of the specimens
experiences the lowest biodiesel absorption and was similar in absorbance intensity for the two
grades (plots (b) and (d) in the figure). Conversely, the cross-sections at the notch showed a
higher absorbance for biodiesel in both grades (plots (a) and (c) in the figure), but the absorbance
intensity was much greater in the grade that cracked. These results confirm the observations of
coloring in the specimens, specifically that very localized fluid absorption occurs with ESC,
though the FT-IR analysis notes that the higher surface area and stresses of the notch afforded

greater biodiesel absorption even when the sample did not fail.
3.3. Analysis by nonlinear ultrasonics

Over the duration of a test, bent PE samples were monitored regularly by acoustic sensors
using a nonlinear ultrasonics technique. The technique is based on guided waves, providing the
ability to distinguish morphological changes pertaining to inter-crystalline regions of the
polymer without destructive testing. Previous investigations [30,31] have shown signal
frequencies in the region of the third harmonic are correlated with structural anisotropy, which
monitored over time are related to internal stresses attributed to deformation or chemical
swelling. This technique shows small differences in value attributed to the crystallinity of a
samples, appearing more sensitive to changing stresses when crystalline content is lower. By
testing in this non-destructive manner, it was possible to return specimens to the Bell Test
apparatus for further aging.

Figure 5 shows two examples of the acoustic spectral pattern pertaining to HD 6605.70,
before immersion and once microcracking began in the aqueous solution with 10% biodiesel,

with denoted changes in the distinct third harmonic region (As, between 400-500 kHz) being
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highlighted. Second order and other higher order harmonic peaks were attenuated in the
dispersive material and thus not used for analysis. The decline in A3 occurred in response to
changing internal stresses; these stresses are reportedly related to microstructural asymmetries
and discontinuities created by penetrating fuel into the polymer [35]. In this case, the biodiesel
promoted crystal slip, which decreased the internal stresses within the polymer. In comparison,
conventional plasticizers producing a more ductile failure like toluene, which is not an ESC
agent, have the opposite result on the amplitude of As, as previously reported [30]. A toluene-
plasticized polyethylene exhibits an increase in the ultrasonic parameter as a result of increasing
internal stresses, in that case created by swelling. As discussed below, grades showing only SCG
would also show an increase in A3z at the time of cracking, meaning that ESC and its related
brittle fracture produces a distinctive response in the acoustic technique which can be monitored.

The differing internal stresses being reflected in the acoustic analysis between failures by
ESC versus SCG are associated with the extent of intra-crystalline molecular connections
present, such as tie molecules (TMs) or entangled cilia or loose loops. These connections
traversing throughout amorphous regions hold crystallites in proximity to one another,
preventing them from slipping or being cleaving under stresses which would otherwise result in
macroscopic brittleness [36, 37]. Principally, in the field of ESC, one focuses on TMs as stress
transmitters that connect the interlamellar crystalline regions of PE and influencers of SCG
resistance [31, 38-42]. The primary assumption of this ultrasonic technique is that propagation of
ultrasonic waves in PE will be dispersive and different from a perfect elastic body. Thus, the
non-linear interaction of the ultrasonic vibrations with the discontinuities of a semi-crystalline
network (such as those created by the penetration of solvents) will generate frequencies different

from original wave introduced, which are detectable in the higher order harmonics [31, 43, 44].
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Figure 6 plots the ultrasonic parameter, related to As, over time for HD 6605.70 and HD
6908.19, which both showed localized yellowing at the notches of their bent samples while
immersed in the aqueous solution of 10% biodiesel. Since these grades exhibited failures in the
presence of biodiesel, the point when crack initiation began was marked in the plots for
reference; a micrograph of the type of cracking observed is included in the figure for HD
6605.70. The micrographs are added to the plots to show an example of the crack that was
visually detected at failure relative to the undamaged notch region. Three repeats for each grade
are shown to highlight the consistency of the trend being observed by the acoustic technique,
presented on the basis of immersion time or mass absorbed; the curves relative to mass absorbed
offered less obvious trends compared to time, and hence are discussed later in the section after
more examples have been presented. Based on immersion time (Figure 6 (a, c)), there was
always a significant initial decrease in the ultrasonic parameter that can be related to decreases in
internal stresses [30]. The rate of absorbed biodiesel was always highest during this period as it
first contacted the fibrillated surface inside a notch (as noted in Sec. 3.2). This localized
absorption of the fluid at the notch, by what is presumed to be stress-enhanced diffusion into the
bent specimen, plasticized the polymer and reducing the load-bearing resistance of inter-
crystalline chains in the amorphous regions and causing a decrease in the ultrasonic parameter to
a minimum value. This minimum ultrasonic parameter is referred herein as the “critical
ultrasonic parameter value” (CUPV). For polymers prone to ESC, the decline proceeds over a
considerable period of time till reaching CUPV and to a much lower parameter value compared
to grades more prone to SCG (discussed below). The lower CUPV was assumed as a result of
the few TMs attributed to polymers prone to ESC to resist crystal slip in the presence of

deformational stresses [31, 38-42].
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A plateau in the ultrasonic parameter follows upon reaching CUPV. For ESC-prone
grades, as shown in Figure 6, the plateau proceeded for a considerable period of time before the
parameter increased ahead of crack initiation. The plateau represents a period of rearrangement
for the amorphous microstructure, presumably with disentanglement of cilia retarding crystal
slip. This rise in the ultrasonic parameter value was related to inter-crystalline resistance, which
theoretically related to the few TMs being stretched. Once major cracking occurred, the
parameter value decreased again. At this point, the ultrasonic parameter was no longer
considered exclusively correlated with the elastic properties of the polymer and was now being
significantly affected by the physical presence of a crack. In the face of significant interference
to elastic wave emissions by the propagating crack [45], it was felt that this final drop in the
parameter value should not be related to morphological changes or the ESC mechanism.

To study the time-based trend in more detail, Figure 7 plots the change in the ultrasonic
parameter for a control, in this case HD 6908.19 immersed in water, where the fluid effects on
cracking should not be present. The three samples in the control appear similar to each other in
trend relative to immersion time. The initial decrease in the ultrasonic parameter occurred in
response to decreasing internal stresses due to relaxation of the sample after notching and
bending; the duration of the drop was approximately half of the recorded time for the same grade
immersed in biodiesel (Figure 6(c)). In the absence of biodiesel, the decline would have been
largely due to stress relaxation being under constant strain. The CUPV tended to be higher for
the controls compared to samples that cracked in biodiesel, but more distinctly there was a
negligible plateau for samples experiencing SCG rather than ESC. The following increase in the
ultrasonic parameter occurred in response to increasing internal stresses related to resistance in

the intercrystalline region against crystal slip; without biodiesel (or for grades that did not
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experience ESC) the ultrasonic parameter always rose to positive values. The control specimens
cracked in a ductile manner with noticeable fibrillation just before 7 h had lapsed, resulting in the
final decrease in the ultrasonic parameter.

The results in Figures 6 and 7 are following the internal stresses in different grades of PE,
hypothetically related to their interlamellar regions and influenced by the penetration of
biodiesel. As mentioned above, the decrease in the ultrasonic parameter to the minimum value
(CUPV) is considered a result of the plasticization of the TMs from localized fluid absorption at
the notch when biodiesel was present. The plateau at CUPV indicated a point where two
opposing phenomena of plasticization and SCG are momentarily in balance. With less sensitivity
of the polymer to ESC (i.e. higher Fso), more biodiesel was absorbed while the duration of the
initial decline and plateau in the ultrasonic parameter was longer. Naturally, it was assumed these
durations just grew longer for grades never displaying a failure during the test, since it has
already been established that they absorbed a higher amount of biodiesel. In general, this
assumption proved true in the acoustic analysis though one should not overlook the fact that the
biodiesel was no longer displaying localized absorption at the notch (referring to Sec. 3.2). To
demonstrate the acoustic response for grades that did not fail, Figure 8 (a-d) shows the change in
the ultrasonic parameter for HD 8660.29 and LA 080 on both a time basis and mass gain basis
while immersed in the aqueous solution of 10% biodiesel; LA 080 was included in this section
since it sometimes did not crack and in those cases, the specimen did not show localized
coloration at the notch. The included micrograph in the figure shows only a notch without
cracking after >1000 hours of immersion. On the basis of time, the plots show the decline and
plateau for very long duration, with the only difference being that there was no rise in the

acoustic parameter at the end of the plateau. LA 080 was the peculiar case, since the two failed
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samples (Samples 1 and 2) showed localized coloring of the notch and the rise in the ultrasonic
parameter prior to visually seeing cracks just like HD 6605.70 and HD 6908.19. Conversely, the
two samples that did not fail (Samples 3 and 4) showed trends similar to HD 8660.29.

Due to the apparent relevance of biodiesel absorption in the ESC testing, the acoustic
analysis was also conducted on a mass gain basis (Figure 6(b, d) and Figure 8(b, d)). Examining
the plots for grades that failed and those that did not fail, there does not appear to be an
identifiable difference in the displayed trend. The time and mass basis trends for LA 080 and HD
6605.70 appeared similar, presumably showing that their failure was driven by both factors
simultaneously and would be consistent with the expected mechanism for ESC. However, the
mass basis trend for HD 6908.19 looked similar to the observed trend with HD 8660.29, though
only the former grade showed ESC failure in the tests. The lack of a distinctive trend for ESC on
a mass basis was considered to be significant due to the discovered relevance of localized
absorption to the failure mechanism. The gravimetric analysis conducted was based on a bulk
measurement and it is reasonably speculated that only a fraction of the total absorbed mass was

relevant to cracking based on our observations in this study.
3.4. Proposed mechanism for environmental stress cracking by biodiesel

Several methodologies have been proposed to explain the precise molecular mechanism
leading to ESC [2, 46-50]. Two differing theories have attempted to explain ESC. One
explanation believes exposure to an ESC agent reduces the surface energy for crack formation
and therefore, lowers the stresses required for failure in comparison to PE being exposed to an
inert environment [16, 50]. This hypothesis may assist the ESC mechanism, but it is believed to
be a minor aspect when considering the overall mechanism [16]. In the second theory, which we

believe is supported by the observations of this study, consider the important aspect of the ESC
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agent is not at the specimen surface but rather being absorbed as a plasticizer [50]. The basis of

the proposed mechanism was founded on the hypothesis that the concentration-limited

plasticization mechanism proposed by Rogers et al. [10] for ESC explained the nature of

biodiesel with PE. Reflecting on IGEPAL which experiences lower absorption in PE (~0.25

wt%, found in a parallel study by the authors) and earlier failures (Table 1) than biodiesel, we

see a minute amount of plasticization accelerates ESC (affecting the TMs without overall relief

of building internal stresses), whereas more plasticization slows ESC (affecting the TMs but also

relieving overall stresses while sufficient agent is being progressively absorbed). The following

outlines key elements of Roger’s plasticization mechanism as it applies to biodiesel in the Bell

Test, using Figure 9 as an aid in the explanation:

1.

Notched specimens show fibrillation localized to the notch tip under the initial bending
stresses but prior to immersion in the biodiesel solution, as shown in Figure 9(a). Internal
stresses become concentrated at the front of the notch, as shown by Phase 1 of Figure
9(b), being under constant strain in the testing apparatus.

Upon immersion, the biodiesel contacts the higher surface area of fibrillated mass inside
the notch, being preferentially absorbed at this site of highly concentrated stresses.
Studies by Hittmair and Ullman [51] have shown increased penetration of liquids into
polymers experiencing increased stresses. If the contacting fluid has a plasticizing nature
on the polymer, like biodiesel with PE, then the localized absorption is a means to lower
the internal stresses in the material, more quickly and to a greater degree than the inherent
stress relaxation behavior of the polymer. For ESC, the polymer experiences reduced
inter-lamella strength by plasticization of the few TMs in the amorphous regions of the

fibrils (Phase 2).
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3. A critical component of Roger’s mechanism is the limited effectiveness of the stress

cracking agent as a plasticizer such that its effects are constrained to the amorphous
regions, with negligible influence on the dimensions of the crystals. Various authors
believe that this absorption must be localized to the amorphous phase [2, 46-48]. This
limited plasticization allows for more rapid/extensive crystal slip under the applied
bending stresses, accelerating chain extension of the few TMs present and beginning the
disentanglement of cilia. The orientation of these extended chains will decrease diffusion

rates, countered the primary driver in lowering the local energy state in the notch area.

. Two opposing phenomena (internal stresses concentrating in the tie molecules at the

notch versus relief of those stresses through plasticization by the penetrating biodiesel)
appear on the bulk to be momentarily in equilibrium. The building internal stresses, seen
by acoustic at the end of the plateau region, comes from ‘weak points’ caused by the non-
uniform plastic deformation of a bent sample [52]. These ‘weak points’ can be generated
chemically, thermally, and mechanically by non-uniform plastic deformation and by
crazing [53, 54]. Eventually, the TMs begin to fail under these internal stresses despite

plasticization, and crack propagation results (Phase 3).

. Microscopic voids in the formed crazes coalesce and initiate a smooth crack with very

little fibril generation, which extends beyond the original localized stress region of the
notch. A new localized high stress region is formed at the crack tip and is plasticized by
the biodiesel at the new crack tip region as Phase 2 is repeated (Phase 4). Lustiger et al.
[55] have shown evidence of the formation of secondary crazes in samples undergoing

ESC.

6. The process repeats as the crack continues to grow progressively, over a thin plane
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normal to the applied stress, resulting in the eventual failure of the material (Phases 5 and
6).

For this mechanism to be valid, an explanation should naturally evolve from it that
reasonably explains why a grade does not fail. We accept though the explanation of others that
ESC resistant polymers possess a higher frequency of TMs [36, 37]. When there are many TMs
to transmit stresses and so, internal stresses are slower to concentrate at the notch, there is no
driver to preferentially absorb biodiesel but also a slower orientation of the TMs present. More
biodiesel is ultimately absorbed without the hindrance of extensive chain orientation and in the
presence of so many TM as well as plasticizing fluid, polymer crystals will yield and unravel
rather than cleavage of the TMs in the presence of the continual bending stresses. The internal
stresses become constant as plasticization balances the influence of bending stresses on the
microstructure of the polymer. No crazing results from this scenario. LA 080 must exist at the
boundaries of molecular structure and crystallization kinetics to obtain a density of tie chains

sensitive enough to minor variations in solidification that gives both possible outcomes.
3.5. Interaction of biodiesel with the different grades of polyethylene

This last section gives some consideration to the differences and similarities in the
environmental stress cracking resistance (ESCR) results presented in Table 1 for the standard
IGEPAL detergent versus Table 2 with biodiesel, based on the grades of PE. The findings
attained in this investigation show consistency between the two ESC media based on the trend in
Fso failure times relative to the different grades, with a potential correlation between the
crystalline content and the molecular weight of the polymer (crudely implied in this case by
MFI). Apart from LA 080, an inverse correlation is seen between the crystalline content of the

samples and their ESCR by biodiesel. Polymer grade HD 6908.19 with the highest crystalline
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content (69%) and lowest molecular weight (highest MFI - 8.2 g/10 min) showed the lowest
resistance to ESC by failing quicker than all the other grades after 4.731+0.40 hours by biodiesel
and 3 hours with IGEPAL. The low molecular weight associated with the polymer decreased the
probable formation of TMs and the high crystallinity increases the stiffness of the sample, which
induced large stresses on fibrils in the notch when bent. We did note earlier that this grade might
not be failing by ESC, with cracking unrelated to the environmental fluid, but since its failure
time in biodiesel was greater than in water it was still considered an ESC failure in this
discussion. The grade with the second lowest resistance to ESC was HD 6605.70 at 158.824+9.33
hours (20 hours with IGEPAL). Its relatively high crystallinity (58%) and low molecular weight
(high MFI — 5.0 g/10 min) have made it susceptible to ESC by biodiesel but with a higher
resistance than HD 6908.19. The higher molecular weight and lower crystallinity of this grade in
comparison to HD 6908.19 have allowed it to last longer in biodiesel without cracking.

The grade HD 8660.29 showed the highest resistance to ESC by biodiesel by not
cracking despite being immersed for >1000 hours (40 hours with IGEPAL), by having the lowest
crystallinity (50%) and a relatively higher molecular weight (low MFI — 2.0 g/10 min) to the
others tested. Our previous investigations [30] on this polymer grade showed increased fuel
uptake and consequently a greater extent of plasticization by biodiesel with this low
crystallinity/low density grade due to its larger free volume (V) related to amorphous content.

The correlation between resistance to ESC by biodiesel and crystallinity that was seen in
the other polymers could not be seen with LA 080 and this can be attributed to its very high
molecular weight (very low MFI — 0.3 g/10 min). LA 080 was found to be susceptible to both
ESC and plasticization by biodiesel. The samples that cracked in biodiesel failed after

716.03+47.75 hours (47 hours with IGEPAL). It seems that the high crystallinity (61%) of this
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PE grade has made some samples susceptible to ESC; while the very high molecular weight has
made some samples of this grade resistant to ESC and prone to plasticization by biodiesel

instead.

There are many morphological features related to molecular structure that are correlated
with one another, thus making it difficult to establish firm relationships to long-term fracture
resistance without seeing contradictory findings in other studies [56]. For example, some studies
[57, 58] have found that decreasing spherulite sizes improve crack propagation resistance, while
others [59, 60] have suggested that the spherulite size has no effect. As a result, further
investigations on morphological features of PE, to better understand their effect on the failure of

samples when immersed in biodiesel, are still needed.

4. CONCLUSIONS

The investigation into the compatibility of biodiesel with PE for use in fuel-contact
services has revealed that the biofuel possesses both ESC and plasticization properties towards
the polymer. The fatty acid methyl ester was found to be a plasticizing agent for all grades of PE
but it was more of an ESC agent to some, with the different modes of interaction attributed to the
crystalline content and molecular weight of the polymer.

Through the course of testing, a dark yellowing related to the biodiesel appeared to
concentrate around the notched area of a bent specimen but only for PE grades that would
eventually crack. This was a unique observation offered by the biofuel that highlighted
previously unreported differences in the nature of sorption in ESC testing. The coloration of PE
by biodiesel combined with a non-destructive acoustic analysis technique employed in the study
allowed for validation of the previously reported concentration-limited plasticization mechanism

for ESC.
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Further studies will concentrate on investigating the morphological features of PE to better
understand their effect on the failure of samples when immersed in biodiesel. Particular attention
should be given to the crystal structure and how it affects fluid absorption in the area of the

notch.
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727  Figure 1. Generic chemical structure of biodiesel.
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729  Figure 2. Conceptual drawing of a bent PE sample with the ultrasonic sensors coupled to the
730  surface.
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732 Figure 3. Plot of average percent weight change (%) vs. immersion time (hours) in 10%
733 biodiesel for HD 8660.29 (gray dotted line), HD 6605.70 (gray dashed line), HD 6908.19 (black

734 dashed line), and LA 080 samples (black dotted line). The control was run in water (gray dashed
735  line).
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Figure 4. FT-IR (AT-R) spectra in the region of the ester group of biodiesel (1735-1750 cm™1)
for, a) (top left) HD 6605.70 — notch (crack); b) (top right) HD 6605.70 — specimen end; c)
(bottom left) HD 8660.29 — notch; d) (bottom right) HD 8660.29 — specimen end. To allow
better visualization of the changes, each spectrum attained was displaced by 0.2 above the
preceding spectra.
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Figure 5. Ultrasonic spectra for the HD 6605.70 sample before testing and after cracking due to
biodiesel immersion. The region highlighted in the box corresponded to the third harmonic
region (As, between 400-500 kHz).
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Figure 6. Variation in the nonlinear ultrasonic parameter versus (a) time of immersion in
biodiesel or (b) mass of biodiesel absorbed, for HD 6605.70; and (c) time of immersion in
biodiesel or (d) mass of biodiesel absorbed for HD 6908.19. Time at which cracking was first
visually observed for each sample has been labelled as “crack initiation” on the plot and a
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Figure 7. Variation in nonlinear ultrasonic parameter (%) vs time (Hours) for three HD 6908.19

samples immersed in water.
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Figure 8. Variation in the nonlinear ultrasonic parameter versus (a) time of immersion in
biodiesel or (b) mass of biodiesel absorbed, for HD 8660.29; and (c) time of immersion in
biodiesel or (d) mass of biodiesel absorbed for LA 080. Time at which cracking was first visually
observed for each sample that cracked has been labelled as “crack initiation” on the plot.
Microscopic imaging of the notched area of Sample 1 of HD 8660.29 after >1000 hours of
immersion in biodiesel has been added to the plot.
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mechanism of ESC of PE by biodiesel.
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768  Table 1. Summary of key properties of all resins used in the experimental work.

Reference ESCR?
Density (g/cm? MFI (g/10min
Code ity (g ) (g n) (Fsphours, IGEPAL)
HD 6605.70 0.948 5.0 20
LA 080 0.9542 0.33 474

HD 8660.29 0.941 2.0 40

HD 6908.19 0.965 8.2 3
769 1) ESCR = environmental stress cracking resistance.
770 2) Density was measured using a Mirage MD-200S Electronic Densimeter. Three dog bone samples were
771 used for average value quoted.
772 3) MFI = melt flow index, measured according to ASTM D1238.
773 4) Values were determined using ASTM D1693 with 10% IGEPAL CA-630.
774
775
776  Table 2. Summary of final mass change, ESCR (F5, hours) in biodiesel, and the estimated

777  crystallinity values by DSC.
Crystallinity Mass ESCR
PE Grade
(%) Change (%) | (Fsohours, biodiesel)
Uncracked HD 8660.29 50 4.1740.15 >1000
Samples LA 080 - Uncracked 61 3.7840.51 >1000
HD 6605.70 58 2.62+0.23 158.82+9.33
Cracked
LA 080 — Cracked 61 3.661+0.22 716.03+47.75
Samples
HD 6908.19 69 1.65+0.26 4.731+0.40
778
779
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