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Abstract

Photoacoustic Fourier Transform infrared (PA FT-IR) depth profiling experiments ranging from Jutm &fto the surface of thermo-
plastic olefin (TPO) show that the crystalline polypropylene (PP) phase resides at approximatelgn befow the TPO surface, while
ethylene-polypropylene rubber (EPR) layer is present atrh5and extends into the bulk. In an effort to determine the distribution of PP and
EPR components, a calibration method was developed by ratioing pure PP and EPR bands at 2953 and'2849498, 25/75, 50/50, 75/
25, and 90/10 ratios. Comparison of this numerical data and the experimental results allows determination of the distribution of EPR and PP
components across the film thickness. It appears that the EPR region is predominantly presgmt beldw the surface, while PP is located
at shallower depths. Concentration variations of talc can be also followed by monitoring the band at 16t8used by Si—O stretching
modes and its content is higher near the TPO surface. Based on these studies, a stratification model for TPO is@igB&dsevier
Science Ltd. All rights reserved.
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1. Introduction conditions [19], morphology [20], mechanical response
[21], and paintability [22]. These studies have shown that

Thermoplastic olefin (TPO) is a rubber-toughened poly- a relatively small change in processing will have a drastic

mer blend of polypropylene (PP), ethylene propylene rubber response on final properties [23,24]. While the effect of

(EPR), polyethylene (PE), pigments, fillers, and additives. compression molding on polypropylene/EPR rubber blends

Owing to low density, durability, and thermoplastic physi- has been addressed [25], injection molding introduces other

cal properties, polypropylene is the major component of variables which influence polymer morphology.

TPO. While addition of EPR provides low temperature  In this study, we will examine how processing will affect

impact strength, incorporation of pigments, fillers, thermal the distribution of individual components in TPO. To

antioxidants, plasticizers, and processing aids, improve achieve this objective, we will utilize photoacoustic Fourier

mechanical strength, performance and processability [1]. Transform infrared (PA FT-IR) spectroscopy, in particular,

As the distribution of individual TPO components may its nondestructive capability of surface depth profiling.

have significant effects on such properties as adhesion,

durability, and other surface related properties, understand-

ing of the distribution of individual components is particu- 2 Experimental

larly important. As a matter of fact, the phenomena of

stratification of various components in organic coating has 2 1. Materials

been observed spectroscopically on numerous systems,

including melamine-polyester [2], alkyds [3], urethanes  TPO was obtained from Ford Motor Co. as an injection-

[4-6], and latexes [7—17], just to name a few. molded plaque of 3.8 mm thickness. Isotactic polypropy-
Previous studies on polypropylene blend properties lene (Ford Motor Company) was obtained in a 2.5 mm

concentrated on polymer composition [18], processing diameter pellet form at 46% crystallinity. EPR was received

from Ford Motor Company in a molded sheet form 5 mm

* Corresponding author. Tel+1-701-231-7633; fax+1-701-231-8430.  thick and contained a primary antioxidant to prevent thermal
E-mail addressurban@plains.nodak.edu (M.W. Urban) oxidation. Magnesium silicate (talc, 3MgO-4%i8,0;
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Fig. 1. Photoacoustic FT-IR spectra of: TPO (Trace A); EPR (Trace B); PP (Trace C) components collected at a mirror velocity of 0.16 cm/s fonpenetratio
depths of 10 to 1§um over the spectral range 1500 to 600 ¢m

Mallinckrodt) was obtained as a powder and used as athese conditions, the depth of penetration will not be accu-

reference standard for photoacoustic analysis. rately reflected by Eq. (2) since the IR light will be comple-
tely damped at 2l and will not penetrate to the thermal
2.2. Analytical measurements diffusion length depth. Therefore, the relative content of the

) ) functional groups that absorb IR radiation at specific depths
Lmea}r rapid-scan mode PA FT-IR spectra were coII'ected can be determined by changing thus facilitating depth
on a Nicolet Magna-IR 850 FT-IR spectrometer equipped prqfiling experiments. Modulation frequencies employed in
with-a MTEC Model 100 photoacoustic cell designed for nese experiments were 1,91.35, 0.95, 0.64p, 0.32,
condensed phase sample analysis. Surface depth profilingb_la,' 0.09%, 0.064, and 0.032 Hz, allowing approxi-
analysis was achieved by varying the interferometer mirror ot depths of penetration from 3 to @ into the surface.
velocity (V) which dictates the modulation frequeney)(of The following «, p, and Cp values were used: 0.0012 W/
the infrared radiation [26,27]. These quantities are related ;o\, 0.91 glcn, and 1.79 J/Kg, respectively. Using these
by the following equation: values, the thermal diffusivity was determined to be X.4
w=2pV ) 10™* cm?/s. Following data acquisition, the interferogram
was ratioed to a carbon black reference, with further spectral
where:7 is the spectral wavenumber [28,29]. For optically processing accomplished using Nicolet Omnic and Galactic
opaque and thermally thick specimens, such as TPO, the|ndustries Grams/32 software. It should be noted that the
sampling depth can be estimated using the relationship jimit of depth resolution varies with the depth of penetra-
between optical absorption and thermal diffusion lengths. tion; for example, when modulation frequency is changed
The optical absorption lengtig, is the distance the IR from 195 to 16#, the penetration depth changes from
||ght will be attenuated by a factor Oré, and the thermal approximate]y 3 to 34,“m However, for slower modula-
diffusion length,uy, is defined as the distance in which the  tion frequencies this difference will be higher, ultimately
resultant thermal wave is damped by the same factor. Owing|eading to a lower spatial resolution. Our recent experiments
to the sample dimensions, the sample thickness is muchshow that one can obtain a significant enhancement of

greater than eithey; or . For optically opaque and ther-  spatial resolution using a step-scan mode as well as phase
mally thick specimens (§ > i), the depth of penetration  rotational analysis [32].

can be expressed by the following equation [30,31]. Dynamic mechanical thermal analysis measurements
20 \ 12 were conducted on a Rheometrics Mark Il at a frequency
Mth = (—) 2) of 10 Hz and a force of 0.02 N. The sample was measured in
mTw . .
the tensile mode, recording the storage modulus, loss modu-
where:a is the thermal diffusivity (crfis) is expressed ag lus, and tard at a heating rate of 2&/min.

pC, wherex is the thermal conductivityp is the density,

and C is the specific heat. According to Eq. (2), the thermal

diffusion length is inversely proportional to the modulation 3. Results and discussion

frequencyw, assuming that full saturation conditions are

avoided, as would be the case forrld > . Under One of the factors that may significantly influence surface
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Table 1
IR active bands of thermoplastic olefin (TPO), polypropylene (PP), ethylene propylene rubber (EPR) elastomer and talc [33,50,51]
TPO (cmY) PP (cm?) EPR (cm™) Talc (cm %) Assignment
3675 OH stretch (free)
2953 2954 2947 CHasym stretch
2922 2920 2925 CHasym stretch
2870 2877 CHsym stretch
2849 2838 2853 Chisym stretch
2723 CH, asym bend
1669 OH bend
1462 1458 1463 Clasym bend
1453 CH, bend + CHs asym bed
1377 1376 1376 Chisym bend + CH, wag + C-C chain stretch
1360 1358 CH bend+ C-C chain stretch+ CH, wag + CH; sym bend
1304 1304 CHwag + CH,twist + CH bend
1257 1261 CH bend+ CH, twist + CHsrock
1166 1168 C-C chain stretch- CH; rock + CH bend
1045 C—CH stretch + C-C chain stretch+ CH bend
1027 Si—O stretch
1019 Si—O stretch
1000 999 CHrock + CH,wag + CH bend
973 972 CHrock + C-C chain stretch
843 841 CHrock + C-CH; stretch
806 ChH rock + C-C chain stretch+ CH bend
720 CH rocking
455 C-C-C bend

composition of a substrate in the direction normal to the individual components of TPO: EPR (Trace B), PP (Trace
surface are stratification processes of individual compo- C), and talc (Trace D). Fig. 1, Trace A, shows RPA FT-IR
nents. This issue is particularly important for multi-compo- spectrum of TPO with the bands at 1462 cntaused by
nent systems, such as TPO, as individual components mayCH; asymmetric bending vibrations and the band at
stratify at different rates and their concentration levels may 1377 cm* caused by CH symmetric bending, CH
vary as a function of distance from the surface. As a first wagging, and C—C chain stretching vibrations. The band
step in the analysis of component distribution across the at 1019 cm*® results from Si—O stretching vibrations of
TPO substrate, it is necessary to assign IR bands to indivi-talc. The crystalline content of TPO can be identified by
dual components. Fig. 1 illustrates PA FT-IR spectra of TPO monitoring the bands at 1000 and 843 ¢nowing to PP
(Trace A) in the 1500 and 600 crhregion and its major  crystalline phase [33]. The 1000 ¢hband is attributed to
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Fig. 2. Photoacoustic FT-IR spectra of TPO (Trace A); EPR (Trace B); PP (Trace C) components collected at a mirror velocity of 0.16 cm/s for penetration
depths of 7 to §um over the spectral range 3200 to 2600 ¢m
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Fig. 3. Dynamic mechanical thermal analysis (DMTA) of TPO collected every 4 s as the temperature was variedlfs@@ to 100C at 10.0C per minute
at a frequency of 10 Hz and a force of 0.02 N. Shown are the transitions illustrating the phase separation of the PP and EPR regions.

the combination of Cklrocking, CH wagging, and CH temperatures (Tg). In the case of TPO, the tarurve
bending motions, while the 843 crhrepresents the coupled  shown in Fig. 3 contains two maxima at80 and—25°C,
CH,/CH deformation and CHCH; rocking normal vibra- corresponding to Tg's of EPR and PP, respectively [39]. If
tions [34]. The band at 720 cm results from CH rocking ~ TPO was homogeneous, one would expect a single broader
modes of ethylene groups in EPR. As the EPR is a cross-maximum. This data indicates that the phase separation
linked network made up of similar entities as polypropy- between EPR and PP does occur, but no information as to
lene, similar bands are detected in PP and EPR. Table 1 listghe spatial distribution of these components can be obtained.
observed IR bands of each component and their tentativeFor that reason, we will employ PA FT-IR spectroscopy.
assignments. While previous studies have [2—17] shown changes in
Another spectral region of interest, which is shown in Fig. component distribution across the sample thickness, the
2, is the 3200—2600 cni region. The bands at 2953, 2922, methods used to characterize these changes are destruc-
and 2849 cm® are the result of the CH stretching vibrations tive. As a result of that, they may alter original speci-
of the CH asymmetric, CH asymmetric, and CH men morphology; for example, crystallization may be
symmetric stretching modes, respectively. Although the induced from the shear forces encountered in microtom-
overlap of the bands as a result of EPR (Trace B) and PPing. As a matter of fact, it has been shown that artificial
(Trace C) may make interpretation of the TPO spectrum crystalline morphology is generated by oxidative stres-
(Trace A) difficult, this region is quite useful because the ses during sample preparation techniques [20]. Sample
band at 2849 cm'is sensitive to the presence of EPR, while preparation may also change the anticipated depth of
the band at 2953 cit is responsible for the PP phase. analysis from compression or deformation of the sample
In an effort to set the stage for spectroscopic surface depth[18]. For that reason, this study focuses on the use of
profiling analysis, let us first consider the results of dynamic surface depth profiling using PA FT-IR spectroscopy,
mechanical thermal analysis (DMTA). It is well known that since this approach offers nondestructive surface analy-
this experimental approach is a commonly accepted methodsis, and thus more accurate determination of the distri-
that can provide information about phase separation in bution of individual components across the film
multi-component systems [35,36]. Previous studies on thickness can be obtained.
latexes [37] and other polymers [38] using DMTA have Fig. 4 illustrates a series of PA FT-IR spectra recorded at
shown that the phase separation of a two component systenmodulation frequencies of .97 to 00327 at 1500 to
is represented by the occurrence of two glass transition 600 cm * which allows surface depth profiling from deeper
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Fig. 4. Photoacoustic FT-IR analysis for penetration depths of 4 t@rbQTraces A-l) for thermoplastic olefin (TPO) over the spectral range 1500 to
600 cm %,

regions below the surface, approximately 4 topysa. Inte- EPR/PP blends will result in stratifying of the rubbery
gration of the band at 843 chas a result of crystalline PP region below the surface [40]. However, the spectroscopic
phase shows the largest photoacoustic response a9 analysis presented above extends the scope of previous find-
below the surface from the spectra recorded as Traces B, Cjngs indicating that concentrations of PP and EPR compo-
and D. Below 9um, this band gradually diminishes while nents of TPO vary between 5 and L&, with the EPR layer
going into the bulk. The EPR elastomer band at 720tm lying below the PP region.

increases at the modulation frequency of 230 Hz. This spec- To further advance how PP and EPR distribution varies
tral response indicates an increase of the CH rocking vibra- near the TPO surface, we will take advantage of the linear
tional modes of ethylene units in EPR at an approximate PAS wavenumber dependence on the depth of penetration.
penetration depth of 1am. These observations agree with For that reason, we will focus on the C—H stretching region
the previous studies which showed that injection molding of of TPO between 3200 and 2600 chrwhere, owing to the

10+
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Fig. 5. Fhotoacoustic FT-IR analysis for penetration depths of 3 tar@4Traces A-l) for thermoplastic olefin (TPO) over the spectral range 3200 to
2600 cm L,
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Fig. 6. Numerical spectra of polypropylene and elastomer components at ratios of 10/90 (Trace A), 25/75 (Trace B), 50/50 (Trace C), 75/25 (Ttéce D), 90
(Trace E) in the spectral range 3200 to 600 ¢m

wavenumber dependence, shallower depths of penetratiorincreased amount of EPR, while the 843 ¢mesponse of
are achieved. Fig. 5 illustrates PA FT-IR spectra of TPO PP decreases for a higher EPR/PP ratio. This data confirms
recorded with modulation frequencies 091 to 0.032y Hz the previous interpretation of the spectra shown in Fig. 4,
which allows us to observe the response from 3 tquid where higher EPR content is detected atuld from the
All spectra were normalized to the band at 1377¢m  surface. These results also agree with the studies by Rama-
owing to a combination band resulting from gs/mmetric murthy and Ryntz [1], in which DSC analysis of micro-
bending, CH wagging, and C—C chain stretching normal tomed sections of TPO showed higher content of
vibrations. As shown, the 2849 crhband increases with  polypropylene in the 1Q.m below the TPO surface.
the increasing penetration depth. As the response of the In an effort to interpret the spectra of TPO recorded from
2849 cm* band is significantly greater for EPR than for various depths (Figs. 4 and 5), we will use the band ratio
PP, Fig. 5 demonstrates that EPR lies deeper into the surfac953/2849 cm'’ of the computer generated spectra (Fig. 6),
than PP. As the 2953 cm band is stronger than the and compare with the experimental results (Fig. 5). This is
2849 cm* band at 3um (Trace A) than at 2g.m (Trace shown in Fig. 7. The computer data, shown by curve A of
1), the region nearer the surface is richer in PP. Fig. 7, reflect the ratio of mathematically combined spectra
As indicated earlier, this spectral region represents of EPR and PP and demonstrates that, as the elastomer
several overlapping bands, but it can be quite useful as it component increases, a linear decrease of the 2953/2849
may allow us to obtain individual component information. ratio occurs. The experimental data shown by curve B of
As itis practically impossible to obtain TPO specimens with Fig. 7 displays the intensity ratio of the bands at 2953 tm
specific concentrations of individual components at specific and 2849 cm?, but an exponential decrease is observed
depths from the surface, we will create numerical spectra while going from the surface to the bulk of TPO. This
out of the pure EPR and PP component spectra. Thisobservation indicates that a higher content of PP exists
approach not only allows us to interpret the depth profiling near the surface, and decreases nonlinearly into the bulk.
data, but also eliminates possible interfacial interactions As the new spectral features are not detected, it is believed
between PP and EPR in a blended system. Numericallythat no interactions among individual components are
generated spectra for EPR and PP at ratios of 10/90detected. At 15um below the surface, the 2953/2849 ratio
(Trace A), 25/75 (Trace B), 50/50 (Trace C), 75/25 (Trace levels off to approach unity, indicating a decrease of PP and
D), and 90/10 (Trace E) are shown over the 3200 to no further stratification. The exponential dependence of the
600 cm ! spectral range in Fig. 6. Normalization to the 2953/2849 ratio demonstrates a non-homogeneous distribu-
1377 cm* band allows us to monitor the presence and tion in this blended system, thus confirming the assessment
distribution of EPR with respect to PP by monitoring the of data in Fig. 4, which showed that EPR stratifies at
intensity changes of the bands at 2953 and 2849'cis approximately 15.m. The indication of non-homogeneous
expected, the band at 2953 chin Fig. 6 decreases as the distribution of the EPR and PP components is confirmed by
amount of PP decreases. At the same time, the 2848 cm the DMTA measurements shown in Fig. 3. It should be
band increases, indicating an increase in the EPR content. Imoted that, in spite of the fact that DMTA is commonly
addition, the 720 cm' band increases owing to the used to identify phase separations in polymeric systems, it
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Fig. 7. Photoacoustic intensity ratio of 2953 and 2849 thands normalized to 1377 cthfor numerical (Trace A) and experimental (Trace B) spectra of
thermoplastic olefin (TPO).

is not capable of spatial determination of component distri- TPO results in stratification of individual components as a
bution. result of shear, flow, and thermal processes [42]. According
Photoacoustic analysis can also be used to follow theto the literature [22,43], the primary parameters that may
presence and stratification of talc. As illustrated in Fig. 4, affect TPO morphology are temperature of the mold, injec-
the intensity changes of the 1019 chrband decreases as tion time and pressure, and cooling rates. As a polymer melt
the depth of penetration increases. Analysis of Traces Ais allowed to cool against a high energy surface, such as a
through C indicates that the highest content of talc lies metal, the polymer surface will nucleate rapidly, often
predominantly 5 to fum below the surface, and its concen- normal to the surface [44]. Under injection molding condi-
tration diminishes while going into the bulk. As the presence tions, TPO will form a “skin” at the surface which is
of crystalline PP accompanies the presence of talc, there iscomposed of high density, nonspherulitic polypropylene
likely to be a nucleating effect of molten PP in the presence structures having a slight degree of orientation of polymer
of talc. Previous studies have shown that the talc componentchains in the flow direction [45,46]. The skin formation
will have an affinity for the PP crystalline region [41]. results from the rapid decrease of temperature as the poly-
Previous studies have shown that the injection molding of mer melt contacts the cooler mold surface that causes rapid
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Fig. 8. (a) Side profile of proposed stratification profile of thermoplastic olefin (TPO). (b) Molecular level representation of thermoplasticRigfin (T
stratification profile.

crystallite formation. Owing to the presence of irregularities propylene core near the center [18]. The model presented
and microscopic particles on the mold surface, nucleation of in Fig. 8a and deduced from PA FT-IR analysis agrees with
the polymer melt will result as heterogeneous crystallization the previous studies, and a nondestructive nature of photo-
occurs. As TPO is injection-molded, the relatively cooler acoustic measurements makes the analysis more reliable.
surface of the mold will induce a crystallinity gradient in the Based on literature and the photoacoustic data, we are in a
polymer bulk. It was proposed that this process may lead to position to propose a model of stratification for injection
the formation of transcrystalline regions at the surface, as molded TPO. The surface of TPO contains PP layers
well as weak boundary layers (WBL) [47]. The formation of which result from heterogeneous nucleation occurring
transcrystalline layers were shown by Ryntz to occur in the during the molding process. The talc component distribution
top 10pm from the surface [22]. Below the “skin” layer, a  is high near the surface of TPO, which is associated with the
second region results from high shearing conditions which PP crystallites. At 7—@.m below the surface is the primary
produce a large number of row structures. As the tempera-crystalline PP region, while elastomer rubber is found to be
ture gradient is smaller in this region, the crystallite forma- preferentially deeper in the bulk, at approximately s

tion will be more organized. Additives, such as EPR, will below the surface. While Fig. 8a illustrates a stratification
tend to migrate to form higher concentration levels in this model for TPO, Fig. 8b shows molecular representation of
layer. A third region, lying below this high shear zone, will the stratification profile.

be less influenced by thermal conditions as a result of slower

cooling rates. This will produce a polypropylene-rich layer

with large spherulitic structures with no defined orientation 4. Conclusions

present [48,49]. As a result of these gradient forces, the

overall structure of EPR/PP blends will consist of a surface  Using linear PA FT-IR depth profiling, individual compo-
layer containing hard domains of PP at the surface of the nent distributions of crystalline PP, EPR, and talc in injec-
mold, an intermediate soft EPR-rich region, and a poly- tion molded TPO was determined. Using modulation
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frequencies of D7 to 0.0327 Hz in the 1500—600 cit
region, talc was predominantly detected at & below

the surface, while the crystalline PP is detected at approxi-
mately 7—9um below the surface, and the EPR layer is at
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