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EFFECT OF STEREO AND COMONOMER DEFECTS ON CRYSTALLINE 

AND AMORPHOUS PHASES IN POLYPROPYLENE 

Cassandra Gallaschun, M.S. 

University of Pittsburgh, 2018 

Solution state nuclear magnetic resonance (NMR) will be used to measure the tacticity 

and ethylene incorporation of a matrix of samples containing, homopolymer, random, 

impact copolymer and branched samples. Solid state NMR will be used to investigate the 

rigid and mobile thickness along with the fractions of each type. Annealed and thermal 

fractionation stepwise crystallization differential scanning calorimetry will be used to 

measure the lamella thickness and amorphous phase thickness of various types of 

polypropylene. The crystallinity will also be investigated by annealed differential 

scanning calorimetry (ADSC). Dynamic mechanical analysis will be used to further 

investigate the amorphous phase. The chemical and crystal structure data collected will then be 

used to compare against predicted trends in literature of a series of mechanical tests, such as, 

tensile, flex, and two types of impact. The work showed the initial application of spin diffusion 

solid state NMR and thermal fractionation for lamellae characterization on branched 

polypropylene. Branching was found to increase the rigid fraction and the lamellae thickness, 

as branching increased.  
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1.0  INTRODUCTION 

Extensive work has been done throughout the literature to understand the crystal structure of 

polypropylene1. The kinetics of the crystal’s macro structures have also been extensively 

studied2.  Marigo et al. work showed effects of catalyst on phases and the connection to regio 

errors which occur when the propylene unit get inserted backwards3. De Rosa et al. studied the 

connection between stereo, caused by methyl units being on opposite planes, and regio defects 

and crystal structure for metallocene samples4. Although much is known about the crystal 

structure of polypropylene, questions regarding the connection between comonomer defects and 

branches on crystal structure and the final physical properties remain an area of interest.  The 

goal of this work is to leverage the current knowledge on crystal structure in polypropylene to 

study the effect of stereo, comonomer and branching in polypropylene.  In this work solid state 

NMR will be used to determine the rigid and mobile interface thickness, as well as the rigid and 

mobile fractions.  The solid state work uses the approach demonstrated by Zhu et al. in the 

literature5.  

 In this thesis, the connections between defects to crystal structure and to the ultimate 

physical properties of the polypropylene samples will be probed.  The defects studied will be 

stereoregularity defects, comonomer incorporation, and branches. The three types of defects will 

be probed using four sets of polymer groups. The first set is a group of homopolymer 

polypropylene with similar melt flow rate but decreasing crystallinity which will be used to 
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probe the effect of stereoregularity defects.  The second and third group will be used to probe the 

effect of comonomer incorporation on crystallinity. The second group is a set of three random 

copolymer samples with increasing ethylene incorporated in the chain. A schematic of the 

homopolymer and random copolymer chains are shown in Figure 1. The third group is a set of 

three impact copolymer samples with increasing ethylene-propylene rubber fraction. The impact 

copolymer samples also have increasing ethylene in the rubber fraction over the sample set. A 

schematic of the macro structure is shown in Figure 2.The final set comprises three polymers, all 

with the same ethylene content: the first contains zero branching, and the following two 

branched samples have increasing branching. Figure 3 shows the schematic for a branched 

sample. 

In section 2.0 , the background of the analytical techniques will be discussed. The 

chemical structure of the polymer was studied by solution state NMR to determine the 

stereoregularity and ethylene content. Differential scanning calorimetry was used to investigate 

the percent crystallinity and crystal structure. Both standard annealed DSC, and a thermal 

fractionation stepwise crystallization (SC) was used. Solid state NMR was used to further 

investigate the rigid and mobile structure, cross polarization magic angle spinning (CP-MAS) 

was used to determine the rigid and amorphous fractions and then spin diffusion experiments 

were used to determine the rigid and mobile interface phase thickness. Dynamic mechanical 

analysis, tensile, flexure, Izod and instrumented drop impact were all then used to investigate the 

final physical properties.    

The experimental details for all experiments are further discussed in Section 3.0 . Details 

regarding the analysis methods are all contained in Section 4.0 , which details the process used to 

calculate crystallinity and lamella thickness using DSC data. The analysis for tacticity and 
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ethylene incorporation using the solution state NMR is also captured, as well as the fractions 

calculation and thickness of phases by solid state NMR. Section 5.0  contains all results and 

discussion of the work with a final conclusion in Section 6.0 .  

 

 
 

Figure 1.Schematic of Homopolymer Polyproplyene and Propylene Ethylene Random Copolymer 

 
 

 
 

Figure 2. Schematic of Impact Copolymer that Contains a Homopolymer Polypropylene Matrix with 

Propylene-Ethylene Rubber Domains 
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Figure 3. Schematic of Branched Random Copolymer 
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2.0  BACKGROUND 

2.1 TYPES OF POLYPROPYLENE  

In the work presented, four major polypropylene groups were tested. The first set of samples 

were homopolymer which are polypropylene chains that contain nearly zero comonomer. 

Homopolymer polypropylene (HP) can be used for a number of applications such as nonwovens, 

housewares, and caps/closures.  

Random polypropylene (RP) are samples that contain a comonomer of some kind. 

Ethylene is the comonomer in all samples in this thesis. The ethylene is dispersed throughout the 

chain in a statistically random manner. Random polypropylene is often used in film applications 

due to its improved clarity and flexibility.  

Impact copolymer polypropylene (ICP) samples are heterophasic reactor blends which 

typically contain a homopolymer matrix with propylene-ethylene random copolymer in the form 

of rubber particles. Impact copolymer polypropylene sample are often used for applications 

where toughness is important. This can include car bumpers, cold temperature food containers, 

and toys.  

The final group of polypropylene samples studied are branched samples. The samples in 

this study are random copolymer samples that contain long chain branching in increasing level. 
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By adding branches, the melt strength of the polymer increases which makes foaming or blow 

molding applications more effective.   

2.2 POLYPROPYLENE CHAIN STRUCTURE 

Propylene when polymerized into polypropylene forms chains with methyl groups attached to 

the backbone. If only propylene is uses as the monomer, methyl groups are usually located on 

every other carbon in the backbone, giving a chain structure of -CH2-CH(CH3)-CH2-CH(CH3)- 

due to the polymerization progress. If an error occurs in which the monomer is inserted 

backwards, two secondary or methylene carbons will appear in a row corresponding to a chain 

structure such as -CH(CH3)-CH2-CH2-CH(CH3)-. These two structures are shown in  

Figure 4 along with the carbon labeling used. This type of backward insertion is called a regio 

error, regiomistake, 2-1 insertion, or regio defect6 and can affect the crystallization of the chain.  

Another more common error seen in polypropylene is called a stereo defect that can reduce the 

stereoregularity7. A stereo defect occurs when the methyl group is on the opposite plane as the 

nearest neighboring methyl. If the two methyls are on the same side they are labeled as meso and 

opposite sides are labeled as racemo8.  NMR can then be used to analyze the pattern in different 

length segments, such as in groups of three, five, seven, or nine. For the purpose of this work, 

pentads (7) and triads (3) will be used. For the results shown, groups of fives methyl carbons 

were used or pentads.  
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Figure 4. a) Polypropylene Formation Reaction and Carbon Labeling, b) Polyproplene with Noraml 

1,2 –Insertion6, and  c) Polypropylene with Regio Error 2,1 – Insertion6 

 

2.3 POLYPROPYLENE CRYSTAL STRUCTURE MODEL 

Polypropylene chains crystallize into lamellae which are stacks of folded chains. A single chain 

may fold multiple times inside a given lamella. The chains may also crystalize in multiple 

adjacent lamellae; chains participating in multiple lamellae are called tie chains9. These lamellae 

often arrange further into macro structures like spherulites10,11. In semi-crystalline polymers, 

these spherulites can range from 3 to 500 um and are made up of crystalline lamellae that are 8 to 
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20 nm thick12. Between the stacked lamellae is an amorphous layer that cannot crystalize due to 

limited flexibility from being pinned between the lamella, or from defects in the chain making 

crystallization highly unfavorable.  The thickness of the crystalline lamella (lc) and the 

amorphous interface (la) will be investigated in this work.  A representation of the lamella and 

amorphous interface is shown in Figure 5.  

 
 

Figure 5. Polypropylene Crystal Lamella and Amorphous Interface Model 

 

The amorphous interface contains defects, entangled chains, tie chains, and branches13. 

The amorphous phase deforms during the elastic deformation before the yield point13. More 

amorphous content would therefore lead to a lowering of elastic moduli. Sometimes this trend 

appears as a linear relationship between elastic modulus and percent crystallinity, although 

deviations can be found if samples with varying lamella thicknesses are selected. The elastic 

modulus depends on the balance of amorphous and crystalline as well as the lamella structure 

and its orientation14.   The amorphous interface size controls the cavitation of the polymer during 

strain since the voids are typically formed in the amorphous interface and the size of voids are on 
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the size order of the amorphous inferface15. This highlights the importance of the amorphous 

thickness since the size of a crack or cavitation can predict whether it will cause a failure at a 

given stress, with larger cracks failing first. Small voids in the amorphous interphase have also 

been shown to heal15.  

The crystalline lamellar thickness also plays an important role in the yield stress: as the 

lamella thickness increase so does the yield stress of the sample14. Crystalline lamella thickness 

also determines the content of tie chains if molecular weight is kept constant. By having thinner 

crystalline lamella, the chances for a chain to crystallize in multiple lamella increase. This 

increase in tie chains has been shown to increase dart impact strength16.  

2.4 ANALYTICAL AND MECHANICAL TESTING 

2.4.1 Solution State Nuclear Magnetic Resonance 

For solution state NMR, a polymer sample is first dissolved in a deuterated solvent and placed in 

a NMR tube. It is important to heat the sample and fully homogenize it before analysis. For the 

solution state samples done for this project, the NMR active C13 nuclei was used17.  

A NMR spinner is used to hold the NMR tube and is placed in the magnet. A constant 

stream of air is used to suspend the sample inside the probe. The magnetic field is homogenized 

by “shimming” the magnet using the deuterated signal. The sample is then “tuned” which allows 

the exact irradiation frequency to be chosen which can vary slightly with solvent, but falls within 

the carbon range17.  
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Once the instrument has been optimized, a pulse program is applied. The pulse program 

used was a ZGPG, 90 degree pulse power gated carbon-proton with waltz16 decoupling scheme, 

with an 4-10 sec delay. During the pulse, the C13 nuclei absorb energy and then release it after 

the pulse. The instrument records the signal from the release which decreases over time. The 

signal is then converted with a Fourier transformation to appear as the typical spectrum.  The x 

axis is frequency and y is intensity. The frequency is determined by the chemical shift of certain 

types of C13 nuclei found in the sample. The tacticity is then determined by calculating the 

percent of each pentad in the sample. In addition, for copolymer samples, the ethylene insertion 

was calculated17.  

2.4.2 Solid State Nuclear Magnetic Resonance  

When samples are in the solid state, the molecules no longer have the fast rotational motion that 

allows quadrupolar and dipole-dipole interactions to be averaged out. Due to these interactions, 

solid state spectra give very broad signals, but can be improved by a number of techniques. Cross 

polarization (CP) allows the higher population of H1 nuclei to be leveraged.  The pulse is 

transferred form the H1 to the C13 and thereby allowing a better signal to be observed due to the 

higher population of the H1   opposed to the C13.The delay between pulses can also be shortened 

due to the faster relaxation of the proton.  Magic angle spinning (MAS) can also be used, where 

the sample is spun at an angle of 55.44◦ which allows the internuclear interactions to be zeroed 

out giving a spectrum more similar to a solution state experiment17.  

The benefit of solid state experiments is that they allow the separation of the rigid and 

mobile components, thereby allowing a better calculation of the rigid and mobile fractions. Two 

CP-MAS experiments have been done for each sample, one with a spin lock and one without. 
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The spin lock allows only the slow relaxing rigid crystalline component to be captured. Without 

the spin lock, both mobile amorphous and rigid crystalline components are collected. The two 

spectra can be subtracted to determine the spectrum for the mobile component only. Proton spin 

diffusion experiments with dipolar filter can then be used to determine the thickness of the 

mobile or amorphous interface5,9, and 18.  

2.4.3 Differential Scanning Calorimetry  

Differential Scanning Calorimetry is a technique in which the thermal properties of a sample can 

be characterized.  Inside the DSC oven, an empty reference pan and a sample pan are both heated 

using customized methods. The difference in energy needed to heat the sample at the prescribed 

rate between the reference pan and sample pan are measured.  The thermal transitions (melting, 

crystallization, and glass transition) can all be detected due to the sink or source of the energy for 

the sample.  For the annealed method, samples are heated well over the melting temperature 

before the measurement begins.  For the thermal fractionation method the sample is first 

annealed, and then cooled slowly to ensure that all chains that can crystalize at a given 

temperature actually crystallize. The thermal fractionation method is denoted as a stepwise 

crystallization (SC) approach19.  

2.4.4 Dynamic Mechanical Analysis 

Dynamic Mechanical Analysis allows the probing of the balance of viscous and elastic properties 

of the polymer in the solid or molten state. The instrument applies a sinusoidal displacement and 

the resulting sinusoidal force is tracked. The phase shift between the force and displacement is 



 12 

called the phase lag, and is related to the viscoelasticity of the material. The complex modulus is 

determined by dividing the maximum of each wave force by the maximum of the displacement 

and multiplying that by a geometric factor. The geometric factor is clamp and sample specific.  

The storage modulus is then calculated by taking the complex modulus and multiplying it by the 

cosine of the phase angle.  The loss modulus is similarly calculated by taking the complex 

modulus and multiplying it by the sine of the phase angle.   The tan delta is the ratio of loss 

modulus divided by storage modulus or can be calculated by taking the tan of the phase lag20.  

2.4.5 Tensile 

Following ASTM D638, the tensile bar is stretched at a constant strain rate of 2.0 in/min and the 

resulting stress is measured. The stress and strain is then plotted allowing the points of interest to 

be viewed, an example plot is shown in Figure 6. The break strain and stress are the graph values 

at the point where the tensile bar breaks. The yield strain and stress are determined from reading 

the graph values from the yield point. The yield point is the point where increases in strain does 

not increase the stress at the same rate as when the sample was elastically deforming. The 

tangent modulus and 1% secant modulus are both slopes of the linear region of the graph. The 

1% secant modulus is less sensitive to any noise in the low strain region of the graph since noise 

is removed by taking the slope between the origin and 1% strain value. The tangent is simply the 

tangent of the linear region of the graph. The two modulus values are shown in Figure 7. 



 13 

 
 

Figure 6. Tensile Stress Strain Example Curve with Yield and Break Labeled 

 
 

 

 

 

 

 

 

 

 

 

Figure 7. Tensile Stress Strain Example Curve with 2% Secant and Tangent Modulus Labeled 

1% Secant 
Modulus 

Tangent 
Modulus 
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2.4.6 Flex 

A three-point bend fixture is used on the same bar type as the tensile test following ASTM D790. 

Similarly to the tensile test, a constant strain rate is applied and the resulting stress is recorded. 

The strain rate used is 0.05 in/min. Again the stress strain curve is plotted which allows the 

modulus values to be calculated22.  

2.4.7 Izod Impact  

The inner area of the tensile bar is cut out and notched using an Izod notcher. Test method 

ASTM D256 is used. The sample is mounted in a clamp with the notch facing the area of impact 

for the swing arm. The swinging arm is released and hits the sample. The arm continues to swing 

and the height is recorded to calculate the energy that was absorbed by the sample, given the fact 

that the initial potential energy of the arm is equal for all runs. The break type is classified as 

complete, hinge, partial, or non-break and the break strength is recorded23. 

2.4.8 Instrumented Drop Impact  

For the instrumented drop impact testing (IDI), 3.175 mm thick round plaques are used following 

ASTM D3763. The test measures the puncture energy. The plunger travels at 2.73m/s hitting the 

sample. The maximum load is the peak of the graph, a single sample with multiple test 

specimens shown in Figure 8. The instrument also measures the plunger position.  The energy at 

maximum load is then calculated by multiply the deflection by the load24.  
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Figure 8. Instrumented Drop Impact Graph Showing Force (N) and Time (ms) 

 

Max Force 
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3.0  EXPERIMENTAL 

3.1 SAMPLES STUDIED 

In order to cover all areas of interest in polypropylene, four groups of samples were studied 

homopolymer, random, impact copolymer, and branched samples.  Three homopolymer 

polypropylene samples were chosen for the study.  The homopolymer samples are labeled as 

HP1, HP2, and HP3 going forth. The homopolymer samples have decreasing crystallinity from 

sample HP1 to HP3.  Another set of three propylene ethylene random copolymers were chosen 

and are labeled as RP1, RP2, and RP3. The random samples have both decreasing crystallinity 

and increasing ethylene as you move from sample RP1 to RP3.  Three impact propylene-

ethylene copolymers were selected and are labeled at ICP1, ICP2, and ICP3.  The crystallinity of 

the impact copolymer samples decrease from the ICP1 to ICP3 samples. The amount of rubber in 

the impact copolymer samples increases in the sample direction for ICP1 to ICP3 and the rubber 

becomes more ethylene rich(increasing levels of comonomer content).  For the branched group, 

two branched propylene ethylene copolymer samples were selected, as well as, a reference 

unbranched random propylene ethylene copolymer sample. The set is labeled as BR1, BR2 and 

BR0 with the last being the unbranched reference.  The two branched samples were provided as 

pellets and all other samples were provided in the form of powder. The level of branching 
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increases from BR1 to BR2. The crystallinity and ethylene content is constant across the 

branched set.  The full sample set was provided by Braskem and are show in Table 1.  

Table 1. Sample Description Key 

 

 
 

3.2 SAMPLE PREPARATION-EXTRUSION  

The powder samples were stabilized with a basic additive package of 750 ppm of primary 

antioxidant, 750 ppm of secondary antioxidant, and 500 ppm acid scavenger.  The powder and 

additives were initially blended and then fed into a 30 mm twin screw extruder. The zone 

temperatures of the extruder were set based on the melt flow of the individual powder samples.  

The zone temperature and recorded extrusion data is shown in Table 2. 
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Table 2. Extrusion Parameters and Data 

 

 

3.3 SOLUTION STATE NMR 

The solution state NMR samples were prepared by first using a hot press to melt a thin film. The 

film was then cut to an area corresponding to roughly 60-65 mg mass. The film was then curled 
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into a cylinder and dropped down into the 5 mm NMR tube. The tube was then blanketed with a 

constant flow of nitrogen. After letting the nitrogen flow for 5 minutes, 0.6 ml of a 50/50 blend 

of 1,1,2,2-Tetrachloroethane-d2(TCE-d2) and 1,2,4-Trichlorobenzene (TCB) was added while 

the nitrogen flow remained. The nitrogen tube was raised to the top of the tube to stop splashing 

during the filling process.  A needle was inserted around the side of the nitrogen tube allowing a 

constant blanket during filling. The sample was left under the blanket for another 5 minutes to 

purge and then the sample was capped while the nitrogen flow was left on.  

The NMR sample tube was then heated to ~ 130 o C using a sample heating block. After 

the sample has been heated for an hour, a hot gun was used to boil the TCE and TCB solvent in 

the sample and allow the solution to be mixed inside the tube. The sample solvent surface was 

first heated with the hot gun to ensure that the polymer was not acting as a cap inside the tube. 

The sample tube was then heated at the bottom up to fully mix the sample. Once the sample was 

free of gels and fully heated the sample was run.  

The NMR experiment was performed at 120 ◦C on a Bruker 500 MHz instrument using a 

5mm BBO probe. The homopolymer set were tested with a 4 second delay time (d1) and the 

copolymers were tested with 8 second delay time. The tests were done using a “ZGPG” power 

gated carbon-proton with a 16 waltz decoupling scheme program. Around 2,000-5,000 scans 

were collected for each sample. The chemical shifts were referenced using the center of the 

central peak of the solvent at 73.80 ppm. 
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3.4 SOLID STATE NMR 

The solid state nuclear magnetic experiments were done using a Bruker 500 Wide Bore 

spectrometer with a 4 mm probe. Pellet samples were converted into a powder using a cryo-

grinder and then packed into the spinner. The mobile amorphous and rigid crystalline fractions 

were determined using two CP-MAS programs, one without spin lock and the other with spin 

lock at 8 um. The collection with spin lock allowed the collection of only the crystalline phase. 

The magic angle spinning (MAS) was set to 4000 Hz and a 90 pulse was applied for 4.5 us. The 

recycle delay was set to 2 seconds with a 1 ms cross-polarization.  Proton two pulse phase 

modulation (TPPM) decoupling at 100 kHz was used for the 120 ms acquisition time. The proton 

spin-lattice relaxation time was 8 ms at a field strength of 62.5 kHz. The approach is the same as 

done in Kang18. 

For the spin diffusion experiment, the spin diffusion filter was optimized to suppress the 

crystalline fraction. The purpose of the spin diffusion experiment is to polarize only the mobile 

fraction and then measure the transfer of polarization to the crystalline phase, thereby allowing 

the physical spacing between the mobile and crystalline fraction to be detected.   The 1H spin 

diffusion pulse program used contained 12 dipolar pulse filters(x,-y,x,x,-y,x,-x,y,-x,-x,y,-x) with 

spin diffusion delay of tau between each pulse. Tau of 25 us was used for the sample set. The 12 

pulses were repeated 2 times to provide the best polarization followed by a pair of 90◦ pulses.  A 

varying mixing time from 0- 2500 ms was used before the cross polarization was applied for 0.5 

ms with a recycle time of 2 seconds5, 19.  A proton spectrum was also collected with and without 

the filter in order to calculate the diffusion coefficients.  
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3.5 DIFFERENTIAL SCANNING CALORIMETRY ANNEALED  

The extruded stabilized samples were also used in the annealed DSC experiment. The pellets 

were initially molded into a 0.2 mm thick film.  A cylindrical disk punch was then used to cut 

out 6-11 mg of material that was then loaded and sealed inside of a “tzero” type DSC pans using 

tzero lids. The pan was then heated along with a standard empty pan/lid to 200 ◦C and held for 5 

minutes. The sample was then rapidly cooled down to 45 ◦C at a rate of 10 ◦C /min.  The sample 

then equilibrated to 0◦C and was heated back to 200 ◦C at a rate of 15 ◦C /min. 

3.6 ANNEALED DSC THERMAL FRACTIONATION  

The same prepared film for the annealed DSC experiment was also used in the thermal 

fractionation experiment. A new section was cut out using the cylindrical disk punch and sealed 

inside of a tzero DSC pan with a tzero lid. The sample was again loaded with a reference empty 

pan/lid and heated to 200 ◦C and held for 240 minutes. The sample was then cooled 10 degrees at 

a rate of 10 ◦C /min, held for another 240 minutes at 190 ◦C and then ramped down by another 10 

degrees. The downward steps and holds are repeated until the sample reaches 100 ◦C.  The graph 

in Figure 9 shows the full method which takes around 45 hours for one sample. Even after such a 

long heating, degradation of the samples is not expected since the stabilized pellets were used to 

produce the films. After the crystals have been fully formed, a standard ramp up from 100◦C to 

200 ◦C at a rate of 10 ◦C /min was used to collect the melt peak which ultimately used for the 

calculations. 
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Figure 9. Temperature (◦C) versus Time (minutes) for Annealed Thermal Fractionation Method 

3.7 DYNAMIC MECHANICAL ANALYSIS  

The impact copolymer samples were initially melt mixed by using a hot press for repeatedly 

melting, cutting, restacking the film, and melting again until the samples each became 

homogenous and clarity differences across the film disappeared.  After the initial melt mixing of 

the impact copolymer samples, all samples were handled identically for dynamic mechanical 

analysis (DMA) preparation. For the DMA samples, powder without antioxidants was used so 

some degradation is possible.  

 A mold (7.5 cm x 7.5 cm x 1.5 mm) was filled with the sample and then pressed between 

two aluminum sheets and further sandwiched by two platens.  The platens and sample stack was 

then placed into the hot press set to 204 °C.  Initially the sample was held for 2 minutes with only 

surface contact and no additional pressure to the top surface.  The pressure was then raised to 12 

metric tons and quickly released back down to zero.  This process of increasing and dropping 
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pressure was repeated four times in order to ensure all bubbles and voids were removed from the 

sample. The pressure was then raised once more to 12 metric tons and held for 2 minutes.  The 

stack was then moved to a chilled press that was set at 15 °C and held for another 2 minutes at 12 

metric tons.  The samples were then removed from the mold.  A shear cutter was used to cut the 

samples into bars with the approximate dimensions of 1.5 mm X 13.68 mm X 35.64 mm. The 

bars were then aged at room temperature for 40 hours before testing.  

Dynamic mechanical analysis was conducted on a TA instruments Q800 DMA.  The 

testing was done using a single cantilever clamp in DMA Multi-Frequency- Strain mode with the 

Temp Ramp/ Freq Sweep test type.  The samples were initially cooled to -70 °C and then the 

clamp screws were tightened with a torque controlled screw driving set at 8 lb. /in.  The DMA 

temperature sweeps were done from -70 °C to 150 °C at a heating rate of 3 °C/min after an initial 

5 minute soak time at -70°C.  The amplitude was set to 30 um.  

3.8 MECHANICAL TESTING 

3.8.1 Sample Preparation-Molding  

Two Cincinnati molders were used to make the tensile bars and impact disks. A standard ASTM 

tensile bar was prepared for the tensile, flex, and Izod testing. The molding parameters for the 

two specimens followed the ASTM D4101 and used stabilized extruded pellets referenced in 

Section 3.2.  
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3.8.2 Mechanical Testing Procedures 

The tensile and impact specimens were aged for the required 40 hours after molding and then 

tested within 96 hours.  An MTS 2GL was used to perform the tensile test using ASTM D638. 

The tensile jaw separation was set to 4.5 in with a load cell of 562 lbf. was used. The tensile 

testing speed was set to 2 in/min. The testing was performed until break or until the crosshead 

reached its maximum displacement. The flex testing was performed on an MTS 10GL unit 

following ASTM D790. The flex testing was conducted with a 100 lbf. load cell at a test speed of 

0.05 in/min and a span distance of 2 in. Izod specimens were taken from the center of the tensile 

bar and an izod notch cutter was used to prepare the bar. The izod testing was run on a Tinius 

Olsen Impact 104 unit using ASTM D256. For the instrumented drop impact, 125 mil thick 

round plaques were molded.   The instrumented drop impact was performed on a Ceast Fractovis 

unit using ASTM D3763. All mechanical testing was conducted at room temperature. 
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4.0  METHODOLOGIES OF ANALYSIS 

4.1 TACTICITY DETERMINATION BY SOLUTION STATE NMR 

The samples were analyzed for tacticity by integrating the peaks between 22-19 ppm which is 

the methyl area of the spectrum. The pentad structures are shown in Figure 10 and the respective 

peaks are shown in Figure 11 and were calculated for pentads. The methyl carbon observed by 

the NMR is indicated with a *. If the two nearest neighboring methyl carbons on either side of 

the starred methyl are on the same side, those carbons are considered meso(m). If a flip occurs 

with the methyl unit, that methyl is considered raceme(r)8. The next methyl is then considered 

based on its orientation to the last referenced methyl. The peak areas then become pentad mole 

fractions by dividing by the total area of the nine peaks. The triads ( mm%, mr% and rr%) were 

then calculated using Equation 4-1, Equation 4-2, and Equation 4-325,8.  
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Figure 10. Polypropylene Pentad Structures 
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Figure 11. Tacticity Peaks2, 3 

 

       mm(mole%) = mmmm(mole%) + mmmr(mole%) + rmmr (mole%)        Equation 4-1 

 

       mr(mole%) = mmrr(mole%) + rmrr,mmrm(mole%) + mrmr(mole%)      Equation 4-2 

 

                rr(mole%)   = rrrr(mole%) + rrrm(mole%) + mrrm (mole%)           Equation 4-3 
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4.2 ETHYLENE INCORPORATION FOR IMPACT AND RANDOM BY SOLUTION 

STATE NMR 

The ethylene incorporation for the copolymer samples (random, impact, and branched) was 

determined by first analyzing the spectrum in the secondary and tertiary carbon region. The 

peaks listed in Table 3 were integrated26. The dyads (two monomer units) and triads (three 

monomer units) areas are then converted to mole percent by dividing the signal intensity of each 

dyad type (PP, PE, and EE) over the total of all dyad signals. The same approach is used for 

triads25, 26.  The dyad and triad structures are shown in Figure 12 and Figure 13. 

 

 

Figure 12. Dyad Ethylene- Propylene Copolymer Structure 
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Figure 13. Triad Ethylene- Propylene Structures 

 

Table 3. NMR Dyads and Triads26 

 

Dyads Peak Integration Area (ppm) 
PP 47 to 45  
PE 37.7 to 37.2 + 37.19 to 36.73 
EE 1/2 26.9 to 26.60 + 1/2 29.50 to 29. 2 + 1/4 29.8 to 29.7 
Triads Peak Integration Area (ppm) 
PPP 28.8 to 27.9 
PPE 30.6 to 30.4 
EPE 32.8 to 32.6 
EEE 1/2 29.5 to 29.2 + 1/4 29.8 to 29.7 
PEE 1/2 37.2 to 36.7 + 1/2 26.9 to 26.6 
PEP 1/2 37.7 to 37.2 
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The percent moles of P and E were calculated by Equation 4-4 and Equation 4-5. The percent 

moles can be converted into weight percent by using the molecular weight of an ethylene and 

propylene unit.  

                                    P mole% = PP mole% + ½ PE mole%                                      Equation 4-4 

   

                                    E mole% = EE mole% + ½ PE mole%                                     Equation 4-5 

     

The normalized triad calculations are shown in Table 4. 

 

Table 4. Triads in Propylene or Ethylene25, 26 

 

Triads in Propylene or Ethylene % Using Calculated mole% values 

PPP/P PPP/(PPP+PPE+EPE) 
PPE/P PPE/(PPP+PPE+EPE) 
EPE/P EPE/(PPP+PPE+EPE) 
EEE/E EEE/(EEE+PEE+PEP) 
PEE/E PEE/(EEE+PEE+PEP) 
PEP/E PEP/(EEE+PEE+PEP) 

 

4.3 RIGID AND SOFT FRACTION DETERMINATION BY SOLID STATE NMR 

The two CPMAS solid state spectrums were used to determine the rigid crystalline and mobile 

amorphous components.  The CPMAS spectrum with the spin lock at 8 um contained only the 

signal from the rigid crystalline sample, whereas, the other spectrum contained both the rigid 

crystalline and mobile amorphous components. By subtracting the rigid crystalline spectrum 
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from the total, the mobile amorphous spectrum was generated. The ratio of area of rigid 

crystalline to the area of the total was used to determine the rigid crystalline fraction19. Since the 

mobility is being measured and not a thermal transition, the rigid crystalline fraction determined 

by solid state NMR will be referred to as the rigid percent and the crystalline fraction determined 

by DSC will be referred to as the crystalline percent or crystallinity. The spin lock allows fast 

relaxing mobile amorphous signal to be removed. If branching was added to the sample in the 

amorphous domain, the relaxation might slow enough to appear to be part of the crystalline 

component. Since only relaxation rate is observed and no thermal changes are measured in the 

process the crystalline component is measured by observing the rigid fraction.  

4.4 DOMAIN THICKNESS DETERMINATION FOR SOFT AND RIGID 

FRACTIONS BY SOLID STATE NMR     

The thickness of the soft or mobile phase and the rigid phase was calculated using the spin 

diffusion solid state NMR experiments using the method done in Zhu et al and Kang5, 19. Initially 

the diffusion coefficient for the rigid fraction, Dr, was calculated using Equation 4-6 where   

<r2>, the mean square distance between closest spins, is set to 0.08nm2. The same spectrum was 

also used to determine width at half height, Δνr
1/2. 

 

                                                                                   Equation 4-65 
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The diffusion coefficient for the mobile or soft component, Dm, was then calculated using                                                

Equation 4-7 where Δνm
1/2

 is the width at half height of the mobile amorphous proton spectrum 

generated after subtracting the rigid crystalline components from the total proton spectrum and α 

is the width at the bottom of the peak.  

                                                                                           Equation 4-75 

 

Both diffusion coefficients were then used to calculate the Deff, shown in                                                    

Equation 4-8.  

                                                                                                      Equation 4-85 

 

The intensity from the spin diffusion experiment was normalized by dividing the intensity 

of the experiment with the same mixing time but no spin diffusion. The intensity of the peak at 

23 ppm was used since it was the largest and only clearly visible peak at the low mixing times. 

The normalized intensity was then plotted against tm
1/2.  The   tm0

1/2 value is then determined 

from the intersection of the initial linear slope and steady state value, shown in Figure 14. Due to 

the limited number of points used in the determination of the initial slope, sensitivity of the 

results calculated from the graph will be discussed in Section 5.2.2.The thickness of the rigid and 

mobile phases are then determined using Equation 4-9 and  Equation 4-10, where ɛ is 1, since a 

lamella structure was assumed.  The thickness of the mobile component (dm) can then be 

determined using the rigid or crystalline fraction information obtained for solid state NMR. The 

rigid thickness will later be compared to the crystalline lamella thickness measured by DSC. 
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Both tests probe the same physical component but the approach shifts the observance limitations. 

The mobile thickness will similarly be compared to the amorphous phase thickness measured by 

DSC.  

    

 

 

Figure 14.  Plot of tm1/2 and I/I0 

 

                                                                                                                  Equation 4-919 

 

                                                                                      Equation 4-1019 

4.5 CRYSTALLINITY ANALYSIS BY ANNEALED DSC 

The annealed DSC data was analyzed by first integrating the melting and crystallization peaks. 

The melting peak was linearly integrated from 90 ◦C to 180 ◦C. The crystallization peak was 
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similar integrated but a constant spacing of 40◦ was used instead of an absolute range. The 

crystallinity was then calculated using Equation 4-1127, 28. 

 

 

   Equation 4-11 

 

The heat of fusion was taken from the integrated value for the melting peak. The 

hypothetical heat of fusion for a fully crystalline sample ΔHfo  was taken to be 165 J/g18 or 207 

J/g29, the first being for homopolymer polypropylene and the second for copolymers of 

propylene and ethylene due to the enthalpy differences seen for a perfect polyethylene crystal 

and a perfect polypropylene crystal.  

The Thomson-Gibbs equation was then used to calculate the lamella crystal thickness lc, 

which is shown  in Equation 4-12, where σe is the free energy of the folding lamella (0.122 

J/m2)19, ρc is the density of the crystal (936 kg/m3) 19, ΔHf
o is the heat of fusion for isotactic 

polypropylene (165 J/g)28, and Tm
o is the equilibrium melting point(481K) 19. Tm was taken as the 

peak maximum in the anealed DSC melting peak.  

 

                                                                                Equation 4-1219 

 

The crystallinity based on the homopolymer heat of fusion or weight fraction crystallinity was 

then converted to volume fraction using the denisty of the amorphos phase ρa (855 kg/m3)29. The 
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amorphous phase thickness was then calculated assuming a two layer system using lc  and the 

degree of crystallinity28.  

4.6 LAMELLA THICKNESS CALCULATION BY THERMAL FRACTIONATION 

DSC 

Using a method similar to that shown in Horvath et al., the lamella thickness was calculated for 

the fractions produced with the thermal fractionation19. The melting thermal fractionation heat 

flow was normalized with the sample weight and plotted with temperature on the x axis. The 

temperature range between 105 ◦C to 185◦C was used in the analysis. Following the method in 

Horvath et al., the temperature range was divided into a fixed number of equal temperature span 

sections. The number of sections was set to the number of steps in the thermal fractionation 

method plus one.  Since the thermal fractionation method used in this paper consisted of nine 

steps, the area was broken into ten sections of equal size. A data point every 1.67 ◦C was 

collected to be analyzed. Initially a linear baseline trend for each samples was established. The 

heat flow delta between each data point was determined and corrected with the linear base line to 

find the change in the y axis. The area of each change was then determined and collected into the 

ten sections to determine the area for each temperature range. The areas were then converted to 

fractions.  Using the Gibbs- Thomson equation, shown in Equation 4-12, the temperatures were 

converted into lamella thickness (nm). The lamella thickness l was then converted into length of 

flawless regular sequence I in monomer units, using Equation 4-13, were c is the thickness of a 

propylene unit. The constants in Table 5 were used for the calculations19.  
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                                                             Equation 4-1319 

 

 

 

Table 5. Polypropylene Crystal Parameters19 

 

Tm
o (K) σe (J/m2) ρc (kg/m3) Hm

o (J/kg) c (A) 

481 0.122 936 146000 6.5 
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5.0  RESULTS AND DISCUSSION 

5.1 SOLUTION STATE NMR RESULTS AND DICUSSION 

5.1.1 Tacticity  

The tacticity results for the homopolymer sample group are shown in Table 6. As the amount of 

amorphous polymer increased the level of meso pentad units (mmmm mole %) decreased which 

is expected since the samples were chosen to have decreasing crystallinity. 

 

Table 6. Homopolymer NMR Tacticity Results (mole %) 

Sample HP1 HP2 HP3 
mm  96.6 93.8 92.8 
mr  2.0 3.4 3.8 
rr  1.4 2.7 3.4 

mmmm  94.7 90.9 89.7 
mmmr  1.6 2.5 2.7 
rmmr 0.3 0.4 0.4 
mmrr  1.3 2.2 2.5 

rmrr, mmrm  0.5 0.9 1.0 
mrmr  0.18  0.4 0.4 
rrrr  0.4 0.8 1.3 
rrrm  0.4 0.8 1.0 
mrrm  0.6 1.0 1.2 
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The random sample group’s tacticity results are shown in Table 7. In the random group, 

as the level of ethylene increased the level of meso pentad units (mmmm mole %) dropped 

which was also expected.  

 

Table 7. Random Copolymer NMR Tacticity Results (mole %) 

 

Sample RP1 RP2 RP3 
mm  89.0 89.4 84.8 
mr  8.3 8.5 12.1 
rr  2.8 2.1 3.1 

mmmm  82.0 81.8 74.8 
mmmr  6.7 7.1 9.5 
rmmr 0.3 0.6 0.6 
mmrr  1.2 1.1 0.9 
rmrr, 

mmrm  6.3 6.6 9.7 

mrmr  0.9 0.8 1.6 
rrrr  0.9 0.3 0.7 
rrrm  1.3 1.3 2.0 
mrrm  0.6 0.5 0.4 

 

The impact copolymer samples group’s results are shown in Table 8. As the samples increased in 

rubber content, the level of meso pentad units (mmmm mole %) decreased showing a drop in 

crystallinity which was also expected for this case.  
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Table 8. Impact Copolymer NMR Tacticity Results (mole %) 

 

Sample ICP1 ICP2 ICP3 

mm  93.3 88.0 85.7 
mr  4.0 7.0 8.2 
rr  2.7 5.1 6.0 

mmmm  90.4 84.2 81.6 
mmmr  2.5 3.1 3.3 
rmmr 0.4 0.7 0.9 
mmrr  0.9 1.0 0.6 

rmrr, mmrm  1.9 3.2 4.0 
mrmr  1.2 2.7 3.7 
rrrr  0.6 0.6 0.5 
rrrm  1.7 4.0 5.1 
mrrm  0.4 0.5 0.4 

 

The results for the NMR branching tacticity are shown in Table 9. As the level of branching 

increased, the level of meso pentad units (mmmm mole %) increased slightly. However it is hard 

to say if in the increase was statistically significant.  

 

Table 9. Branched NMR Tacticity Results (mole %) 

 

Sample Branch0 Branch1 Branch2 

mm  89.6 89.9 90.0 
mr  8.3 8.2 8.2 
rr  2.1 1.9 1.9 

mmmm  82.1 82.7 82.8 
mmmr  7.1 6.9 6.8 
rmmr 0.4 0.3 0.3 
mmrr  1.0 0.8 0.8 

rmrr, mmrm  6.6 6.6 6.6 
mrmr  0.8 0.8 0.8 
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Table 9 (continued) 
rrrr  0.7 0.6 0.5 
rrrm  0.9 1.0 0.9 
mrrm  0.5 0.4 0.4 

 

5.1.2 Ethylene Incorporation 

The ethylene-propylene incorporation for the random copolymer group is shown in Table 10. In 

the random ethylene group RP1 has the lowest ethylene weight percent at 2.62 and RP3 has the 

highest at 5%. The EEE mole % area also similar for RP1 and RP2 but RP3 shows a more blocky 

ethylene incorporation.  When looking at the EEE mole % normalized with ethylene level, 

EEE/E %, the same trend is seen; which indicated that the higher blockiness is not due to higher 

overall ethylene alone. 

Table 10. Ethylene Incorporation for Random Set 

 

Sample RP1 RP2 RP3 

P (wt. %) 97.4 97.0 95.0 

P (mole %) 96.1 95.6 92.7 
E (wt. %) 2.6 3.0 5.0 

E (mole %) 3.9 4.4 7.3 
PP (mole %) 92.7 91.7 86.7 
PE (mole %) 6.8 7.8 12.0 
EE (mole %) 0.5 0.5 1.3 
PPP (mole %) 89.9 88.6 82.2 
PPE (mole %) 5.9 6.6 9.6 
EPE (mole %) 0.4 0.5 0.9 

Sum (PPP,PPE,EPE) (mole %) 96.1 95.7 92.7 
EEE (mole %) 0.1 0.2 0.5 
PEE (mole %) 0.6 0.7 1.5 
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Table 10 (continued) 
PEP (mole %) 3.2 3.6 5.3 

PPP/P (%) 93.5 92.6 88.7 
PPE/P (%) 6.1 6.9 10.3 
EPE/P (%) 0.4 0.5 1.0 
EEE/E (%) 3.7 3.4 6.9 
EEP/E (%) 14.6 15.1 20.6 
PEP/E (%) 81.7 81.5 72.6 

 

 

The ethylene-propylene incorporation for the impact copolymer group is shown in Table 11. The 

impact group has ethylene weight percent from 4.82 to 15.58 % for ICP1 and ICP3, respectively.  

Although the EEE mole % increase with increasing ethylene the normalized EEE mole%/E 

shows a smaller increase between samples.  

 

Table 11. Ethylene Incorporation for Impact Copolymer Set 

 

Sample ICP1 ICP2 ICP3 

P (wt. %) 95.2 88.4 84.4 
P (mole %) 93.0 83.5 78.3 
E (wt. %) 4.8 11.6 15.6 

E (mole %) 7.1 16.5 21.7 
PP (mole %) 90.5 78.2 71.6 
PE (mole %) 4.9 10.7 13.4 
EE (mole %) 4.6 11.1 15.0 
PPP (mole %) 89.4 76.3 69.3 
PPE (mole %) 2.3 4.3 5.4 
EPE (mole %) 1.2 2.9 3.7 

Sum (PPP,PPE,EPE) (mole %) 93.0 83.6 78.3 
EEE (mole %) 3.4 8.3 11.4 
PEE (mole %) 2.4 5.6 7.3 
PEP (mole %) 1.2 2.5 3.0 

PPP/P (%) 96.2 91.3 88.5 
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Table 11 (continued) 
PPE/P (%) 2.5 5.2 6.9 
EPE/P (%) 1.3 3.5 4.7 
EEE/E (%) 48.2 50.8 52.6 
EEP/E (%) 34.6 33.8 33.5 
PEP/E (%) 17.1 15.4 13.9 

 

The ethylene-propylene incorporation for the branched copolymer group is shown in Table 12. 

The weight percent ethylene is similar for the three samples in the branching group. A slight 

decrease in ethylene weight percent was seen for the two branched samples, however this might 

be less than statistically significant.  

 

Table 12. Ethylene Incorporation for Branched Copolymer Set 

 

Sample Branch0 Branch1 Branch2 

P (wt. %) 97.2 97.3 97.3 
P (mole %) 95.9 96.0 96.0 
E (wt. %) 2.8 2.7 2.7 

E (mole %) 4.1 4.0 4.0 
PP (mole %) 92.2 92.3 92.4 
PE (mole %) 7.4 7.3 7.2 
EE (mole %) 0.5 0.4 0.4 
PPP (mole %) 89.2 89.2 89.2 
PPE (mole %) 6.4 6.4 6.4 
EPE (mole %) 0.3 0.4 0.4 

Sum (PPP,PPE,EPE) (mole %) 95.9 96.0 96.0 
EEE (mole %) 0.1 0.1 0.2 
PEE (mole %) 0.7 0.6 0.6 
PEP (mole %) 3.3 3.4 3.3 

PPP/P (%) 93.0 92.9 92.9 
PPE/P (%) 6.7 6.7 6.6 
EPE/P (%) 0.3 0.4 0.4 
EEE/E (%) 3.4 3.0 3.8 
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Table 12 (continued) 
EEP/E (%) 16.1 14.0 14.3 
PEP/E (%) 80.6 82.9 82.0 

 

5.2 SOLID STATE NMR RESULTS AND DICUSSION 

5.2.1 Soft and Rigid Fraction  

The crystallinity calculated by DSC is compared to the rigid fraction measured by solid state 

NMR (ssNMR) and was calculated by dividing the integrated area from the CPMAS with 8 ms 

spin lock by the integrated area from CPMAS without a spin lock, since the two spectra 

represent the crystalline and total sample, respectively.  The results are shown in Table 13. The 

homopolymer set shows the expected trend and similar relative magnitude as was seen in the 

DSC results.  The random set shows the expected trend, however, the ssNMR values are 

significantly higher than the DSC results. The crystal defects caused by the comonomer could be 

effecting the crystal packing and causing the amorphous T1 to be longer then the homopolymer 

sample set. In the case of copolymer samples, a longer spin lock time may be needed to remove 

all mobile components from the signal.  The impact copolymer set does not show the expected 

trend and similar to the random set, have significantly higher values to the DSC set.  The first 

two impacts show the expected decrease in rigid fraction but the last sample is higher than the 

second sample. This could be due to the higher level of ethylene in the ethylene-propylene 

rubber that could be causing a small amount of crystalline polyethylene to form. This is 

supported by the additional peak in the DSC curve in Figure 20 area was not included in the DSC 
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crystallinity calculation since an ideal perfect polyethylene crystal has a different enthalpy so the 

area cannot be included in the crystallinity calculation used. The branched sample set had 

consistent crystallinity when measured by DSC but the ssNMR results show an increasing rigid 

percent as the level of branching increased. This increase is most likely due to the branches 

causing slower local movements and not an increase in crystallinity.  

 

Table 13. Crystallinity by DSC Compared to Rigid Percent by ssNMR 

 

Sample  Code Type Crystallinity(%)  by DSC  
Rigid(%) by 

ssNMR 

1 HP1 HP 64.5 65.8 
2 HP2 HP 61.6 63.3 
3 HP3 HP 59.7 62.1 
4 RP1 RP 36.4 58.1 
5 RP2 RP 35.4 57.0 
6 RP3 RP 27.1 55.8 
7 ICP1 ICP 48.1 66.3 
8 ICP2 ICP 42.6 59.8 
9 ICP3 ICP 36.6 62.2 

10 Br0 Branched 38.2 59.5 
11 Br1 Branched 38.2 62.1 
12 Br2 Branched 37.6 64.6 

 

5.2.2 Domain Thickness for Soft and Rigid Fractions 

The solid state NMR spin diffusion data was used to determine the tm0
1/2, Dr, Dm, Deff

1/2, dr, and 

dm. The results are shown in Table 14.  
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Table 14. Solid State NMR Diffusion Coefficients and Phase Thicknesses 

 

Sample  Code Type 
tm0

1/2 

Dr 

(nm/ms1/2) 

Dm 

(nm/ms1/2) 

Deff1/2  

(nm/ms1/2)  

dr 

(nm) 

dm 

(nm) 

1 HP1 HP 7.5 0.23 0.80 0.63 15.5 8.1 
2 HP2 HP 8.8 0.24 0.77 0.63 17.0 9.9 
3 HP3 HP 8.5 0.23 0.77 0.62 15.8 9.6 
4 RP1 RP 8.8 0.23 0.42 0.55 13.1 9.4 
5 RP2 RP 9.5 0.23 0.37 0.54 13.3 10.1 
6 RP3 RP 9.0 0.20 0.24 0.47 10.7 8.5 
7 ICP1 ICP 7.6 0.02 0.12 0.21 5.3 2.7 
8 ICP2 ICP 9.0 0.02 0.11 0.20 5.1 3.4 
9 ICP3 ICP 7.8 0.02 0.11 0.20 4.6 2.8 

10 Br0 Branched 8.8 0.23 0.33 0.52 12.8 8.7 
11 Br1 Branched 8.8 0.23 0.25 0.49 12.9 7.9 
12 Br2 Branched 8.8 0.24 0.26 0.50 13.9 7.6 

 

It was noted that due to the small number of points used to calculate the initial slope of the 

intensity versus mixing time graph, significant variations in tm0
1/2 are expected. Small changes in 

tm0
1/2 can have a significant impact on the estimated rigid lamella thickness and mobile phase 

thickness. Figure 14 shows the tm0
1/2 determination graph for HP1, only the first four points are 

used to create the initial slope line and the intersection with the steady state line is found to be 

7.5 ms1/2. However if the points after a tm0
1/2 time of 20 ms1/2 are used as steady state, the relative 

error in the test is 5%. If the initial four points are varied by 5% higher than measured and 5% 

lower than measured the shift in intersection is shown in Figure 15. If the three values 

determined for tm0
1/2 are then used to calculate the dr and dm, the results can be seen in Table 15. 

Since 5% error was seen for the solid state NMR results for dr and dm, the results were graphed 

with error bars shown in Figure 16 and Figure 17. Table 16 shows the solid state NMR thickness 

results with the DSC results for the crystalline lamella thickness and amorphous phase thickness.  
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When comparing the results within a sample set, the relative differences in rigid and mobile 

thickness do not appear to be statistically significant.  

The crystalline lamella thickness and rigid phase thickness for the homopolymer set do 

not show a consistent trend however the relative values are similar. The random set also shows 

similar relative values to the crystalline and rigid thicknesses. The trends are also consistent with 

RP1 and RP2 showing similar thicknesses and RP3 showing a reduction. The samples within 

impact copolymer set have a large difference in relative values from the crystalline results to the 

rigid results. This error is likely due to the broad signals used to calculate the diffusion 

coefficients which might be caused by the heterophasic nature of the impact samples.  The 

branched samples show the same relative values and trends for the crystalline and rigid 

thickness. The thickness of the rigid phase increases as the level of branching increases.  The 

thickness of the amorphous and mobile fraction for the homopolymer set had closest relative 

magnitude. All the ethylene containing samples had a large decrease in mobile thickness when 

comparing it to amorphous thickness. Consistent trends were not seen for the random or impact 

sample set. The branched set showed the opposite trend with the amorphous thickness increasing 

with increased branching and the mobile phase has decreasing with increased branching. The 

difference in trends may be due to the branching causing additional rigid like movement in the 

amorphous phase.  
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Figure 15. HP1 Variability in tm01/2 

 

Table 15. HP1 Variability in dr(nm) and dm(nm) 

 

Sample Code Type tm01/2 
Dr 

(nm/ms1/2) 
Dm 

(nm/ms1/2) 
Deff1/2  

(nm/ms1/2) 
dr 

(nm) 
dm 

(nm) 
1 HP1 Recorded 7.5 0.2 0.8 0.6 15.5 8.1 
1 HP1 5% High 7.9 0.2 0.8 0.6 16.4 8.5 
1 HP1 5% Low 7.2 0.2 0.8 0.6 14.9 7.7 

      
Average 15.6 8.1 

      
Stdev 0.7 0.4 

      
RSD(%) 4.7 4.7 

 

 

 

 

 

 

 



 48 

 

 

 

 

Figure 16. Crystalline Lamella Thickness by DSC and Rigid Phase Thickness by Solid State NMR 

 

Figure 17. Amorphous Phase Thickness by DSC and Mobile Phase Thickness by Solid State NMR 
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Table 16. Phases Thicknesses by Annealed DSC and Solid State NMR 

 

Sample  Code Type lc(nm) by 
DSC 

la(nm) by 
DSC 

dr (nm) by 
ssNMR 

dm (nm) by 
ssNMR 

1 HP1 HP 17.6 10.6 15.5 8.1 
2 HP2 HP 17.1 11.6 17.0 9.9 
3 HP3 HP 16.6 12.3 15.8 9.6 
4 RP1 RP 12.3 16.0 13.1 9.4 
5 RP2 RP 11.9 16.3 13.3 10.1 
6 RP3 RP 10.5 22.4 10.7 8.5 
7 ICP1 ICP 18.0 12.9 5.3 2.7 
8 ICP2 ICP 17.7 16.9 5.1 3.4 
9 ICP3 ICP 17.6 22.7 4.6 2.8 

10 Br0 Branched 12.1 14.4 12.8 8.7 
11 Br1 Branched 12.3 14.7 12.9 7.9 
12 Br2 Branched 12.4 15.3 13.9 7.6 

 

5.3 ANNEALED DSC CRYSTALINITY RESULTS AND DISCUSSION 

The annealed DSC values for the crystallization peak are show in Table 17. As expected, with 

decreasing crystallinity, a drop in Tc and ΔHc was seen for the homopolymer set.  The same 

downward trend was seen for increasing ethylene in the random set for Tc but ΔHc did not show 

a clear trend. The impact copolymer sample set showed the reverse with a decreasing ΔHc for 

increasing ethylene content but no trend for Tc.  However for the branched set the Tc increases 

with increasing branching which is expected for branched samples since additional energy is 

required to crystalize the long side groups30.  ΔHc decreased with increasing branching.  
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Table 17. Crystallization Temperature and Enthalpy 

 

  
Crystallization Peak 

Tc 1 (°C) 
Crystallization Peak Δ H1 

AVG (J/g) 
HP1 123.37  101.2 
HP2 122.6 97.0 
HP3 120.5 93.7 
RP1 108.9 72.5 
RP2 107.3 74.6 
RP3 99.5 61.5 
ICP1 123.1 95.2 
ICP2 121.8 83.2 
ICP3 122.9 72.2 
BR0 108.7 79.4 
BR1 113.2 78.7 
BR2 115.4 75.2 

 

The melting peak data showed clearer trends with decreasing Tm values for decreasing 

crystallinity level for the homopolymer. The Tm also decreased with increasing ethylene for the 

random and impact copolymer samples. For the impact copolymer samples, this change is 

probably related to the reduction in the mmmm pentad percent of the sample and not the increase 

in ethylene. The heat of fusion ΔHf showed the same trend as seen in Tm for the homopolymer, 

random and impact sample sets.  The branched samples mirrored the trend seen for Tc for Tm but 

showed no trend for ΔHf. The Tm and ΔHf data is shown in Table 18. A shoulder on the low 

temperature side of the melting peak around 135 ◦C is seen for the branched samples. The 

shoulder becomes larger as the branching increases.   
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Table 18. Melting Temperature and Enthalpy 

 

 Second Melt Tm 1 AVG (°C) Second Melt Δ H1 AVG (J/g) 
HP1 164.9 106.5 
HP2 163.6 101.7 
HP3 162.3 98.5 
RP1 146.2 75.3 
RP2 144.0 73.3 
RP3 135.9 56.1 
ICP1 165.7 99.5 
ICP2 165.1 88.2 
ICP3 164.9 75.8 
BR0 145.1 79.0 
BR1 146.3 79.0 
Br2 146.9 77.8 

 

 

Since the crystallinity is calculated using the heat of fusion data, the weight percent crystallinity 

showed the sample trend as seen for ΔHf. The branched samples showed relatively no change in 

crystallinity with increasing branching, although it is possible that the nucleation density is still 

changing. The crystallinity for all samples was calculated using the idealized pure crystal heat of 

fusion for isotactic PP and then again for the samples containing ethylene using the heat of 

fusion for a fully crystalline copolymer sample, although a fully crystalline copolymer sample is 

not possible. The results are shown in Table 19.  

 

Table 19. Weight Percent Crystallinity 

 

 
Xc  ∆Hm0 = 156 J/g Xc  ∆Hm0 = 207 J/g 

HP1 64.5 
 HP2 61.6 
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Table 19 (continued) 
HP3 59.7 

 RP1 45.6 36.4 
RP2 44.4 35.4 
RP3 34.0 27.1 
ICP1 60.3 48.1 
ICP2 53.5 42.6 
ICP3 45.9 36.6 
BR0 47.9 38.2 
BR1 47.9 38.2 
Br2 47.1 37.6 

 

 

The crystalline lamella thickness lc is calculated using the Gibbs- Thomson equation, shown in 

Equation 4-1219.. The la value uses both the Tm and ΔHf and a volume conversion using the 

density differences between amorphous and crystalline polypropylene. The crystalline lamella 

thickness is converted into monomer units using Equation 4-13 . The homopolymer amorphous 

phase thickness shows increasing la as crystallinity decreases and lc decreases. Similarly in the 

ethylene random case with increasing ethylene the la increases and lc decreases. For the impact 

copolymer set, a very small decrease in ethylene lc  was observed which would be due to a drop 

in mmm pentad percent of the sample. A large increase in la was seen relative to the changes seen 

in the random and homopolymer samples. The large change in la is due to the drop in crystalline 

fraction. For the impact samples, two phases exist, but the DSC values observed are from an 

average of both, the matrix and the ethylene-propylene rubber.  For the branched samples both 

the la and lc increases but only slightly, relative to the changes seen in the random and 

homopolymer samples.  The raw data of the melting curve did show two populations for both 

branched samples but only one for the reference. The calculated values capture the average of the 

results. A more detailed analysis of the distribution and fraction of the lamellar thickness and 
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amorphous fraction is done using thermal fractionation in the next section. The annealed DSC 

calculated values are used to act as an average.  The phase thicknesses are shown in Table 20.  

The branched samples did show an increase in the amorphous phase which could be caused by 

the additional branches being excluded into the amorphous domain13.  

 

Table 20. Calculations of Crystalline Lamella Thickness, Crystalline Volume Fraction and 

Amorphous phase Thickness 

 

  lc (nm) I (monomer 
units) 

vc (volume fraction 
crystalline) 

la (nm) 

HP1 17.7 81.0 62.5 10.6 
HP2 17.1  79.0 59.5 11.7 
HP3 16.6 77.0 57.5 12.3 
RP1 12.3 57.0 43.4 16.0 
RP2 11.9 55.0 42.2 16.3 
RP3 10.5 49.0 32.0 22.4 
ICP1 18.0 83.0 58.1 12.9 
ICP2 17.7 82.0 51.2 16.9 
ICP3 17.6 81.0 43.7 22.7 
BR0 12.1 56.0 45.6 14.4 
BR1 12.3 57.0 45.6 14.7 
Br2 12.4 57.0 44.9 15.3 

 

 

The overlaid graphs for all annealed DSC runs are shown in Figure 18 to Figure 25. The impact 

copolymer samples did show a small melting peak at 115 ◦C due to the crystallization of a small 

amount of polyethylene in the ethylene-propylene rubber particles. The respective crystallization 

peak was seen around 100 ◦C. 

 



 54 

 
 

Figure 18. Crystallization Peak for Homopolymer Set 

 
 

Figure 19. Crystallization Peak for Random Set 
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Figure 20. Crystallization Peak for Impact Set 
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Figure 21. Crystallization Peak for Branched Set 

 
 

Figure 22. Melting Peak for Homopolymer Set 
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Figure 23. Melting Peak for Random Set 

 
 

Figure 24. Melting Peak for Impact Set 
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Figure 25. Melting Peak for Branched Set 

5.4 THERMAL FRACTIONATION LAMELLA THICKNESS RESULTS AND 

DICUSSION 

The homopolymer group’s melting peak for the thermal fractionation run in shown below in 

Figure 26.  As the crystallinity decreases so does that area under the curve in the higher 

temperature. Based on the Thomson-Gibbs equation shown in Equation 4-1219, the higher the 

temperature of melting, the thicker the crystalline lamella melting in that range.  
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Figure 26. Homopolymer Thermal Fractionation Melting Peak 

 

Figure 27 shows the homopolymer thermal fractionation result after the fraction of lamellar 

melting at a given temperature and the size of the lamellar that could melt at that temperature 

were determined. The lamellar thickness was converted to flawless regular sequence I in 

monomer units, using Equation 4-13. 
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Figure 27. Homopolymer Percent of Crystalline Polypropylene at given Length of Flawless Sequence 

(Monomer Units) 

 

The same approach was taken for the random copolymer group and the results are shown in 

Figure 28 and Figure 29. As the level of ethylene increases, the fraction of thicker lamella 

decreased. The magnitude of the change of ethylene also trends as expected, since only a small 

increase in ethylene is seen for RP1 to RP2 but a larger increase is seen in RP3. The results for 

the impact copolymer set is shown in Figure 30 and Figure 31. For the impact copolymer group, 

no consistent trend was seen for increasing ethylene which supports the idea that most of the 

ethylene propylene rubber is not undergoing crystallization and the observed signals is for the 

matrix. Figure 32 and Figure 33 show the branched case, as the level of branching increases the 

fraction of lamella melting at the higher temperature increase. This indicates that the branching 
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thickens the lamellae. When comparing the annealed and the thermal fractionation data, the 

branched samples showed a shoulder in the low temperature area for the annealed and a shoulder 

in the high temperature for the thermal fractionation data. The reduction of mobility of the long 

branches could cause the annealed run to be cooled too fast to fully perfect the crystals whereas 

the thermal fractionation run is long enough to perfect the crystal and form larger lamellae. 

 

 

 
 

Figure 28. Random Thermal Fractionation Melting Peak 
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Figure 29. Random Percent of Crystalline Polypropylene at given Length of Flawless Sequence 

(Monomer Units) 

 

 
 

Figure 30. Impact Thermal Fractionation Melting Peak 
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Figure 31. Impact Percent of Crystalline Polypropylene at given Length of Flawless Sequence 

(Monomer Units) 

 

 

Figure 32. Branched Thermal Fractionation Melting Peak 
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Figure 33. Branched Percent of Crystalline Polypropylene at given Length of Flawless Sequence 

(Monomer Units) 

 

The area under the thermal fractionation melting peak showed a similar a consistent trend with 

the annealed DSC crystallinity calculation. The homopolymer had a decrease in crystallinity as 

the sample identifier increases which was done to probe the effect of crystallinity. The random 

copolymers and impact copolymer samples had a smaller area as the ethylene content increase. 

The branched samples had a consistent area which was also seen in the DSC crystallinity. The 

addition of the branches seem to have no effect on the amount of crystalline lamellae but the 

thickness of the lamellae increased with high levels of branching. Table 21 contains the values 

for the area under the curve. 
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Table 21. Area Under Thermal Fractionation Melting Peak 

 

 
HP1 HP2 HP3 RP1 RP2 RP3 ICP1 ICP2 ICP3 BR0 BR1 BR2 

Area 20.09 18.10 17.85 13.75 13.25 10.03 19.28 17.36 15.76 14.21 14.05 14.88 
 

Figure 34 shows the comparison between the average lamella thickness by thermal fractionation 

and by the standard annealed method. The slower crystallization produces slightly thicker 

lamella compared to the standard annealed. Trends between the two sets of results are still 

consistent. When the annealed lamella thickness is compared to the rigid phase thickness by 

ssNMR no clear trend is seen, the graph is shown in Figure 35. 

 

   
 

Figure 34. Average Lamellar Thickness for Thermal Fractionation and Annealed DSC 
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Figure 35. Average Lamellar Thickness by Annealed DSC and Rigid Phase Thickness by ssNMR 

5.5 DYNAMIC MECHANICAL ANALYSIS RESULTS AND DISCUSSION  

The dynamic mechanical analysis (DMA) results for the homopolymer group were unable to 

show large differences in the storage modulus results shown in Figure 36. Decreasing 

crystallinity is typically observed by sharper downward slope after the glass transition for the 

storage modulus, slight differences were seen but they may not be statistically significant. The 

first homopolymer samples did show a difference in the tan delta peak area for the glass 

transition. The expected trend of lower peak area for higher crystallinity was seen for the first 
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sample but the next two samples were not easily differentiated. The tan delta results are shown in 

Figure 37 for the homopolymer group.  

In the random group, the first two random copolymers, RP1 and RP2 did not show 

differences in storage modulus or tan delta but RP3 did show the steeper drop in storage modulus 

after the glass transition and a large area in the tan delta glass transition peak. The increase in the 

tan delta peak area trends well with the ethylene only slightly increasing from sample RP1 to 

RP2 but then more dramatically increasing in RP3. The storage modulus shows that same trend 

where the increasing level of ethylene in RP3 drops the storage modulus. The glass transition 

also shifts to a lower temperature range as the level of ethylene comonomer increase. This 

followed the expected trend since polyethylene has a lower glass transition than polypropylene31. 

The random results are shown in Figure 38 and Figure 39. 

The impact copolymers showed the best differentiation with increasing ethylene, the 

storage modulus showed a steeper slope after the glass transition. Also the area under the glass 

transition curve in the tan delta data showed increasing area with increasing rubber content, as 

expected. The storage modulus and tan delta graphs for the impact copolymer group are shown 

in Figure 40 and Figure 41. 
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Figure 36. Homopolymer Group Storage Modulus (MPa) 

 

 
 

Figure 37. Homopolymer Group Tan Delta 



 69 

 
 

Figure 38. Random Copolymer Group Storage Modulus (MPa) 

 

 
 

Figure 39. Random Copolymer Group Tan Delta 
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Figure 40. Impact Copolymer Group Storage Modulus (MPa) 

 

 
 

Figure 41. Impact Copolymer Group Tan Delta 
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The branched sample set showed a steeper slope after the glass transtion  for the 

unbranched referecne Br0 which could be due to additional  orientation caused by the long chain 

branches. Although the crystallinity between the branched and unbranched set does not change, a 

response similar to increasing crystallinity is seen. This is due to the effect of the entangled long 

chain branchs in Br1 and Br2. The two branched samples did not show a differentiation in 

storage modulus or tan delta. The tan delta for the unbranched reference was also very similar to 

that of the two branched samples. The branched results are shown in Figure 42 and Figure 43. 

  

 

 
 

Figure 42. Branched Group Storage Modulus (MPa) 
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Figure 43. Branched Group Tan Delta 

5.6 MECHANICAL RESULTS AND DISCUSSION 

The MTS instrument used for the tensile testing, combined with the specimen length used, has a 

maximum strain of 450 %. If the sample did not break at that point, zeros are recorded for that 

sample’s ultimate stress and break strain indicating a non-break. For the tensile test, samples 

RP2, RP3, Br1 and Br2 experienced no break at the max strain.  No clear trend was seen in stress 

of the homopolymer set with decreasing crystallinity but this may be due to the high relative 

standard deviation of 49% for the break stress. The strain results did not show a statistically 

significant trend greater than the 30% relative standard deviation seen in the test set. The impact 
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copolymer samples showed increasing strain as ethylene level increased from ICP1 and ICP2 to 

ICP3. The trends in ultimate stresses were not statistically significant. The addition of branches 

moved Br0 from break to no break in tensile testing for Br0 to Br1 and Br2. Although the 

molecular weight of the backbone is similar the addition of branches reduces the MFR of the 

samples, as seen in Table 1.  The ultimate stress and break strain are shown in Figure 44 and 

Figure 45, respectively.  

 

 

 
 

Figure 44. Tensile Break Stress (MPa) 

 



 74 

 
 

Figure 45. Tensile Break Strain (%) 

 

For the homopolymer samples, as the crystallinity decreased the yield stess decreased and the 

yield strain increased. The random copolymers showed decreasing stress with increasing 

ethylene. The strain at yeild did also increase with increasing ethylene when comparing RP1 and 

RP3. The difference in ethylene between RP1 and RP2 was small and did not show a change in 

strain at yeild. The impact copolymer grouping showed decreasing stress and strain at yield as 

ethylene increased. The branched samples Br1 and Br2 showed a small jump in yield stess when 

compared to the unbranched linear Br0 reference, however, no increase was seen with increasing 

branching. The change in tensile yield strain was negligable for the branched samples.  The 

results for the yield stress and yield strain are shown in Figure 46 and Figure 47. 
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Figure 46. Tensile Yield Stress (MPa) 

 

 
 

Figure 47. Tensile Yield Strain (%) 
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The tangent modulus shows clear trends for all four sample groups. As the level of crystallinity 

decreases for the homopolymer set, the tangent modulus reduces. Both random and impact 

copoymers show a decrease in the modulus as ethylene level increases. The branched samples 

showed  no change with branching or increased branching. The results for tangent modulus are 

shown in Figure 48. 

 

 

 
 

Figure 48. Tensile Tangent Modulus (MPa) 

 

The flex results for 1% secant modulus show a decrease in modulus as the level of crystallinity 

decreases as expected. The random and impact copolymers also show the expected results, where 

in their case the drop in modulus is seen with increasing ethylene which also does reduce 

crystallinity. The branched samples again show an increase with branching compared to the 

linear control but no change between the levels of branching. The same trends are seen in the 
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four group’s results for the flex’s tangent modulus. The flex 1% secant modulus and tangent 

results are shown in Figure 49 and Figure 50. 

 

 
 

Figure 49. Flex 1% Secant Modulus (MPa) 

 

 
 

Figure 50. Flex Tangent Modulus (MPa) 
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The homopolymer samples all showed low average break strength with all complete breaks 

which is typical for homopolymer samples. The random samples were also all complete breaks 

but the break strength was higher than the homopolymer samples. The crystallinity of the 

random set were all lower than the homopolymer set  and due to the improved energy absorption 

seen with amorphous materials the trend seen is expected. RP2 also has a slightly lower 

molecular weight which would cause a drop in the impact energy. As expected the ultimate 

strength increased with increasing rubber for the impact copolymer samples. The sample ICP3 

showed all non-break performance.  For the branched samples the presence of branching did 

increase the ultimate strength slightly but showed no difference with increasing level of 

branching.  The increase in ultimate strength can be explained by an increase in entanglement or 

increasing crystallinity.  

The homopolymer set all showed low Izod impact strength, as expected for homopolymer 

polypropylene. The random and branched set also had low Izod values but differentiation was 

seen for the branched set. In Zhou at el., both increased crystallinity and impact strength were 

seen for branched samples compared to a linear reference32. For Br0, Br1 and Br 2, no increase 

in crystallinity was seen in the DSC data indicating that the increase in impact strength is due to 

increased entanglements.  As expected, the impact copolymer set showed the largest change in 

Izod strength. As the amount of ethylene increases, along with the amount of rubber, so did the 

impact strength.  The first sample also showed a complete break type, whereas, the second was 

mixed with both complete and partial. The third sample showed non break indicating a ductile 

sample were the others were brittle or brittle ductile. The Izod results are shown in Figure 51. 
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Figure 51. Izod Average Strength (N/m) 

 

The instrumented drop impact (IDI) showed increasing average total energy with decreasing 

crystallinity for the homopolymer group.  The maximum load, average energy at maximum load, 

and average deflection at maximum load, all showed the same trend as the average total energy 

in the homopolymer group. The break also changed from brittle to ductile as the crystallinity 

decreases for the homopolymer group. The IDI impact is an applied biaxial stress and did show 

improved impact as the crystallinity dropped. Whereas, in the previous Izod testing, the impact is 

tested with crack propagation in a notched sample and saw no difference with decreasing 

crystallinity. The random copolymer set showed little change with increasing ethylene for all 

parameters and they also all showed ductile break behavior.  The impact samples showed 

decreasing average total energy, average energy at maximum load and average maximum load as 

the level of ethylene rubber increases. The average deflection at maximum load shows the 

opposite trend. All impact copolymer samples showed total ductile break. The branched samples 
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showed decreasing average total energy, average maximum load, average energy at maximum 

load, and average deflection at maximum load as the level of branching increased.  The break 

type also transitioned from mixed ductile/brittle to fully brittle with increasing branching, which 

was not expected. It should be noted that the IDI testing showed the largest sensitivity for 

detecting differences in the amount of branching instead of simply the transition from linear to 

branched.  It should be noted that the Izod showed improved impact with the addition of 

branching, however it should again be clarified that Izod and IDI probe different types of impact. 

The IDI results are shown in Figure 52 to Figure 56. 

 

 

 
 

Figure 52. Instrumented Drop Impact Ceast Average Total Energy (J) 
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Figure 53. Instrumented Drop Impact Ceast Average Max Load (N) 

 

 
 

Figure 54. Instrumented Drop Impact Ceast Average Energy at Maximum Load (J) 
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Figure 55. Instrumented Drop Impact Ceast Average Deflection at Maximum Load (mm) 

 

 

Figure 56. Instrumented Drop Impact Ceast Number of Specimens with Different Types of Breaks  

 

The literature shows that increasing the amorphous content of a sample lowers the modulus if the 

lamellar thickness is relatively constant14. This effect was seen in the homopolymer, random, and 
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impact copolymer sets for the tensile tangent modulus, the flex tangent modulus, and the flex 

secant tangent modulus. Figure 57 to Figure 59 shows the linear trend of increasing crystallinity 

and modulus. Since the trends captured are a relatively good fit, the lamellae of the samples 

shown are relatively similar. This is supposed by the annealed DSC data that showed a range in 

lamella thickness of 10.54 nm to17.65 nm, which is a relatively small range. 

 

 

 
 

Figure 57. Sample Crystallinity’s Effect on 1% Flexural Secant Modulus MPa 
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Figure 58. Sample Crystallinity’s Effect on Tangent Flexural Modulus MPa 

 

 

  
 

Figure 59. Sample Crystallinity’s Effect on Tensile Tangent Modulus MPa 
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Yield stress has also been shown to increase as the lamella thickness increases14.  The yield 

stress was found to increase with the ADSC lc values for a given sample set which is shown in 

Figure 60. If the yield stress is compared based on crystallinity the samples collapse into a linear 

line expect for the impact copolymer sample set. The more rubber in the impact copolymer 

sample the farther the sample is shifted from the linear line, the graph is shown in Figure 61. A 

similar effect is seen with yield strain, all samples collapse onto a linear line, but the impact 

copolymers fall off the line. Again more rubber causes the samples to drop farther from the 

linear trend.  The graph for yield strain and crystallinity is show in Figure 62. 

 

 

 
 

Figure 60. Crystalline Lamella Thickness and the Effect on Yield Stress 
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Figure 61. Crystallinity and the Effect on Yield Stress 

 

  
 

Figure 62. Crystallinity and the Effect on Yield Strain 
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Increasing lamella thickness has been shown to lower the dart impact strength due to a reduction 

in tie molecules if the molecular weight distribution is constant between samples16.  The 

homopolymer and branched samples show the expected trend. No change is seen for the random 

samples and the oposite trend is seen for the impact copolymer set, however the increase in 

ethylene-propylene rubber is dramatically changing the impact properties. The amorphous 

lamella thickess of the impact copolymer samples were also show to increase which could be 

acting against the changes in the crystalline lamella thickness. Large amorphous phases allows 

for larger cracks to form and can lead to earlier breaks15. The plot is shown in Figure 63. 

 

 
 

Figure 63. Crystalline Lamella Thickness and the Effect on IDI Impact 
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6.0  CONCLUSION  

NMR solution state tacticity results showed that for the homopolymer sample set, decreasing 

crystallinity showed decreasing meso pentad percent, as expected. The random and impact 

copolymers showed the same trend: increasing ethylene caused the crystallinity and meso pentad 

to decrease across the individual sample sets. The branched samples showed a slight increase in 

meso pentad as the amount of branching increased, but the crystallinity across the samples were 

found to be constant. The slight change in meso pentad may not be statistically significant.  

The NMR solution state ethylene incorporation results showed increasing ethylene 

weight percent across the random and impact copolymer as expected. Samples were chosen to 

achieve an increasing ethylene level.  The blockiness (EEE mole%) of ethylene across the 

random set was found to be relatively constant. The impact copolymer set showed a sharp 

increase as the level of ethylene in the total samples, and ethylene in the ethylene-propylene 

rubber particle increased. The higher level of blocky ethylene in the ICP3 sample most likely 

contributed to the crystalline polyethylene detected in the annealed DSC results.  

For the homopolymer samples, the soft and rigid fraction found by solid state NMR 

showed excellent agreement with the amorphous and crystalline fractions found from annealed 

DSC. For the set of random samples ss-NMR and DSC showed similar trends, but the solid state 

rigid fraction was found to be almost twice the crystallinity found from ADSC. The impact and 

branched samples, similar to the random set, showed significantly elevated values for the rigid 
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fraction measured by ssNMR when compared to the crystallinity by ADSC.  This offset in values 

may be explained by small sections of ethylene rich regions in the chain that can’t crystallize but 

are also not mobile due to being pinned by a crystalline lamella or constrained fold. The impact 

copolymer sample set shows the same trend for the crystallinity by ADSC and rigid fraction by 

ssNMR for the first two samples, showing a drop between ICP1 and ICP2.  ICP3 showed a 

decrease in crystallinity for the crystallinity by ADSC but increases for the rigid fraction by 

ssNMR when compared to ICP2. This increase could be explained by the small amount of 

crystalline polyethylene detected in the ADSC but whose peak area was not included in the 

crystallinity calculation for ADSC.  Finally, the branched set showed no change in crystallinity 

across the sample set, whereas the rigid fraction from ss-NMR increased with the level of 

branching.  

Values of rigid and mobile phase thickness calculated from Solid state NMR were found 

to have an error in precision of 5%. When error bars were applied to the samples, changes within 

sample sets were not found to be statistically significant.  In order to improve repeatability, 

additional mixing times (tm) for the spin diffusion experiments would need to be added in both 

the low and high range to provide a more precise tm0
1/2 value and thereby a more accurate rigid 

thickness. The method is effective only if large changes in rigid and mobile phase thickness are 

being observed. 

Thermal fractionation stepwise crystallization differential scanning calorimetry was used 

to generate a histogram distribution of the lamellar thickness. The samples were slowly cooled 

which allows the chains to have more time to correct and thicken the lamellae. The area under 

the curve was found to trend with the crystallinity found by standard annealed DSC. Higher 

meso pentad levels were found to also correlate to higher lamellar thicknesses for the 
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homopolymer set. The increase ethylene in the random set was shown to decrease the fraction of 

lamellae between 73- 85 monomer units long. The impact copolymer set showed no clear trend 

which may be due to the fact that the ethylene is only within the ethylene propylene rubber and 

that the majority of the sample is still a homopolymer matrix.  The branched showed thicker 

lamella as the amount of branching increased which was an unexpected result. The thicker 

lamellae were not seen in the ADSC results but the additional time in the thermal fractionation 

run may have allowed the required relaxation time for the chain to sufficiently untangle and 

crystallize.   

The dynamic mechanical analysis data for the samples were used to probe the amorphous 

fraction of the sample. The area under the glass transition seen in the tan delta graph can be used 

to indicate the amorphous fraction. The DMA results showed sample HP1 had significantly less 

amorphous content then HP2 and HP3 but the latter two were not distinguishable.  The random 

set’s results showed clear differentiation between RP1 or RP2 and RP3. The difference between 

RP1 and RP2 was not judged to be significant. The impact copolymer samples showed the best 

differentiation in the area under the glass transition of the ethylene-propylene rubber domain. 

The glass transition of the polypropylene peak for the impact copolymer also showed that ICP3 

had significantly less amorphous homopolymer.  This supported the thicker lamella found by 

thermal fraction for the ICP3 sample compared to ICP2.  

Annealed and thermal fractionation stepwise crystallization differential scanning 

calorimetry were shown to both effectively probe the lamella thickness and the amorphous phase 

thickness of  homopolymer, random, impact copolymer, and branched polypropylene samples. 

Predictive trends were seen between crystallinity, meso pentad mole percent, dynamic 

mechanical analysis, mechanical properties, and the lamella and amorphous phase thickness. 
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Solid state NMR provided useful insight into the fraction of rigid and mobile phases in the 

samples. Rigid thickness and mobile thickness were calculated using spin diffusion solid state 

experiments but proved to have precision errors larger than the differences within a sample set.  

The work discussed has shown a number of new techniques to investigate branched 

polypropylenes. Using GPC-IR and NMR, the number of branching points can be detected but 

the lengths of the branches are not accessible unless they are well below the entanglement limit. 

Rheology can be used to probe some of these effects, however model compounds may be 

needed. The solid state CPMAS runs were able to differentiate the two branched samples from 

each other which was impossible for a number of other techniques such as DMA, and solution 

state NMR. Future work could test the sensitivity of the CPMAS runs to determine if the rigid 

fraction calculated is strongly effected by only long chain branches and independent of shorter 

branches. However, additional work is needed to optimize the spin lock time to correctly 

separate amorphous and crystalline signals for copolymer samples.  

Thermal fractionation and annealed DSC also proved effective in differentiating the two 

branched samples. With the application of the Thomson-Gibbs equation, the lamellae were 

shown to increase with increasing branching. In order to validate this effect, SAXS and AFM are 

recommended. However, it is important to note that the changes to average lamellar thickness 

were small, and understate the major difference evident when comparing the histograms in 

Figure 33 the thermal fractionation run, which shows the fraction of lamellae at bin lengths of 

flawless regular sequence I in monomer units. 

In summary, the findings of the work are: 

1. Branching was found to increase the rigid fraction. 

2. The lamella thickness for branched samples increased with increased branching. 
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3. The rigid thickness increased with increasing branching. 

4. The rigid fraction matched DSC values for crystallinity only for the homopolymer 

samples but not for copolymer samples, impact samples, or for the branched 

samples. 

5. The lamella thickness matched the rigid thickness for all samples except the 

impact copolymer set. 

 

For the branched set to have an increasing rigid fraction as branching increases but constant 

crystallinity some amorphous material must be behaving more like the lamella. It is believed that 

crosslinks or excluded branching points may cause the branches to appear rigid when measured 

in the solid state CPMAS spin lock experiment, Figure 64 is a proposed structure. The orange 

line represents a branched chain in which both the backbone and the branch are folded into the 

lamella.  

 

 

 

Figure 64. Lamellae Structure with Branch-Proposed Structure 
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 Both solid state NMR and DSC show that increasing branching increased the lamella thickness. 

When the thermal fractionation melting peak is viewed in Figure 32, a distinct peak is seen for a 

crystal melting at ~160 ◦C for the two branched samples. The linear sample, BR0, is relatively 

flat at ~160 ◦C. The area of the peak also trends with the amount of branching, therefore its 

proposed that the larger molecular weight chains that are created with branching, crystallize after 

smaller lamella are already formed and due to encroaching thinner lamella, branched high 

molecular weight  backbone and its neighboring own long branch forms into a thicker than 

normal lamella.  The proposed mechanism is shown in Figure 65.  

 

 

 

 

 

 

 

 

Figure 65. Proposed Mechanism for Thicker Lamellae Seen for Long Chain Branched Samples 

 

The rigid fraction by solid state NMR only matched the crystallinity for the homopolymer 

sample set. The presence of comonomer in the amorphous domain may have affected the 

packing and made the relaxation slower, therefore a longer spin lock filter may be needed to 

allow the amorphous copolymer phase to fully relax. 

After Crystallization  
 

In Melt  
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The lamella thickness from DSC matched well the rigid thickness from ssNMR for all 

samples expect the impact copolymer set. The heterophasic nature may have caused the 

discrepancy since the ethylene proplyene rubber domain would be observed but is not present in 

a packed crystalline/amorphous macro structure.   
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