A New Crystallization Additive to Improve the Impact Strength and Reduce the Warpage of Polypropylene Caps & Closures
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Abstract:

We have developed a unique masterbatch that can be used to produce polypropylene caps and closures containing the beta crystalline phase of PP. The beta crystals in the closure dramatically improve its impact strength without significantly reducing the stiffness or other desirable physical properties. This improvement in impact strength can result in cost savings due to the ability to produce lighter weight closures with improved toughness. Another benefit of beta nucleated closures is improved dimensional stability and reduced warpage. The masterbatch can be added during molding of the closures by blending pellets of the masterbatch with that of the PP resin, and no pre-compounding is required.

Introduction:

Polypropylene is a polymorphic semi-crystalline polymer, which can crystallize in more than one crystal form. The most common crystal form of polypropylene is the alpha, or monoclinic form, which melts at about 165 oC for Zeigler-Natta polymerized homopolymer. In an injection molded or extruded part over 95% of the crystals are typically of the alpha type. A less common form, known as the beta or hexagonal crystal form, generally comprises less than 5% of the crystals. The beta crystals have a melting point that is typically 12-14 oC below that of the alpha form. If a PP sample contains both crystal forms, a double melting peak will often be seen if a DSC (differential scanning calorimetry) analysis is performed. An example of DSC melting thermograms for both non-nucleated and beta nucleated polypropylene are illustrated below in Figure 1.
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FT 200 2.4 9.8 16% ---

HGL 200 2.4 13.3 76% ---

HGL 200 (beta) 2.4 19.8 94% ---

Bottle Drop                 

(% pass)


Non-Nucleated Polypropylene


Beta Nucleated Polypropylene

Figure 1. Second Heat DSC Thermograms of Non-nucleated and Beta Nucleated PP

In addition to the melting point differences, the beta crystals produce other physical property changes, such as an improvement in impact strength and a lowering of the tensile strength. The improved impact strength is believed to partially come from the fact that when a large or rapid deformation event occurs, such as during impact, the beta crystals are transformed into alpha crystals while simultaneously developing microvoids. The lower tensile strength leads to higher breaking elongations, and the microvoid formation absorbs energy.  

There are many nucleating agents that are used in polypropylene, and all of these provide sites where crystals can grow as the as the molten PP cools. These agents typically nucleate the alpha crystal phase, and their addition to PP causes the rate of crystallization to increase leading to faster cycle times, and higher levels of crystallinity in the final part. This higher crystallinity results in higher stiffness and strength characteristics. The presence of a nucleating agent also leads to a reduction in spherulite size, and this causes the clarity of the final part to improve.

There are only a handful of nucleating agents that preferentially nucleate the beta crystal phase [1]. Although there are many commercially available grades of alpha nucleated polypropylene, there are almost no commercially available beta nucleated PP grades. This situation has limited the number of commercial applications of beta nucleated polypropylene.

Experimental

Materials:

Three different beta nucleant masterbatches were used, and these are identified as MPM 1101, MPM 1113 and MPM 1114. Each masterbatch contains a proprietary mixture of a beta nucleating agent plus other additives, and was produced in a pellet form via melt compounding. The carrier resin in this masterbatch was a 12 MFR non-nucleated PP homopolymer resin. The MPM 1101 contains our 1st generation beta nucleant, while MPM 1113 and MPM 1114 contain the 2nd generation nucleant, which produces higher levels of beta crystallinity. The MPM 1114 also contains a second proprietary additive that allows it to be used with certain alpha nucleated PP resins, and still produce high levels of beta crystallinity in a molded part. We call this our “alpha killer” technology. All of the beta nucleated molded parts described this paper were prepared by blending pellets of these masterbatches with pellets of two different PP resins (Sunoco FT 200WV and Marlex HGL 200) using the masterbatch at a concentration of 2%. These pellet blends were injection molded into test specimens or caps. 

Testing and Characterization:  

The physical properties of the various resin mixtures were determined using ISO molded specimens. The impact properties of the caps were measured using either Gardner impact testing on the top of the caps, or bottle drop testing where a bottle containing either 500g or 1000g of water was dropped top-down from a height of 45 inches (115 cm) onto a hard surface, and the number of caps that cracked out of 50 test bottles was recorded. The relative beta crystal contents of the various resin blends was also estimated using the 2nd heat DSC scan to measure the size of the beta melting peak. 

Results and Discussions

Impact Strength of Beta Nucleated PP  

The MPM 1101 masterbatch was blended with various PP resins including homopolymer, random copolymer, and impact copolymer PP. The notched Izod impact strength at room temperature for non-nucleated and beta nucleated comparators is illustrated in Figure 2.
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Figure 2

We can see from this data that in all cases the impact strength increased dramatically following the addition of the masterbatch. Only a small decrease in Flexural modulus was observed when the beta masterbatch was added.
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In another experiment the MPM 1113 masterbatch was compounded into a random copolymer PP resin at different levels, and the modulus and impact strength was measured. Since the MPM 1113 contains a higher concentration of a more powerful beta nucleant, a lower level of the masterbatch was used. The effect of masterbatch concentration on impact strength is illustrated in Figure 3.

Figure 3
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The flexural modulus as a function of masterbatch is illustrated in Figure 4.

Figure 4

We see from this data that the Izod value goes up by a factor of three following the addition of only 0.3% of the MPM 1113. Only a small decrease in flexural modulus of about 10% is observed.

Impact Evaluation of Molded PP Caps:

A particular customer was experiencing a brittleness problem with PP caps that were used to seal bottles of one of their liquid products. Some of these caps were breaking at the retail stores. The options that they considered in solving this problem included using a heavier weight cap, switching to a different PP resin, or using our nucleant masterbatch when the caps were molded. The problem caps had a weight of 2.4 g, and two heavier caps having weights of 2.8g and 3.3g were evaluated together with two different PP homopolymer resins and one random copolymer PP. 

The impact tests that were performed involved measuring the Garner impact strength of the molded caps, or dropping the bottles cap-side down, while the bottles were filled with either 500g or 1000g of water from a height of 45” (114 cm). The percentage of bottles that passed to test without failing (out of 50 bottles tested) was recorded. The data obtained on these test is illustrated in Table 1 below.
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A plot of the Gardner impact data for the various cap weights is illustrated in Figure 5.
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Figure 3   
Figure 7. Break Elongations of MOPP Films in The Machine Direction

Figure 5

The bottle drop data for the 500g bottles is illustrated in Figure 6.
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From the Gardner data we see that for all cap weights and for both PP resins, the beta nucleated caps showed a significant improvement in impact strength. A similar trend is seen for the bottle drop data. In fact, the 2.4g beta nucleated caps had higher impact strength than that of the 3.3g caps made without beta nucleation. The HGL 200 PP resin also appeared to be superior to that of the FT 200 WV resin in terms of impact strength. This may be related to the fact that the flexural modulus of the FT 200 WV resin was about 20% higher (1750 MPa) than that of the HGL 200 resin (1450 MPa). 

Warpage of PP Closures:

Another customer that we worked with had a problem with the warpage of pigmented PP caps produced on a high speed production line. For many of these caps the top surface was convex rather than concave in shape. This warpage created problems in printing the top surface of the caps. This warpage also created problems in properly aligning the caps so that they could be screwed onto the bottles. The worst convexity was observed for blue pigmented caps, and the best caps were those made without any pigment or those that contained a silver pigment.

The customer was interested in evaluating two different PP resins from Phillips and Basell. Both of these PP resins were alpha nucleated. Since alpha nucleation generally interferes with beta nucleation, we used our MPM 1114 masterbatch to overcome this alpha nucleation. The following DSC scans illustrate the fact that only a very small beta melting peak is seen when one of our standard masterbatches (MPM 1112) is added to one of these PP resins. When the MPM 1114 masterbatch is used a very large beta melting peak is seen, demonstrating that we had overcome the interference of the alpha nucleating agent present in this PP resin.
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Figure 7

We also evaluated the thermal behavior of the formulations containing various pigment concentrates. We determined that the silver pigment was not an alpha nucleant, but that the two blue pigments were strong alpha nucleants. The nucleation efficiency of these pigments was determined by looking at the crystallization temperatures (Tc values) obtained during the cooling scan in the DSC. The higher the Tc value, the more powerful the nucleating agent. We were able to use a low warpage (LW) blue pigment that had a lower Tc value than that of the blue colors used by this customer, and obtain a color match to that of the existing blue caps. DSC measurements on blends of the LW blue and MPM 1114 showed that a substantial beta melting peak was produced.

Caps made with and without the MPM 1114 using two different PP resins were molded at high production speeds of 400 and 800 parts per minute, and the concavity of all of these caps were measured. In this case a negative value means that the caps were concave, while a positive value is associated with a convex cap. The target was to produce caps with high concavity (large negative values).
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The concavity values for the different caps made with each PP resin are illustrated in Figures 8 & 9. 
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Figure 8. Concavity of Caps Made With Marlex PP Resin

Figure 9. Concavity of Caps Made Using Basell PP

This data illustrates that all of the blue caps made with both PP resins had poor concavity when the MPM 1114 masterbatch was not used. Also, the concavity values were worse for the Basell resin. When the MPM 1114 masterbatch was used, the concavity values improved in all cases. The most dramatic improvement in concavity was seen for the LW blue caps, where the concavity was negative for both PP resins, and approached that seen for the beta nucleated clear and silver caps. This data dramatically illustrates the benefit in dimensional stability that can be achieved using beta nucleation.

Conclusions:

We have demonstrated that beta nucleation can be used as a powerful tool to improve the impact strength of polypropylene caps and closures, without sacrificing other key properties such as flexural modulus. This improvement in toughness facilitates the use of lighter weight closures that not only consume less plastic, but also allow for significant cost reduction. In addition we have shown that unacceptable warpage which is seen in certain high speed production processing and with the use of certain pigments can also be overcome using beta nucleation. The results presented in this paper build on earlier work [2,3] that we have done where beta nucleation has been used to produce low-density oriented PP films and improved thermoformed PP containers.
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		Impact Data on Clorox Caps for Conference paper

		Resin ID		Cap Weight (g)		Gardner Impact (in-lbs)		Bottle Drop                 (% pass)						Resin ID		2.4 g		2.8 g		3.3 g

								0.5 kg		1 kg				FT 200		9.8		4.7		7.8

														FT 200 (beta)				5.1		13.1

		FT 200		3.3		7.8		88%		---				HGL 200		13.3		3.5		11.7
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		FT 200 (beta)		2.8		5.1		100%		100%				FT 200 (beta)				100%		100%

		HGL 200		2.8		3.5		95%		92%				HGL 200		76%		95%		92%

		HGL 200 (beta)		2.8		8.6		100%		100%				HGL 200 (beta)		94%		100%		100%

		FT 200		2.4		9.8		16%		---

		HGL 200		2.4		13.3		76%		---

		HGL 200 (beta)		2.4		19.8		94%		---

		Resin ID		Cap Weight (g)		Gardner Impact (in-lbs)		Bottle Drop                 (% pass)

								0.5 kg		1 kg

		FT 200		3.3		7.8		88%

		FT 200		2.8		4.7		100%		92%

		FT 200		2.4		9.8		16%

		FT 200 (beta)		3.3		13.1		100%		98%

		FT 200 (beta)		2.8		5.1		100%		100%

		HGL 200		3.3		11.7		92%

		HGL 200		2.8		3.5		95%		92%

		HGL 200		2.4		13.3		76%

		HGL 200 (beta)		3.3		23.2		100%		100%

		HGL 200 (beta)		2.8		8.6		100%		100%

		HGL 200 (beta)		2.4		19.8		94%
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		Data on beta nucleated PP from Carmel Olefins

		1. Izod Impact at 23 C

		Resin ID		Normal		Beta Nucleated

		HPP (1.8 MFR)		55		114

		ICP (1.5 MFR)		182		350

		ICP (12 MFR)		348		551

		RCP (1.8 MFR)		102		153

		2. Izod Impact at -20 C

		Resin ID		Normal		Beta Nucleated

		HPP (1.8 MFR)		17		18

		ICP (1.5 MFR)		81		97

		ICP (12 MFR)		99		108

		RCP (1.8 MFR)		15		17

		3. Flex. Mod. Of Beta Nucleated PP

		Resin ID		Normal		Beta Nucleated

		HPP (1.8 MFR)		1542		1418

		ICP (1.5 MFR)		1388		1231

		ICP (12 MFR)		1203		1005

		RCP (1.8 MFR)		1021		951
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data

		Impact Data on Clorox Caps for Conference paper

		Resin ID		Cap Weight (g)		Gardner Imp. (in-lbs)		Bottle Drop                 (% pass)						Resin ID		2.4 g		2.8 g		3.3 g

								0.5 kg		1 kg				FT 200		9.8		4.7		7.8

														FT 200 (beta)				5.1		13.1

		FT 200		3.3		7.8		88%						HGL 200		13.3		3.5		11.7

		FT 200 (beta)		3.3		13.1		100%		98%				HGL 200 (beta)		19.8		8.6		23.2

		HGL 200		3.3		11.7		92%

		HGL 200 (beta)		3.3		23.2		100%		100%

		FT 200		2.8		4.7		100%		92%				FT 200		16%		100%		88%

		FT 200 (beta)		2.8		5.1		100%		100%				FT 200 (beta)				100%		100%

		HGL 200		2.8		3.5		95%		92%				HGL 200		76%		95%		92%

		HGL 200 (beta)		2.8		8.6		100%		100%				HGL 200 (beta)		94%		100%		100%

		FT 200		2.4		9.8		16%		---

		HGL 200		2.4		13.3		76%		---

		HGL 200 (beta)		2.4		19.8		94%		---

		Resin ID		Cap Weight (g)		Gardner Impact (in-lbs)		Bottle Drop                 (% pass)

								0.5 kg		1 kg

		FT 200		3.3		7.8		88%

		FT 200		2.8		4.7		100%		92%

		FT 200		2.4		9.8		16%

		FT 200 (beta)		3.3		13.1		100%		98%

		FT 200 (beta)		2.8		5.1		100%		100%

		HGL 200		3.3		11.7		92%

		HGL 200		2.8		3.5		95%		92%

		HGL 200		2.4		13.3		76%

		HGL 200 (beta)		3.3		23.2		100%		100%

		HGL 200 (beta)		2.8		8.6		100%		100%

		HGL 200 (beta)		2.4		19.8		94%
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