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	Preface
	







Every commercial information sheet describing a polyethylene resin, every professional discussion of the application range for a resin, every issue of the resin pricing – they all involve the same short list of resins’ end-use properties. Although the items in the list may vary depending on application, these end-use properties are universally understood throughout the “insider” word without any need for an explanation.

In the case of commercial film-grade LLDPE resins, these parameters usually include the resin’s density, the melt index, the melt flow ratio, the melting point, the dart impact strength, the tear strength in two directions of the film, film haze, and extractables. In the case of blow-molding HDPE resins, the standard parameters are the density, the high-load melt index, environmental stress cracking resistance, the top-load strength, and so on. Tables P.1, P.2, and P.3 show three representative examples of these parameters taken from commercial product data-sheets.

These engineering terms and these values have become “the lingua franca” of all product engineers, plant operators, and catalyst chemists throughout the world involved in the production and testing of polyethylene resins. Test procedures for these parameters are minutely described in standardized documents, ASTM methods in the US and ISO methods in Europe.

On the other hand, the polymer science has developed a different universally understood set of parameters that characterize the same polymers: the average molecular weight, the molecular weight distribution, the content of an α-olefin in an ethylene/α-olefin copolymer, compositional uniformity of the copolymers, stress-strain characteristics of semi-crystalline polymers, etc.


Table P.1 ExxonMobil LLDPE Resin, LL 1001 Series (Ziegler-Natta Catalyst)



	

	SI units

	English units

	Measurement method




	Density

	0.918 g/cm3

	0.0332 lb/in3

	ASTM D1505




	Melt index (190 °C, 2.16 kg)

	1.0 g/10 min

	1.0 g/10 min

	ASTM D1238




	Peak melting temperature

	121 °C

	250 °F

	




	Tensile strength at yield, MD

	9.4 MPa

	1,400 psi

	ASTM D882




	Tensile strength at yield, TD

	9.5 MPa

	1,400 psi

	ASTM D882




	Tensile strength at break, MD

	50 MPa

	7,700 psi

	ASTM D882




	Tensile strength at break, TD

	35 MPa

	5,100 psi

	ASTM D882




	Elongation at break, MD

	580%

	580%

	ASTM D882




	Elongation at break, TD

	850%

	850%

	ASTM D882




	Secant modulus, MD, at 1%

	190 MPa

	28,000 psi

	ASTM D882




	Secant modulus, TD, at 1%

	220 MPa

	32,000 psi

	ASTM D882




	Dart drop impact strength

	100 g

	100 g

	ASTM D1709A




	Elmendorf tear strength, MD

	80 g

	80 g

	ASTM D1922




	Elmendorf tear strength, TD

	400 g

	400 g

	ASTM D1922




	Haze

	14%

	14%

	ASTM D1003








Table P.2 ExxonMobil LLDPE Resin Exceed 1018KA Series (Metallocene Catalyst)



	

	SI units

	English units

	Measurement method




	Density

	0.918 g/cm3

	0.0332 lb/in3

	




	Melt index (190 °C, 2.16 kg)

	1.0 g/10 min

	1.0 g/10 min

	ASTM D1238




	Peak melting temperature

	<119 °C

	<247 °F

	




	Tensile strength at yield, MD

	9.65 MPa

	1,400 psi

	ASTM D882




	Tensile strength at yield, TD

	9.65 MPa

	1,400 psi

	ASTM D882




	Tensile strength at break, MD

	54.5 MPa

	7,900 psi

	ASTM D882




	Tensile strength at break, TD

	42.7 MPa

	6,200 psi

	ASTM D882




	Elongation at break, MD

	500%

	600%

	ASTM D882




	Elongation at break, TD

	600%

	600%

	ASTM D882




	Secant modulus, MD, at 1%

	186 MPa

	27,000 psi

	ASTM D882




	Secant modulus, TD, at 1%

	193 MPa

	28,000 psi

	ASTM D882




	Dart drop impact strength

	590 g

	1.3 lb

	ASTM D1709A




	Elmendorf tear strength, MD

	250 g

	250 g

	ASTM D1922




	Elmendorf tear strength, TD

	470 g

	470 g

	ASTM D1922




	Haze

	18%

	18%

	ASTM D1003








Table P.3 Braskem Blow Molding HDPE Resin GM7746C



	

	SI units

	English units




	Density

	0.944 g/cm3

	0.0341 lb/in3




	Melt index (190 °C, 21.6 kg)

	4.5 g/10 min

	4.5 g/10 min




	Vicat softening point

	126 °C

	259 °F




	Tensile strength at yield

	23 MPa

	3,340 psi




	Tensile strength at break

	42 MPa

	6,090 psi




	Elongation at yield

	13%

	13%




	Elongation at break

	880%

	880%




	Flexural (secant) modulus at 1%

	890 MPa

	129,000 psi




	Secant modulus, TD, at 1%

	220 MPa

	32,000 psi




	Environmental stress-cracking resistance (100% Igepal)

	≥ 1,000 h

	≥ 1,000 h







This book provides a necessary bridge between the meaning of the engineering end-use parameters of polyethylene resins and molecular and structural characteristics of the same materials used in the polymer science. The main goal is to translate such commonly used parameters as the melt index of a resin or the dart impact strength of a film sample into the universal language of the polymer science. After this translation is completed, many facets of the resin engineering properties became transparent and easily explainable. For example:

[image: Image]       What happens with the melt flow ratio of a resin after the catalyst used to produce it is modified to increase its sensitivity to an α-olefin?

[image: Image]       What happens with the dart impact strength or the tear strength of LLDPE film when butene is replaced with hexene or octene in an ethylene/α-olefin copolymerization reaction employing the same catalyst and why does it happen?

[image: Image]       Why are the melting points of metallocene LLDPE resins so much lower compared to the melting points of LLDPE resins of the same density and melt index prepared with Ziegler-Natta catalysts?

[image: Image]       Why are hexane extractables of metallocene LLDPE resins lower compared to extractables of LLDPE resins of the same density produced with Ziegler-Natta catalysts?

These are the types of questions this book provides answers to. Detailed analysis of many such links between end-use engineering properties of polyethylene resins and molecular characteristics of the polymers turn out to be quite complex. For this reason, the description of each such linkage is accompanied by numerous examples of practical significance and by explicit data for commodity polyethylene resins.

This book is written with three audiences in mind. The first, the most populous audience, includes product engineers, the specialists who evaluate properties of polyethylene resins and judge their usefulness (as well as pricing) for a particular application. These specialists are very adept at measuring and evaluating end-use engineering properties of the resins they are working with. However, they are usually less confident when asked which of the molecular characteristics of the polymers should be changed, and in what direction, to improve a particular end-use property of a resin.

The members of the second audience are plant and pilot plant operators in the polyethylene industry. These individuals deal with large-scale continuous production processes and need to know which of the process variables they control are crucial for achieving and maintaining the desired end-use parameters of the resins.

The members of the third audience are catalyst chemists, specialists in designing new polymerization catalysts and modifying the existing ones. These professionals often judge a success or a failure of a catalyst they develop based on properties of a small amount of polymer prepared in the laboratory, from ~ 10 to ~ 200 g. Their principal interest is to know which parameters of a polymer prepared in bench-type tests have the highest predictive power and how to translate the changes they make in a catalyst recipe into the changes in the end-use properties of the resins manufactured with the catalyst on the commercial scale. One has to take into account that measurements of some end-use properties require large quantities of resins far exceeding what can be prepared in laboratory.

This book is intended to improve communication bridges between these three groups of specialists and to aid them in understanding each other better and faster.

The second edition of the book contains updated information on many aspects of the relationships between scientific and engineering characterization of various polyethylene resins, as well as new information on polyethylene recycling (a rapidly expanding field of resin applications with a different set of technical requirements) and on polyethylene resins prepared with post-metallocene catalysts. It also contains a new chapter describing several important commercial characteristics of polyethylene film, the content of extractable and soluble material in LLDPE film, blocking of LLDPE film, and film haze.

Yury V. Kissin

Rutgers, The State University of New Jersey
New Jersey, USA
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	Educational Minimum: Synthesis, Structure, and Properties of Polyethylene Resins









	1.1
	Classification and Applications of Polyethylene Resins




The term “polyethylene resins” describes catalytically produced semi-crystalline homopolymers and copolymers derived mostly from ethylene [1–4], as well as ethylene polymers produced in radical polymerization reactions under high pressure [4–6]. Polyethylene resins of different types are widely used as commodity plastics.

Some polyethylene resins contain strictly linear polymer chains; their chemical formula is –(CH2–CH2)n–, where n is a very large number, from ~ 1,000 to ~ 100,000. Other polyethylene resins contain branches in their chains. Most such resins are produced in ethylene/α-olefin copolymerization reactions. The molecular structure of ethylene/α-olefin copolymers with a low α-olefin content can be approximately represented by the formula:

∼ –(CH2–CH2)x–CH2–CH(Branch)–(CH2–CH2)y–CH2–CH(Branch)–(CH2–CH2)z–CH2–CH(Branch)– ∼

where the –CH2–CH2– units come from ethylene and the –CH2–CH(Branch)– units come from the α-olefin molecule. The x, y, and z values in these chains can vary from small (4 to 5) to a very large number.

All the branches in catalytically produced polyethylene resins are of the same size; they are the alkyl substituents in the α-olefin molecules: the ethyl group if the α-olefin is 1-butene, the butyl group if the α-olefin is 1-hexene, the hexyl group if the α-olefin is 1-octene, or the isobutyl group if the α-olefin is 4-methyl-1-pentene. When ethylene is polymerized at a high pressure via the radical mechanism, they have essentially the same chain structure. In this case, branches of several different types are formed spontaneously due to peculiarities of the radical polymerization reactions. These branches are linear or branched alkyl groups [7, 8]. Their lengths vary widely within each polymer molecule. Two types of such branches are distinguished: short-chain branches, from the methyl to the isooctyl group, and long-chain branches, up to several thousand carbon atoms in length. The most abundant among the short-chain branches are butyl branches (~ 5 to 6 per 1,000C), ethyl branches (~ 4 per 1,000C), and pentyl branches (~ 2 per 1,000C), whereas the content of hexyl and longer linear branches is lower, 1 to 2 per 1,000C.

The level of branching in catalytically produced polyethylene resins is defined differently in industry and in polymer science. In polymer science, these resins are called ethylene/α-olefin copolymers with a particular molar content of α-olefin, CMcopol, mol %. In industry, the level of branching in polyethylene resins is usually represented by the value called the branching degree. It is defined as the number of branches per 1,000 carbon atoms, Branch/1,000C. Because all such branches end with the methyl group, the branching degree is often represented by the symbol CH3/1,000C. The ratio between CMcopol and the branching degree is given by:

[image: Image]


The k parameter in Equation 1.1 is equal to 2 for ethylene/1-butene copolymers, 4 for ethylene/1-hexene copolymers, and 6 for ethylene/1-octene copolymers. Polyethylene resins produced in radical reactions at a high pressure have branches of different size and their branching level is universally expressed as the branching degree, CH3/1,000C.

Commercial classification of polyethylene resins has developed historically, in parallel with the discovery of new catalysts for ethylene polymerization and new polymerization processes. The classification is based on two parameters that could be easily measured in the 1950s in a commercial environment with a minimum of instrumentation: the rheological parameter called the melt index, which reflects the average molecular weight of the resin, and the resin density (the function of its crystallinity degree). The physical meaning of these two seemingly straightforward parameters is in reality quite complex. They are described in Chapters 2 and 4, respectively.

According to the American Society of Testing and Materials (ASTM D1248-05 and ASTM-D3350), all polyethylene materials are divided into various classes. The classification specifies resins with uniform sets of properties. Density determines the type of the resin and the melt index determines its category. The commonly used commercial classification is given in Table 1.1.

HDPE resins with nominal density of 0.941 to 0.959 g /cm3 belong to Type III and those with nominal density higher than 0.960 belong to Type IV. Some high molecular weight resins with density lower than 0.941 g /cm3 and the resins with an ultrahigh molecular weight and with density of ~ 0.930 g /cm3 are also represented as HDPE resins because of their low branching degree, although they formally belong to Type II resins.


Table 1.1 Commercial Classification of Polyethylene Resins



	Resin type

	Symbol

	α-Olefin content, mol %

	Crystallinity degree, %

	Density, g /cm3




	Resins of high density

	HDPE

	0

	65 to 70

	> 0.960




	Resins of high density

	HDPE

	0.2 to 0.5

	60 to 65

	0.941 to 0.959




	Resins of ultrahigh molecular weight

	UHMW HDPE

	0

	30 to 40

	0.930 to 0.935




	Resins of medium density

	MDPE

	1 to 2

	45 to 55

	0.926 to 0.940




	Resins of low density

	LLDPE

	2.5 to 3.5

	30 to 45

	0.915 to 0.925




	Resins of very low density

	VLDPE

	> 4

	< 25

	< 0.915




	Low density polyethylene produced in radical reactions

	LDPE

	Branching degree 20 to 30 CH3/1,000C

	45 to 55

	0.910 to 0.940







The content of an α-olefin in commercially manufactured ethylene/α-olefin copolymers varies in a wide range, from < 0.5 up to 20 mol %. These copolymers, depending on the content of α-olefin, are called medium density polyethylene resins (MDPE), linear low density polyethylene resins (LLDPE), or very low density polyethylene resins (VLDPE). The group of the VLDPE resins is further divided into two subgroups, polyethylene plastomers with a crystallinity degree of 10 to 20% and density from 0.915 to 0.900 g /cm3, and completely amorphous ethylene elastomers with density as low as 0.86 g /cm3. By definition, all the catalytically produced resins contain only short-chain branches derived from α-olefins. However, polymerization reactions utilizing some metallocene catalysts and chromium oxide catalysts can also introduce long-chain branches in the polyethylene chains (Section 1.4).

Some metallocene catalysts can copolymerize ethylene with cycloolefins, such as cyclopentene, cyclooctene, or norbornene. In this case, the branches in polyethylene chains are either small cycles containing from 5 to 10 carbon atoms, or two fused cycles. These materials form an additional resin type called cycloolefin copolymers (COC).

The five categories of polyethylene resins are specified according to their melt index measured according to ASTM D1238-10:



	Category:

	1

	2

	3

	4

	5




	Melt index, g/10 min:

	> 25

	10 to 25

	1 to 10

	0.4 to 1.0

	below 0.4





Other characteristics of polyethylene resins, predominantly color, are specified by class. The three classes of polyethylene resins are designated as A, B, and C. The classes indicate color, amounts, and types of antioxidants, and other additives. Class A refers to naturally colored polyethylene resins, Class B includes white and black-colored resins, and Class C covers weather-resistant black resins containing more than 2% carbon black.

The classification of polyethylene resins in its present form affords a basic distinction between different resin types. However, the classification is often poorly suited to delineate fine differences between structures and properties of various resins that play an important role in the sophisticated modern resin market. After all, the market grades different resins mostly according to their end-use properties rather than by their general classification.

Taken together, polyethylene resins account for the largest fraction, ~ 35%, of the worldwide plastic production. The volume of HDPE resins manufactured worldwide in 2019 was over 50 million metric tons and the combined volume of LLDPE and LDPE resins over 60 million metric tons. In the US alone, the total production volume of all polyethylene grades in 2019 amounted to ~ 23 million metric tons.

Applications of polyethylene resins vary greatly by the grade. The applications of the two most important grades are:



	HDPE resins

	Blow molding (containers and bottles)

	~ 31%




	

	Film (biaxially oriented)

	~ 28%




	

	Injection molding

	~ 22%




	

	Other applications

	~ 19%




	LLDPE resins

	Film (blown and cast)

	~ 80%




	

	Injection molding

	~ 7%




	

	Wire and cable coating /insulation

	~ 4%




	

	Other applications

	~ 9%







	1.2
	Catalysts for Synthesis of Polyethylene Resins




Polyethylene resins are produced commercially with transition metal catalysts of different types [1–4, 9, 10] or in high-pressure radical polymerization reactions [4, 5]. This section provides merely a brief sketch of the catalyst chemistry; a much more detailed discussion of catalyst preparation techniques is presented in reviews [3, 4, 9, 10].

Several groups of polymerization catalysts are especially important.

Titanium-based Ziegler-Natta catalysts: All these catalysts consist of two components. The first component is called a catalyst, it is a liquid or a solid powder that contains a derivative of titanium [4, 9, 10]. The second component is called a cocatalyst. The cocatalyst is an organoaluminum compound, usually triethylaluminum. The preferred physical form of the catalyst depends on the type of the polymerization process it is used in (Section 1.3). Most modern Ziegler-Natta catalysts are supported and contain titanium tetrachloride as the active ingredient. A variety of techniques were developed for supporting titanium compounds on porous solids with a high internal surface area, such as silica and microcrystalline magnesium dichloride [1, 3, 10]. Ziegler-Natta catalysts are used to synthesize several grades of HDPE and LLDPE resins. In industry, polyethylene resins are produced with these catalysts at temperatures between 80 and 95 °C and at an ethylene pressure of 0.7 to 1.5 MPa (100 to 200 psi). Ethylene polymers synthesized under these conditions intrinsically have a very high molecular weight (see Section 1.4) and in order to decrease it, polymerization reactions with Ziegler-Natta catalysts are nearly always carried out in the presence of hydrogen, an effective molecular weight-controlling agent. In addition to polyethylene resins, Ziegler-Natta catalysts are also used for the commercial production of other important polyolefins including isotactic polypropylene, polybutene, and polymethylpentene, as well as synthetic rubbers based on polybutadiene and polyisoprene.

A different type of titanium-based Ziegler-Natta catalysts is used in industry in solution polymerization processes. These polymerization reactions are performed in heavy hydrocarbons (mixtures of C8 to C10 alkanes) at high temperatures of 130 to 200 °C, and at a reactor pressure of 3.5 to 20 MPa (500 to 3,000 psi). Because titanium-based active centers are not stable at such high temperatures, catalyst formulations of very high activity are employed in these processes. The catalysts are formed directly in the polymerization reactors by combining three hydrocarbon-soluble components: an organomagnesium compound, such as dibutyl magnesium, a source of chlorine atoms, such as butyl chloride (these two compounds rapidly react to produce a catalyst support of finely dispersed magnesium dichloride), and the active ingredient, usually titanium tetrachloride.

Chromium oxide catalysts (Phillips catalysts): Chromium oxide catalysts are used for the synthesis of HDPE resins of various grades, particularly for the manufacture of ethylene homopolymers with a broad molecular weight distribution. All chromium oxide catalysts are supported; they use inert porous substrates, usually silica, and chromium compounds as active ingredients. The synthesis procedure of chromium oxide catalysts consists of two main steps. First, the support is impregnated with a source of chromium, such as water solution of chromic acid or chromium nitrate. Then the solvent is removed and the catalyst is activated by calcination at 500 to 850 °C in an oxidizing environment. Catalysts of a similar composition are also used for the synthesis of ethylene/α-olefin copolymers. These copolymers are usually designated as low density linear polyethylene (LDLPE) resins to distinguish them from LLDPE resins produced with Ziegler-Natta catalysts.

Organochromium catalysts: Several commercially important catalysts for the synthesis of injection molding HDPE resins utilize organochromium compounds, such as bis(triphenylsilyl)chromate or bis(cyclopentadienyl)chromium. All these catalysts are silica-supported.

Metallocene catalysts: Metallocene catalysts are used for the synthesis of HDPE and LLDPE resins of high compositional uniformity and a narrow molecular weight distribution. These catalysts are employed either in the soluble form or they are supported on inert carriers such as silica. The catalysts contain two components. The first component is a metallocene complex of zirconium or titanium. The second component, a cocatalyst, is either a special organoaluminum compound, methyl alumoxane (abbreviated as MAO), or a fluoroboronaromatic compound. Metallocene catalysts are also used to produce crystalline syndiotactic polypropylene and polystyrene, ethylene/propylene elastomers, and engineering ethylene/cycloolefin (COC) plastics.

Bimetallic catalysts: Several HDPE applications require polyethylene resins with an especially broad, preferably bimodal molecular weight distribution. Such materials cannot be produced simply by physical mixing of pellets of two HDPE resins with vastly different molecular weights. Instead, these resins are either obtained using Ziegler-Natta catalysts in special technological processes employing two or several polymerization reactors in a series or in a single reactor using supported bimetallic catalysts. The idea behind such catalysts is to combine within each catalyst particle active ingredients of two different types that operate under identical conditions but produce polymer material with different molecular weight.

Post-metallocene catalysts: The term “post-metallocene catalysts” has a historical rather than any particular chemical meaning, simply because these catalysts were developed several decades after the discovery of metallocene catalysts. Post-metallocene catalysts also consist of two components. The first component is a transition metal complex containing a bidentate or a multidentate organic ligand and the second component is an organoaluminum activator such as MAO or an ion-forming compound. The transition metal atoms in the complexes vary from scandium to lanthanoid metals (mostly Ti, Zr, Ni, Pd, Co, Fe), and the ligands coordinate to the metal atoms through oxygen, nitrogen, phosphorus, or sulfur atoms [4, 11, 12]. The list of the ligands includes diphenoxy, diamine, phenoxy-imide, saliginine, α-diimine, and bis(imino)pyridyl ligands with a variety of alkyl and aryl substituents. All the complexes are soluble in aromatic solvents, and some are soluble in aliphatic hydrocarbons. Some post-metallocene catalysts already found industrial application [13–15].

Radical initiators: Several types of initiators are used in high-pressure radical polymerization reactions of ethylene [4–6]. Most of them are organic peroxides of the R–O–O–R' type, chemical compounds containing the peroxide bond between two organic moieties. The peroxide bond readily dissociates at increased temperatures with the formation of two radicals, R–O• and R'–O•. Different organic peroxides decompose at a different rate depending on the type of the R and R' groups. The choice of peroxide is determined by the design of a polymerization reactor and the desired properties (density, degree of branching, average molecular weight) of the LDPE resin.



	1.3
	Industrial Processes for the Manufacture of Polyethylene Resins




Several technological processes are used to manufacture polyethylene resins in catalytic and radical polymerization reactions [4, 10].
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