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Introduction


One distinguishing feature of polymeric materials is the ease with which their mechanical properties can be controlled by changing molecular structure, incorporating additives, or adjusting fabrication conditions.  In developing experiments which explore these relationships, instructors are sometimes held back (or at least slowed down) because traditional mechanical property testing often requires: 1) sample fabrication methods that require specialized equipment and/or are time-consuming (e.g., injection molding, machining); and 2) subsequent testing on specialized machines which may not be available or are difficult to use in large classes.  

For some studies of polymer structure/property relations, we have found that using experimental techniques borrowed from the coatings industry provides a valuable alternative to traditional plastics testing methods.  A primary advantage lies in simple, inexpensive sample fabrication, which in turn allows students complete control of the sample preparation process, such as addition of property modifiers.  Also, mechanical properties of coating samples can be quickly measured without using expensive testing equipment.  


Almost all coatings, from natural materials like shellac to current synthetics such as water-borne epoxies, are polymeric in nature.  The unique form required in their application, namely as thin films applied to substrates, has necessitated development of a large number of industry specific property tests, an extensive summary of which can be found in a publication by ASTM1.  These range from "typical" polymer mechanical properties like hardness and elastic modulus, to characteristics more unique to the coatings industry such as adhesion and hiding.  This paper presents three examples of laboratory experiments which focus on mechanical properties, illustrating techniques that are useful for fairly standard polymers investigations.  

Experimental Overview


The key to the examples presented below lies in test sample preparation, which centers around applying a uniform liquid film to a substrate.  This "wet" film subsequently hardens or cures to form a solid polymer "dry" film.  This technique is useful for thermoplastic polymers which can be dissolved in a solvent that later evaporates, or thermosetting materials which begin as a fluid and later crosslink chemically to form a high molecular weight solid (examples illustrating both forms will be presented).  


The tool which allows formation of uniform wet films is the drawdown bar.  A common form is a steel bar, typically 3 – 5 inches in length, with ends that rest squarely on the test substrate.  A path in the center section of the bar provides a specific clearance, which leaves behind a film of uniform thickness when drawn along the substrate and over the viscous liquid.  Drawdown bars are available commercially, with single, multiple, or adjustable clearances, typically ranging from approximately 0.001 to 0.050 inches.  One source is the Paul N. Gardner Co., Inc., Pompano Beach, FL.  A glass rod with several layers of tape wrapped around each end provides an inexpensive alternative.  


A variety of substrates can be used, the choice depending of availability, cost, and adhesion to the film.  Pre-cut steel and aluminum test panels with a variety of surface finishes are available from the Q-Panel Co., Cleveland OH.  Also, while it is normally expected in coatings testing that the applied film remains fixed to the substrate, the drawdown technique can also be used to prepare free films, which are applied and subsequently removed from substrates such as glass or release paper.  Release papers which provide a non-stick surface are available from the Leneta Co., Mahwah, NJ (release papers are wet better by some solvent systems than others, so some experimentation to find a working system may be required).


In the examples presented below, specific properties discussed are hardness and impact energy of adhered films, and standard tensile properties of free films.


An extremely simple means of measuring the hardness of adhered films is the pencil hardness method, described in ASTM D-33632.  We use standard 2-mm drawing leads and lead holders (available from art or office suppliers), listed below in order of increasing hardness:

4B, 3B, 2B, B, HB, F, H, 2H, 3H, 4H, 5H, 6H, 7H, 8H, 9H

The hardness of the film is reported as that of the hardest lead which cannot cut or gouge the film down to the substrate surface.  While providing a rather discretized measure of hardness, this method provides a degree of differentiation suitable for many studies.  If available, an alternate measure (or interesting comparison) can be made using a microhardness tester with low load, such as one that provides a Knoop Hardness Number.  


The impact resistance of adhered films can be tested by a drop weight tester, a version of which is described in ASTM D-27943.  In our tests, a 2 or 4 pound cylindrical projectile (with a ½ inch diameter spherical tip) is raised to a desired height inside a slotted 4 foot long vertical tube, and subsequently dropped onto a coated metal test substrate which sits directly below (Figure 1).  (The projectile can directly strike the coating, or can be made to strike the substrate on the uncoated side, which is referred to as "indirect" impact).  The energy of the impact is taken to be the product of the drop height and the projectile weight.  After each drop, the film is closely examined to check for the presence of cracks (considered an impact failure).  The impact energy of the film is reported as the highest energy at which the sample does not fail.  It should be noted that impact energy measured in this fashion can be dependent on film thickness, with thicker films usually failing at lower energies.  This phenomenon can be useful in that thicknesses can be chosen which result in failure energies within the measuring range of the device.  A commercial drop weight tester can purchased from the Paul N. Gardner Co, Pompano Beach, FL, although home-made designs would be suitable as well.  

For the case of free films, these can be cut into rectangular strips and tensile tested using a standard universal testing machine.  Alternatively, ultimate strengths can be determined by manually pulling strips (using weights or spring scales) whose ends are sandwiched between rubber sheets and held in clamps or binder clips.  
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Figure 1.  Using the Drop Weight Tester

Examples

1)  Thermoplastic Adhered Films - Effect of Plasticizer


In this example, polystyrene was blended with varying amounts of tri-n-butyl citrate as plasticizer, both materials from Scientific Polymer Products, Ontario, NY (plasticizers typically decrease the strength and add flexibility to rigid polymers).  


Samples were prepared by first preparing solutions of polymer, plasticizer, and xylene, each with a polystyrene content of 30 wt%.  Films were then prepared using a drawdown bar with a 0.030 inch clearance, on 3 x 6 inch steel plates with a ground surface (Q-Panel, see above).  Solvent evaporation (at least overnight in hood), results in clear adhered films.  


Knoop hardness numbers (KHN) were measured using a Tukon microhardness tester, using an applied load of 10g.  As shown in Figure 2, KHN values consistently decrease as more plasticizer is incorporated into the polymer, indicating successful disruption of intermolecular bonding by the additive.  Pencil hardness tests show a similar result4.
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Figure 2.  Knoop Hardness Numbers for 

Plasticized Polystyrene Films


  Figure 3 shows the impact energy of the films as a function of plasticizer content, determined using the drop weight tester.  The films become markedly less brittle as plasticizer is added.  Note that the point listed as "180 in-lb" did not fail at this value, our upper limit of measurement.  
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Figure 3.  Impact Energies for Plasticized Polystyrene Films


Of course other plasticizers and/or additives can be used, and their effects easily evaluated using these methods.  In a simple extension, different laboratory groups can choose from a list of different plasticizers, and collective results can be compared in class.  (One material we tried as a potential plasticizer, chloroparaffin, actually resulted in a slight increase in hardness!)

2)  Thermosetting Adhered Films - Effect of Curing Conditions


A more detailed description of this experiment can be found in an earlier paper originally presented at NEW:Update5.  A two-component resin system was used which consists of a hydroxyl-functionalized polyester (57-5803, McWhorter Industries, Carpentersville, IL) and a multifunctional crosslinking agent (Resimene 747, Monsanto Co., St. Louis, MO).  The reaction between these two components (curing) results in the formation of a solid crosslinked product, and the extent of reaction can be controlled by reaction time and temperature, with virtually no reaction occurring at room temperature.  The two components were mixed at a 75:25 ratio by weight, and diluted with methyl isoamyl ketone solvent, to a 30% overall solvent content.  Also added to the solution was 1 % by weight of an acid catalyst product (K-Cure 1040, King Industries, Norwalk CT) which promotes reaction between the resin and crosslinking agent. Thin wet films were prepared on steel plates with a matte surface (Q-Panel Co, see above) using a draw down bar with a 0.006 inch clearance.  
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After 10 minutes to allow for solvent evaporation, samples were cured for 30 minutes at various temperatures by placing coated plates into preheated ovens.  Samples were tested for hardness and impact energy upon removal from the ovens.  Figure 4 shows pencil hardness results.  As reaction temperature goes up, which leads to more extensive crosslinking, the hardness (and, by inference, strength) of the films increases through 5 pencil increments.  Changing the amount of crosslinking agent in the mixture also results in property changes which can be related to extent of crosslinking.  In a similar fashion as seen in example 1, film impact energies decrease as hardnesses increase, so both examples illustrate the commonly observed trade-off between these two material properties.

Figure 4.  Pencil Hardnesses for Polyester Resin as  Function of Curing Temperature

3)  Free Films - Tensile Properties of Plasticized Cellulose Acetate Butyrate (CAB)

In this example, CAB (381-2, Eastman Chemical Co., Kingsport, TN) films were prepared which contain varying amounts of the plasticizer isopropyl isostearate (Scientific Polymer Products, Inc, Ontario, NY).  Solutions containing polymer, plasticizer and methyl isobutyl ketone solvent were prepared in a similar fashion as described in example 1.  Films were made on tempered glass plates, using a drawdown bar with 0.025 inch clearance.  After 1 - 1.5  hours of solvent evaporation (this time can be adjusted by selection of a more or less volatile solvent), films were removed from the glass using a razor blade and careful peeling, then sandwiched between paper towels with light pressure to maintain flatness until the next laboratory period (allowing for residual solvent evaporation).  Differences in film flexibility due to plasticizer incorporation will be apparent to the students as they handle these films.

Rectangular strips (approximately 5 x 0.75 inch) were then cut for tensile testing using a paper cutter.  After measuring dimensions, films were tested using a universal testing machine at a strain rate of 0.5/min (note: the maximum load for all such films was less than 20 lb).  
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Stress-strain curves for the set of plasticized CAB films appear in Figure 5.  These clearly show the progressive effects of the plasticizer on properties such the elastic modulus, yield strength, and ductility.  Again, different groups can use different candidate materials as additives, and results for the entire class can be compared.  

Figure 5.  Stress-Strain Curves for CAB Films Containing Varying

Amounts of Isopropyl Isostearate

This type of study on free films can be supplemented with other characterizations.  For example, Figure 6 shows elastic moduli of the plasticized CAB films as a function of Tg, as determined by differential scanning calorimetry.
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Figure 6.  Elastic Modulus of Plasticized CAB Films as Function of

Their Tg (from DSC Measurements)

Summary


These examples illustrate the wide range of investigations that can be carried out using simple, quick, and student-friendly sample preparation and testing techniques from the coatings industry.  We have found that these testing abilities have expanded our thinking about the types of studies that can be done, especially in introductory courses.  Other ideas have included effects of environment, such as repeating some tests after exposure to solvent vapors, or UV and weather exposure out-of-doors (in this case, effect of UV absorbers can be evaluated).  Materials used and the intended phenomena addressed can be easily varied based on the specific curricular interests of the instructor.  
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