Student Questions

Glass: More Than Meets the Eye
Name the two most often used methods of glass analysis.
	determination of density and index of refraction
	What two substances are added to silica as glass is made?  

	sodium carbonate and calcium oxide
	What does the term “amorphous” mean?   

	molecules arranged in a random fashion, much like those of a liquid
	What does the index of refraction measure?

	how much an object bends light
	What is the important ingredient in bullet-proof glass?

	a polycarbonate layer
	What are the two types of glass fractures?

	radial fractures and concentric fractures
Glass: More Than Meets the Eye

Me
Text
Statement


1. Ultraviolet light is often used to examine physical properties of glass.


2. The flotation method for determining the density of glass is more accurate than finding its mass and volume separately.


3. Some glass is less dense than water.


4. There are only about 100 different types of glass, and the FBI hs a database of their refractive index values.


5. Different glass samples having the same density and refractive index have the same chemical composition.


6. Most glass is made of silicon dioxide.


7. A radial fracture from a bullet hole will always terminate in cracks from previous fractures.


8. Exit holes from bullets are always larger than entrance holes.


9. There is no way to tell if a light bulb was on or off when the bulb broke.



Glass: More Than Meets the Eye

As you read, describe each property of glass and tell how it can be used by forensic scientists 
to gather information.

Property
Description
Usefulness in forensics
Thickness


Density


Refractive Index


Chemical Composition


Elasticity


Filament clues
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Background Information
	The article focuses on two related areas – composition and properties of glass and the way glass is analyzed forensically.  The Teachers Guide provides background information for both topics.

More on the Composition of Glass
	Because glass is used in so many different ways, there is no one chemical composition for each glass sample.  There are thousands of different glass compositions.  However, there are three categories of substances in all glass – formers, fluxes and stabilizers.  The most common former is silicon dioxide, SiO2, in the form of sand.  Other possible formers include B2O3 and P2O5.  The former makes up the bulk of the glass.
	Fluxes change the temperature at which the formers melt during the manufacturing of glass.  Substances commonly used as fluxes include sodium carbonate, Na2CO3, and potassium carbonate, K2CO3. 
	Stabilizers strengthen the glass and make it resistant to water.  Calcium carbonate, CaCO3, is the most frequently used stabilizer.
	The raw materials for making glass are all oxides.  So the composition of any sample of glass can be given in terms of the per cent of each oxide used to make it.  For example, the glass used to make windows and bottles has the following approximate composition:
	Silica – SiO2		73.6 % 
	Soda – Na2O		16.0 %
	Lime – CaO	 	  5.2 %
	Potash – K2O		  0.6 %
	Magnesia – MgO	  3.6 %
	Alumina – Al2O3	  	  1.0 %
Note that the magnesia and alumina are present as impurities.
	According to the Corning Museum of Glass web site (http://www.cmog.org/default.asp ) there are six basic types of glass based on composition:  “Nearly all commercial glasses fall into one of six basic categories or types. These categories are based on chemical composition. Within each type, except for fused silica, there are numerous distinct compositions. 
	“Soda-lime glass is the most common (90% of glass made), and least expensive form of glass. It usually contains 60-75% silica, 12-18% soda, 5-12% lime. Resistance to high temperatures and sudden changes of temperature are not good and resistance to corrosive chemicals is only fair. Flat glass and container glass is this type.
	“Lead glass has a high percentage of lead oxide (between 20% and 80% of the batch). It is relatively soft, and its refractive index gives a brilliance that may be exploited by cutting. It is somewhat more expensive than soda-lime glass and is favored for electrical applications because of its excellent electrical insulating properties. Thermometer tubing and art glass are also made from lead-alkali glass, commonly called lead glass. This glass will not withstand high temperatures or sudden changes in temperature. 
	“Borosilicate glass is any silicate glass having at least 5% of boric oxide in its composition. It has high resistance to temperature change and chemical corrosion. Not quite as convenient to fabricate as either lime or lead glass, and not as low in cost as lime, borosilicate's cost is moderate when measured against its usefulness. Pipelines, light bulbs, photochromic glasses, sealed-beam headlights, laboratory ware, and bake ware are examples of borosilicate products. 
	“Aluminosilicate glass has aluminum oxide in its composition. It is similar to borosilicate glass but it has greater chemical durability and can withstand higher operating temperatures. Compared to borosilicate, aluminosilicates are more difficult to fabricate. When coated with an electrically conductive film, aluminosilicate glass is used as resistors for electronic circuitry. 
	“Ninety six percent silica glass is a borosilicate glass, melted and formed by conventional means, then processed to remove almost all the non-silicate elements from the piece. By reheating to 1200°C the resulting pores are consolidated. This glass is resistant to heat shock up to 900°C. 
	“Fused silica glass is pure silicon dioxide in the non-crystalline state. It is very difficult to fabricate, so it is the most expensive of all glasses. It can sustain operating temperatures up to 1200°C for short periods.”



More on Properties of Glass
	Glass combines some properties of crystals and some of liquids but glass is distinctly different from both.  Glass is rigid like a crystal but the molecules that make up glass are arranged randomly like liquids.  In general glass is formed by melting crystalline substances and then cooling the liquid before the molecules can form a crystal.  Glass does not have a specific melting point but softens over a range of temperatures.
	According to the Corning Museum of Glass, the properties of glass include:
	Mechanically Strong – Glass has great inherent strength and is weakened only by surface imperfections, which give everyday glass its fragile reputation. Special tempering can minimize surface flaws.
	Hard surface – Glass resists scratches and abrasions. (Because the composition can vary, so can the hardness.  On average the hardness of glass is about 5.5 on the Moh’s scale)
	Elastic – Glass “gives” under stress – up to a breaking point – but rebounds exactly to its original shape
	Chemical corrosion-resistant – Glass is affected by few chemicals.  It resists most industrial and food acids.
	Thermal shock-resistant – Glass withstands intense heat or cold as well as sudden temperature changes.
	Heat-absorbent – Glass retains heat, rather than conducts it.  Glass absorbs heat better than metal.
	Optical Properties – Glass reflects, bends, transmits and absorbs light with great accuracy.
	Electrical Insulating – Glass strongly resists electric current.  It stores electricity very efficiently.

More on Glass Manufacturing 
	The raw material that is the largest component of glass is silica sand or silicon dioxide, SiO2.  Glass is formed by melting the SiO2 and then cooling the melt before crystals can form.  However, the melting temperature of the silica is about 1700oC, and at that temperature the liquid phase is very viscous. Sodium oxide, Na2O, is added to the silica in the form of sodium carbonate in order to lower the melting temperature.  In the heating, CO2 is driven off the leaving Na2O. The sodium carbonate serves as a flux in glass making.  In order to stabilize the glass product, add strength to the product and make it resistant to water, calcium carbonate (CaCO3) is added.  Again, in the heating, CO2 is driven off leaving CaO as the stabilizer in the glass.  Broken glass, called cullet, may also be added to the mix.  Other compounds may be added (see “Additives and Color”). There are many formulations for glass.  This paragraph is based on the common soda-lime glass.

	To see a seven minute video on modern glass manufacturing (produced by Pittsburgh Plate Glass) see http://www.webcastgroup.com/client/start.asp?wid=0870801051775 
	To see a flow chart of modern glass manufacturing see http://www.epa.gov/ttn/chief/ap42/ch11/final/c11s15.pdf 

More on Additives and Color
	Color can be added to glass as a result of impurities in the substances used to make the glass.  Color can also be added by dissolving one or more metal oxides, by dispersing a colloid throughout the mix or by suspending pigments to create opaque areas.  Most common is the solution of metal oxides into the mix.  Some common oxides and the colors they produce in glass:
	Oxide			Color
	Iron			green, brown
	Manganese		amethyst
	Cobalt			deep blue
	Gold			red
	Antimony		white
	Copper 			light blue
	Lead/antimony		yellow
To see examples of colored glass see http://www.blm.gov/historic_bottles/colors.htm#Aqua

More on Glass as Evidence
	The following reference material is presented as part of this Teacher’s Guide because students are interested in all aspects of forensics.  This part of the Teachers Guide might be used in an activity in which students are asked to “process” a crime scene involving glass.  In addition, students may be interested in a career as a chemical technician, in which proscribed steps are required for a specific process.  You might want to use this article as a way to introduce students to careers as chemical technicians.  For more on this see http://pubs.acs.org/cen/science/83/i17/8317sci2.html .
	The article refers to FBI databases for refractive indices.  In fact, the FBI has a set of procedures for the analysis of glass.  The FBI recommends the following steps for the analysis of glass as crime scene evidence.
Review definitions and map out a plan of analysis.  The FBI definition of glass is "...an inorganic product of fusion that has cooled to a rigid condition without crystallizing.”  For the analytical methods the FBI recommends, see below.
Collect, handle, and identify the evidence.
Make your initial examination. If possible, you'll want to determine the color, fluorescence, surface features, curvature, and thickness of the glass.
Examine fractures. Are they radial or concentric? Crater or hackle? A fracture match is an absolute means of identification.
Now measure the density of the sample. Density tells you something about the composition and thermal history of the glass.
Measure the refractive index of the evidence. Refractive index is the most commonly measured property in forensic glass analysis. It can give you the same information as density, but you only need a very small piece of glass. Testing both density and refractive index tells you more than just checking one or the other.
Determine major, minor, and trace elements in the glass.  These methods are destructive methods so the FBI recommends measuring density and refractive index first (both methods are destructive).  You can use scanning electron microscopy, X-ray fluorescence spectrometry, inductively coupled plasma-optimal emission spectrophotometry, inductively coupled plasma-mass spectrometry, laser ablation-inductively coupled plasma-mass spectrometry, or atomic absorption spectrophotometry. 

	The FBI specifies additional specific protocols for each of the numbered steps.  Click on the links at http://www.fbi.gov/page2/dec04/lab122204.htm to see the protocols.  This is an extensive resource on glass analysis.

More on Patterns of Breakage
	The article describes a crime scene in which an intruder flees by diving through a window.  Glass fragments are often connected to a crime scene because many thieves enter a building by breaking the glass in a window.  Most crime scene glass originates in windows, automobile headlights or containers.  Forensic scientists know that glass fractures in two basic patterns—radial fractures and concentric fractures.
	If an object like a rock is thrown at a window the window will fracture first in a radial pattern.  That is the breaks will radiate from the point of contact but on the opposite side of the glass from the point of contact.  Glass will be propelled outward away from the point of contact as a result.  However, concentric fractures also then develop.  They are breaks that form in a circular pattern around the point of contact.  Think of a spider web.  The radial fractures extend out from the center of the web ad concentric fractures connect the radial fractures.  Most important is the fact that concentric fractures form on the same side of the as the point of contact and this causes some of the breaking glass to be propelled toward the person throwing the rock.  This glass is called backscatter, and it might be found in the clothes or hair of the person who threw the rock originally.  The glass can be scattered backward as far as ten feet.

More on Analysis by Density 
	The FBI procedure for identifying glass by the density gradient method includes the following:
	“The method involves placing, in a vertical glass tube, a liquid containing a gradient of density. The gradient is such that the density at any level is less than that at any level lower in the tube and greater than that of any level higher in the tube. When glass fragments are introduced to the column, each will become suspended in the liquid at the level that is the same density as that glass fragment. Fragments of different density will settle to different levels in the column.
	“Gradient tubes are usually 25cm to 45cm in length and 6mm to 18mm in diameter. A heavy liquid, such as 1,4 dibromobenzene or bromoform, is mixed with a lighter liquid, such as bromobenzene or ethanol, in varying proportions to form a density gradient. For most purposes, about five layers of liquids are used. The bottom layer of the density gradient tube consists of heavy liquid only. The second layer consists usually of three parts of the heavy liquid to one of the light. The third consists of equal mixtures of heavy and light liquids. The fourth layer is made of three parts light liquid and one part heavy liquid. The top layer consists of light liquid only. Each layer is added to the prior very slowly using a pipette so as to not allow mixture at the interface. The bottom layer is typically about a quarter of the total height of the column. The second, third, and fourth layers should each be about half the height of the first layer. The top layer should be the same height as the bottom layer. The gradient tube should stand overnight before being used so that the liquids will diffuse into each other to form a gradient.”
	The FBI sink/float method of determining density involves “involves suspending glass fragments in a density solution within a constant temperature bath. If two or more fragments are suspended, their densities are the same.”  There are several adaptations of this method, several of which permit the determination of a numerical value for the density.  For more on this method see http://www.fbi.gov/hq/lab/fsc/backissu/jan2005/standards/2005standards8.htm 

More on Analysis by Index of Refraction
	As the article describes, refraction is the bending of light as it passes from on medium to another.  The path of light is bent in various media because the light travels at different speeds in different media.  The index of refraction of a substance measures the degree to which the light is bent in a medium.  Every substance has its own index of refraction, which is defined as the ratio of the speed of light in a vacuum to the speed of light in that medium.  For a somewhat longer explanation of index of refraction see http://acept.asu.edu/PiN/rdg/refraction/refraction.shtml 
	The FBI protocol on using refractive index for glass indicates that “Refractive index is the most commonly measured property in the forensic analysis of glass.  Refractive index is a function of the composition and thermal history of the glass.  Several methods for measuring refractive index, along with their advantages and limitations and the procedure for laboratory annealing, are presented in this guideline.”  For the protocols see http://www.fbi.gov/hq/lab/fsc/backissu/jan2005/standards/2005standards9.htm 

More on Trace Analysis of Glass
	One of the simplest “low-tech” methods of glass analysis is to try to reconstruct the original glass surface by fitting larger fragments together like a jigsaw puzzle.  When glass breaks the impact leaves characteristic ribs or “heckle” marks on the edge of the break.  These are helpful in reassembling the fragments.  For FBI procedures and definitions see http://www.fbi.gov/hq/lab/fsc/backissu/jan2005/standards/2005standards7.htm 
	Another simple method results from the fact that glass surface develops unique scratches and abrasions from repeated wear and tear.  For example, the glass windshield of a car might develop tell-tale scratches from wiper blades with embedded grit or other minute objects.  These patterns can be used to reconstruct the windshield.
	The FBI procedures for trace element analysis say that “the concentrations of certain elements in glass serve to chemically characterize its source. The concentrations of several elements are intentionally controlled by the manufacturers to impart specific end-use properties to a particular glass product, and in some instances can be used to identify the product type of a recovered glass fragment. However, even individual glass objects that have major element concentrations within the manufacturer's acceptable ranges display variations that can be measured and provide useful points for a forensic comparison. Glass manufacturers generally do not control the concentrations of trace elements, except as needed to impart color or to keep them below levels that would impart undesirable physical or optical properties to the glass. The differences in concentrations of manufacturer-controlled elements or uncontrolled trace elements may be used to differentiate sources when the variation among objects exceeds the variation within each object. Element concentrations may be used to differentiate among glasses made by different manufacturers, glasses from different production lines of a single manufacturer, specific production runs of glass from a single manufacturer, and in some instances individual glass objects produced at the same production facility.” http://www.fbi.gov/page2/dec04/lab122204.htm 
	Specific methods of instrumental analysis permit forensic chemists to determine the per cent of each element present in a sample of glass.  These methods include scanning electron microscopy-energy dispersive X-ray spectrometry, energy dispersive X-ray fluorescence spectrometry, inductively coupled plasma-optical emission spectrophotometry, and inductively coupled plasma-mass spectrometry.
	
More on Laminated Glass 
	Laminated glass is simply two panes of glass which sandwich a layer of vinyl.  Polyvinyl butyral (PVB) is the most common laminate used today.  PVB is a polymer resin produced in the reaction between polyvinyl alcohol and butanal.  The PVB is bonded by heat and pressure to the two panes of glass.  In addition to preventing shards of glass from scattering in case of breakage (which is mentioned in the article) other advantages of laminated glass include safety, sound reduction, reduction of heat gain in applications like cars, and reduction of UV radiation.

More on Plexiglas
	Plexiglas is not glass at all, but a synthetic thermoplastic polymer first developed by chemists at Rohm & Haas.  Its chemical name is polymethyl methacrylate (PMMA). It is sold as Plexiglas, Acrylite and Lucite.  It is less dense than glass, does not shatter, is easily shaped, transmits visible light readily and does not block UV radiation.

More on the History of Glass
	The origins of glass making are obscure but may date to as early as 5000 BC when sailors, carrying soda ash as cargo on their ships, landed on a beach and used the blocks of soda ash on which to rest their cooking vessels.  The heat produced soda glass.  Useful glass object like bottles were used in Egypt and Babylon as early as 1500 BC.  Glassblowing became an art around 250 BC and within 150 years glass began to replace metals as status symbols in the Roman culture.
	Flat glass began to be produced in the 13th century but it was not until the early 1800’s that flat glass could be produced at reasonable cost for everyday use in windows. In 1883 Pittsburgh Plate Glass Company became the first successful manufacturer of plate glass in the United States.
	Glass was first produced in America in about 1608, when settlers in the Jamestown, Virginia, colony set up a glass-melting furnace.  The first attempt to establish a glass-making factory by the London Company, employing artisans recruited from Germany and Poland, was not very successful.  A second factory staffed by Italian glass workers was also unsuccessful.
	Until the early 20th century, glass was made by hand in America, making glass products a luxury.  In 1903, Michael Owens invented the first automated glass bottle-blowing machine.

Connections to Chemistry Concepts
1.	Phases of Matter – There is still some debate about the phase of glass.  Most definitions classify it as an amorphous solid.  This topic often arises from students when discussing phases of matter.
2.	Properties of Matter – Glass has properties that we assume but often do not think about.  For example, it is a relatively hard substance, but because it is brittle, the hardness is often overlooked.  The article could provide examples of properties of a unique form of matter as well as properties used to identify substances.
3.	Chemistry and Color – This article can be an introduction or application of the color produced by metal ions and their compounds.
4.	Forensic Chemistry – This is an area that many students relate to currently.  It could be introduced as a “current events” type article.
5.	Methods of Analysis – If you include in your course any material that teaches students what the term “analysis” means in chemistry, this article is a very appropriate resource.
Possible Student Misconceptions
1.	“Glass flows.”  Because glass is often discussed in terms of its similarity to liquids, many people still believe the old tale that “glass flows,” especially in old windows where the bottom of the pans seem thicker than the tops.  Glass is, in fact, made up of molecules that are tightly held by their chemical bonds.  The panes that seem thicker at the bottom were probably made that way in the early days of flat glass manufacturing.  For more see http://www.cmog.org/index.asp?pageId=745 
2.	“Glass is glass.”  Glass is such a common substance in our environment that we do not often consider its range of properties and, therefore, differences in different types of glass.
3.	“Plexiglas is a special form of glass.” – Plexiglas is a synthetic polymer and not glass at all (see More on Plexiglas) 








Demonstrations and Lessons
1.	For a lab procedure that requires students to analyze glass fragments see http://web.umr.edu/~maryrr/Outreach/StuMaterialsForensics.doc .  Always observe safety procedures when dealing with glass.
2.	Another lab on glass fragment analysis:  http://www.teachersfirst.com/lessons/forensics/glass-lab.html 
3.	A case study on glass as evidence is presented here along with a lab procedure for glass analysis.  This activity is intended for college level students but may be adapted for high school students. http://course1.winona.edu/jfranz/Broken_Glass_Case.htm 
4.	Commercial kits on glass fragment analysis can be purchased from suppliers.  One example: http://www.sciencekit.com/category.asp_Q_c_E_595431 
5.	This site has a complete crime scene scenario, including glass analysis:  http://library.thinkquest.org/04oct/00206/index1.htm 
	A lab procedure for analyzing glass using density and refractive index: http://www.ncsu.edu/kenan/fellows/2002/pligon/forensics/labs/GlassLab.html 

7.	From the Corning Museum of Glass, a procedure for making glass in the lab:  http://www.cmog.org/index.asp?pageId=737 
8.	An outline of a procedure to determine the index of refraction of glass can be found here http://online.cctt.org/physicslab/content/Phy1/labs/refraction/indexglass.asp 
9.	Two lab activities are outlined as part of the article.

Suggestions for Student Projects
Students might be assigned these, and other, glass-related topics for research:
History of glass
	Glass in America
	Colored glass
	Stained glass
	Safety glass
	Mirrors
	Glass and art
	Glass blowing
	Student might be asked to bring in to class different kinds of glass to examine.


Anticipating Student Questions
“Is glass a solid or liquid?”  It is a solid.  The Corning Museum of Glass says that glass is a “homogeneous material with a random, liquid-like (non-crystalline) molecular structure.  The manufacturing process requires that the raw materials be heated to a temperature sufficient to produce a completely fused melt, which, when cooled rapidly, becomes rigid without crystallizing.”
2.	“If glass is so hard and strong, why does it break so easily?”  Glass is both elastic and brittle.  Glass can be deformed and it will return to its original shape, but the surface forces and stresses in glass make it brittle.  See http://www.cmog.org/index.asp?pageId=715 for more.






Websites for additional Information

Corning Museum of Glass site, http://www.cmog.org/default.asp, has many resources for teachers regarding glass.  Click “For Teachers” and then click “Online Resources.”

The National Heisey Glass Museum site also has resources for teachers, especially about colored glass. http://www.heiseymuseum.org/resources/colors.htm  

Chemical & Engineering News publishes a series of articles called “What’s That Stuff?”  For the article on glass see http://pubs.acs.org/cen/whatstuff/stuff/8147glass.html

For a five-page article from the Journal of Chemical Education on glass see http://www.chihuly.com/pressroom/pdfs/JCE_77_p812.pdf 

For more on glass colors and how they are produced see this site from the U.S. Bureau of Land Management http://www.blm.gov/historic_bottles/colors.htm#Aqua

For the complete FBI glass analysis procedures, see http://www.fbi.gov/page2/dec04/lab122204.htm and http://www.fbi.gov/hq/lab/fsc/backissu/jan2005/index.htm

For more on the history of glass see http://www.glassonline.com/infoserv/history.html 





