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Abstract

The main purpose of this essay is to investigate the application of x-ray diffraction for the study of glass and graphite structures. This essay explains the process of x-ray diffraction and gives a short description of the different structures. Through an experiment, glass and graphite are put under x-ray diffraction.

As the x-ray diffraction graph for glass does not have any single peak, but rather a wide range of high reflected intensities, this shows that glass is an amorphous material. In contrast, the x-ray diffraction graph for graphite had many sharp peaks, meaning that it is a polycrystal. This difference was used to explain why graphite could not be transparent. Also, the results from the x-ray diffraction of graphite are further analysed to draw links of its structure to some of its other physical properties.

It would be concluded that glass is an amorphous substance and thus could not be analysed further without also other information than the results from x-ray diffraction. Graphite would be found to have a hexagonal crystal structure with a very large height relative to the distances between the edges of its bases in a unit cell. This will cause it to be very soft as some of the links between the atoms are very weak.

Application of X-ray Diffraction for the Study of Glass and Graphite Structures
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Introduction

What makes glass transparent while most other substances are not? Graphite, for example, is a material very unlike glass. Both materials are widely used, for very different purposes and have very different properties. Graphite is very soft and leaves a line on paper as we draw or write with it while glass is hard and at most will only cut a surface we try to write on using it. The properties of glass being transparent and graphite acting as a writing tool could be explained through analysis of their inner structures.

The inner structure refers to the way in which the atoms of a material are bonded together. However, the inner structure could not be directly observed as the distances between atoms are generally very small, in the magnitude of angstroms
. For this reason, the structures need to be studied indirectly. X-ray diffraction is a method often used for the study of inner structure because it is relatively simple and the results are easy to interpret. The results of x-ray diffraction could be analysed using the Bragg’s law to calculate the distance between the atoms.
Glass is composed mainly of silicate molecules while graphite is composed of carbon atoms. While silicon is very alike to carbon in the way that it can bond with many other silicon atoms around it to form long chains, silicate cannot. Hence, carbon can form large networks of atoms with regular patterns while silicate can form them only under special circumstances. A patterned structure is called a crystal structure and a substance without such a structure is called amorphous. Amorphous structure could be transparent, depending also on other properties of the material it is made from, while of the crystal structure, only single crystal substances could be.

Theoretical background 

Production of x-ray

When a fast moving charged particle slows down, it will convert kinetic energy into x-ray radiation. The frequency, thus wavelength of the radiation depends on the kinetic energy converted. To produce these fast moving particles, an x-ray tube, an example shown in Figure 1, is usually used.
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Figure 1: A cross-section model of a filament x-ray tube
.

One side of this tube would be the anode, also called the target, the other end tungsten filament would be the cathode. Through this tube tens of thousands of volts would be maintained between the anode and the cathode. Electrons are usually used as the charged particle, made to accelerate in this tube towards the anode as electrons are negatively charged. Upon impact with the target, the electrons will slow down from bouncing off the atoms of the target or even stop completely. Since the electrons will decelerate differently, they will give off different amounts of energy, thus there will be an entire spectrum of wavelengths produced. This is called the continuous spectrum.

The shape of the continuous spectrum depends on the voltage on the tube, especially after reaching critical value. Figure 2 on the next page shows this relationship with the target material molybdenum. The critical value is different for different material and is a property of the target. When this value has been reached in the applied voltage, another spectrum of x-ray radiation will appear. This is called the characteristic spectrum and is not produced by the deceleration of the electrons but by the target material. When the target it hit by an electron with sufficient energy to ionise it, the electrons in the atoms of the target will rise to a higher energy level than is strictly necessary and this leads to the production of X-rays.
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As the electrons return to their ground level, they will release the extra energy in the form of x-ray. The material of the target, the layer from which the electron fell and the layer the electron fell to determines the frequency of this radiation so there will be only a limited number of different wavelengths for a target element. The relationship
 between the frequency (v) of a line in characteristic spectrum and the atomic number Z of the target is the following, with C and 
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The x-ray intensity is dependant on the voltage and the tube current. Since it the radiation coming from the x-ray tube contains both that from the continuous spectrum and, if the critical voltage has been exceeded, the characteristic spectrum
 (Figure 2), a filter has to be used to remove all the unwanted wavelengths.

The most useful wavelength for x-ray diffraction would be that of the K waves and K waves since these are the shortest, and is more intense than K wave thus not as easily absorbed. Characteristic x-rays K and K are often used together in x-ray diffraction due to the small difference in their wavelengths. The reason why K series radiation has higher frequency is because the K denotes the shell from which the electron is raised, thus the shell to which it falls back. The K shell of an atom being the shell closest to the nucleus, the energy required to knock an electron from there is the greatest and so a greater amount of energy is released as an electron returns to that shell. The wavelength also decreases as the atomic number of the target increases because a nucleus with more protons in it attracts the electrons stronger.

X-ray diffraction

X-ray diffraction is a method of determining the distances between the atoms in a substance. The reason that solely x-rays are used in these measurements is that they have the wavelengths that cover the range of the typical distances between atoms in a crystal lattice. The calculations for the distance (d) between the atoms is based on Bragg’s law
. This law states that
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where  is the angle between the layer and the approaching x-ray when there is a constructive interference as shown in Figure 3, n an integer and  the wavelength. At these angles, the intensity of x-ray reflected will be significantly higher. As the x-ray leaves the x-ray tube, a filter will ensure that the rays departing are all of approximately the same wavelength and in the same phase. Thus when the x-ray hits a crystal material, the first crystal plane will reflect some of the beams, while others will pass through. Reflection will occur at the planes below and the reflected rays will partly reach the x-ray detector. If the rays that reach the detector are in phase, they will have a constructive interference and thus a very high intensity. Let us consider only the rays that have been reflected on the first and the second layer. Since the rays that have been reflected at the second layer has travelled further than those that have been reflected on the first layer, this extra distance needs to be a multiple of the wavelength for the waves to be in phase. This extra distance is obviously a function of the distance between the layers. Because the x-ray is sent in an angle to the layer, the extra distance travelled is twice the sine of that angle times the distance between the layers.
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Material structures
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There are two types of structures for solids, amorphous and crystalline. Crystalline structures are such where atoms arrange themselves in distinct patterns. Graphite is a good example of a crystalline structure. [image: image29.png]


A definition of a crystalline material is that if looking into the same direction from any unit cell (one or more atoms forming a group, the structure of which is identical to other unit cells) it would look the same. But even in this definition, there are two different types of crystals. There is the polycrystals, which is made up of many small crystals, each oriented to a different direction, with light reflecting boundaries between. There is also the single crystalloids, such as diamond, which are made of one large crystal and so do not have internal boundaries. Different from a crystalloid, an amorphous material does not have any patterns. However, the atoms inside such a material are still likely to be ordered so that they are approximately the same distance away. 
Preparations and Method for the Experiment
Samples

Samples for the experiment needed to be carefully prepared for accurate measurements. The sides on which the x-ray would hit needed to be as smooth and as flat as possible or the distances to the x-ray tube and detector would vary and thus the angle would also be slightly different from what it is thought to be. The samples used were a flat cylindrical piece of glass and a cross sectional piece of a graphite pencil. The glass sample had decent degree of smoothness as it was manufactured to be flat. The sides of the graphite were cut with a knife and thus had questionable flatness. Also the materials used are not necessarily chemically pure, there might be distortions in the structure.

Diffractometer
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The experiment was done in Tampere University of Technology, using their X-ray diffractometer, a Siemens D500 equipped with a copper target. A picture of this equipment could be found in Appendix I and a schematic apparatus of this equipment is shown above (Figure 5).

Procedures and Variables

Before the start of the experiment, the water valves for cooling the machinery was turned on. The voltage used for the x-ray tube was 40 kV and the wavelengths of x-ray filtered out and used where those of the K duplet. The experiment was carried out with a scanning range of 10 to 80 degrees for 2was used. Thus in Bragg’s law the angles  that were tested are 5 to 40 degrees. The 2 angles were sampled in increasing steps of 0.02 degrees, counting at each angle for 1.2 seconds.

The samples are then carefully placed into plastic sample holders before being put into the diffractometer. The samples were attached to the sample holders with blue tack and pressed so that its surface was levelled with the rim of the holder. This was done because the machine considered the surface of the sample as being at the height as the rim of the holder (Figure 6) and based its calculations of the angles at this level. If the diffraction surface was above this, the vertical distance a ray travels would be smaller than if the surface was at this level, while the horizontal distance remains the same. The significance in this is that the angle would be smaller than it is supposed to be. Similarly the surfaces below this level would have an angle larger than the angle recorded by the x-ray diffractometer. 

However, even though the surfaces were pressed to be parallel to the rim, the inconsistence of the surface of the samples would still cause errors. Although the glass surface was smooth and was manufactured in a factory, the graphite sample was cut by hand, thus there could be a difference in the height of about 0.5mm. As the distance of the x-ray tube and detector from the sample is 25 cm, a difference of 0.5 mm could cause up to a 0.23-degree difference in the angle
. Noting that the angle increases in the measurements are only 0.01-degree, this error is significant.
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The temperature would affect the distances between the atoms and also the proportion of x-ray that would be reflected. However, since the diffractometer was indoors, any changes of the temperature would have been very small, and not significant.

The other variables, the amount of time used to measure an angle, the scanned angle range, the wavelength of the x-ray and the intensity of the x-ray as it leaves the x-ray tube, could easily be controlled. The wavelength of the x-ray is defined by the target that emits the rays and the filters the rays passes through, thus there should be no inconsistencies. The other variables could be chosen by the user, put into the computer and the machinery would do the rest of the work. Although it could be noted that even with the most modern equipments, there still are small inaccuracies, these are to a very tiny scale and ignorable.

Data and discussion

Results

Figure 7 presents the x-ray diffraction graph for glass. Although it is noticeable that the area from about 17 to 35 degree is higher in intensity, it would be a mistake to think that this could be used to calculate the distance between layers. This would state an average distance between the atoms, but the wideness of the peak interprets that the material in question does not have a crystalline structure. Thus the glass sample must be amorphous, a property that could be used to explain its transparency. As amorphous substances do not have a regular pattern, there are no internal boundaries of irregularity that would reflect light coming in. Individual atoms reflect only very small amounts of light, as they are very small compared to the space. Although this does not mean that all amorphous materials are transparent, it does mean that some could be under the right circumstances.

Using only x-ray diffraction we could say little about the structure of glass as it is amorphous. Relatively more could be said about graphite because x-ray diffraction is a meant to be used for the study of the structures of crystalline materials.
Graphite could clearly be recognised as being a crystal due to the sharp peaks it produces in the x-ray diffraction graph (Figure 8). It is decidedly not a single crystal due to the fact that there are many peaks in the graph. The graph for a single crystal will only have one peak, the position of which depending on the alignment of the crystal in the x-ray diffractometer. This is because only the planes that are perpendicular to the normal of the angle would reflect the waves properly, and in a single crystal, there will only be the same distance between all of the planes that attain this criterion.

In a polycrystal material, like graphite, the entire material is not made of one single crystal with all the layering parallel. Thus there will practically always be parts of the material where any of the different ways of arranging the planes among the crystal cells is facing the right direction in regards to the x-ray tube and detector. Considering the reflected wave off an individual atom, the waves off the atoms that are in a plane that is facing correctly will have travelled equal distance as the other waves reflected off the same layer. However, the waves reflected off the other atoms will have travelled a distance different than that of nearly any other wave, thus these waves will unlikely cause large increase in the intensity of the x-ray detected.

Analysis


Even though crystals have a distinct structure, they are not all transparent; in fact, the crystalloid structure is the factor that prevents most materials from being transparent. One would think that an amorphous material would reflect more of the light rays trying to pass though than a crystalloid one and it is true that a lot of rays are reflected, but a significant portion will pass through, as each individual atom is very small. The reasons why most crystalloids do not let light pass through is that very rarely will a significantly large volume of a crystalloid be part of the same patterned structure. Thus a large piece of a polycrystalline substance could be separated into microscopic crystals that are not parallel to each other. The boundaries between these crystals are relatively distinct and light could reflect completely as they reach these boundaries. With uncountable amount of these boundaries in even a very thin material, practically no light could get though. However, materials with one large crystal, or single crystalline materials, are transparent since no internal boundaries exist. An example of a well known single crystalline substance is diamond.

There are seven different classifications for the crystal systems according to the shape of the unit cells among which there are a possibility of fourteen different lattices. The classifications are isometric, tetragonal, hexagonal, trigonal, orthorhombic, monoclinic and triclinic, some of which could be in the form of multiple different lattices (further details could be found on Appendix IV).

Using a computer program
, the structure of graphite was determined to be a hexagonal crystal. The distance a and c should be very frequent in the structure and thus their representation on the x-ray diffraction graph should also be strong, but it is always risky to assume that the highest peaks would represent these as they might be outside the range or other values might even be stronger. The values for the peaks could be compared in the Hull-Davery chart
 to find the value c / a, with which c and a would be easy to calculate but in this approach failed, as there the peaks did not match any location of the chart. However, a set of available equations could be used to solve this problem. By combining Bragg’s law and the plane-spacing equation, the following were found: 
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(3)
From this equation
, we could then obtain the following:
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(5)
where 
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and the subscripts, p and q, represents different peaks. So we have to use two different peaks that appear on the graph together to be able to get a and c. The values h, k and l are integer numbers that represents numbers of the Millers indices.

Miller Indices are defined as the reciprocals of the fractional intercepts which the plane makes with the crystallographic axes. The Miller indices are always whole integers. These indices are used to present a plane that intersects axes with definable lengths. The hexagonal crystal has four axes rather than the common three, but when considered through geometry, it has been shown that the Miller Indices of the three axes, represented as a1, a2 and a3 on Figure 12 (next page), that are on the same plane are equal to zero when added together. So if the indices are written as (h k i l), then h + k = -i. Thus i is often replaced by a dot ([image: image14.bmp]) and it does not have to be considered.


But if the only thing we know of h, k and l is that they are integers, we would have to guess at these numbers, and only when many pairs of peaks gives us the same results for a and c could we find the right answers. Fortunately, likely sets of (hk[image: image15.bmp]l) lattice parameters for a hexagonal crystal have already been found and we only need to test them (Figure 11). The peaks appearing in Figure 8 correspond to their specific atom planes and indexed for Miller indices in Table 1. 
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Table 1: Calculation of crystal lattice parameters a and c. The literature values
 used to calculate the relative error are: a0 = 2.4614 Å and c0 = 6.7014 Å.









	Peak

.No
	Angle

2
	d /Å
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	Lattice parameters
	c / a
	Relative error
	Peak

p & q

	
	
	
	h
	k
	l
	a / Å
	c / Å
	
	
[image: image17.wmf]0

0

a

a

a

-


	
[image: image18.wmf]0

0

c

c

c

-


	

	1
	26.10
	3.414
	0
	0
	2
	2.459
	6.828
	2.777
	0.0010
	0.0189
	1 & 2

	2
	42.45
	2.129
	1
	0
	0
	
	
	
	
	
	

	3
	43.22
	2.093
	
	
	
	
	
	
	
	
	

	4
	44.61
	2.031
	1
	0
	1
	2.468
	6.790
	2.751
	0.0027
	0.0132
	4 & 5

	5
	54.02
	1.697
	0
	0
	4
	
	
	
	
	
	

	6
	76.03
	1.2512
	1
	1
	0
	2.503
	6.828
	2.728
	0.0169
	0.0189
	1 & 6


In Table 1, 2values were measured from Figure 8 and d values were calculated from them and =1,5405 for K radiation of copper target. The Miller indices
 have been selected from Figure 11 according to the relative positions and intensities. Using the values, a and c have been calculated using the equations 4 and 5. The small relative errors indicate that the results obtained from the experiment are very accurate. Note from the Table 1 that the peak no 3 cannot be indexed for any graphite plane, this is attributed to the existence of very small amount of impurities in the measured sample. The impurities shall also cause the differences of a and c values from the theoretical ones. The impurities might be artificially introduced to the graphite to adjust the writing blackness of the pencil. 

We could notice from here that the distance the first peak represents, 3.414 Å, is also nearly half of c. This would be because of the way the layers are piled on each other. Each layer would be shifted in relation to the layers on both sides, so that a unit cell is formed of the atoms from one layer and those from two layers away. However, x-ray diffraction measures the distance between the atoms even if they are not in the same unit cell, thus the value of half of c is shown to with a very strong intensity. Similarly, the other very strong peak, that which translates to 1.2512 Å is also about half the distance of a. But the reason for this is a bit more obvious. As was shown on Figure 10, the direct distance between the closest atoms is half a. It is understandable that this distance would be showing up very strongly. Here, it would also be interesting to note that the actual value of a does not appear as a peak at all even though it is in the range that was gone through in the x-ray diffraction. The absence of c is understandable since it is certainly out of the range.

Conclusion

The reason why our results did not match any in the Hull-Davery chart used could be seen in through this table. The value c / a which the chart would give is in this case is slightly above 2.7, but the range in the available chart is only from 0.0 to 2.0. The c / a ratio calculated using the literature values (see above) would be 2.7226. The fact that this goes out of the range indicates that this ratio for graphite is far higher than is common, indeed, the ideal value for c / a would be 1.633 which is also called the hexagonal close packed, abbreviated HCP, structure. At this c / a ratio, the solid would be at the greatest density while still keeping a crystal structure.

The high value of c for graphite compared to its a value signifies that the atoms in it bonds with the other atoms of the same base of the hexagonal far more strongly than with the atoms on the opposite base. Thus, graphite could be considered to be in many layers that are weakly interacting. This would explain the softness of the substance and why it leaves a black line, parts of itself, as we write with it.

Through x-ray diffraction, the structure of glass and graphite could be analysed to some degree. Transparency of glass and softness of graphite could both be understood to some extent through their inner structures. Unlike polycrystalline substances, amorphous structures do not necessarily reflect all light away. The x-ray diffraction graph we got from glass proved that it is amorphous while graphite was clearly shown as crystalline.

This difference explained why graphite was not transparent. However, drawing relations to the other properties through this could be misleading as there are great limitations in using x-ray diffraction alone to understand a substance. Why exactly glass is transparent while not every other amorphous material is as well is a completely different topic on its own and although it is greatly interesting, it is beyond the area of this essay. 
In general, x-ray diffractometer is useful tool to study the inner structure of solid materials, such as to distinguish the amorphous and crystalline, to tell the single crystals and polycrystals and to obtain the lattice parameters of crystals.
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	Appendix II
	Errors due to sample surface level

	Assume that R is the distance from x-ray source to the sample surface center and z is the error below the correct surface level as show in Figure below, height z yields: 
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Then, error  due to the surface level error z of the samples could be calculated:
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For z =0.5 mm, R=250 mm and a given l value, a graph of the erroragainst the angle 1 can be obtained as shown in next Figure. It shows that at the smallest angles, there will be greatest effect of z on . However, the decline is very slight over measured range.
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	Appendix III
	List of crystal structures

	removed due to email attachment size limit

	Appendix IV 
	Hull-Davery chart

	A Hull-Davery chart for simple hexagonal crystals from Research Method for Material Physics (Refer to Bibliography)
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Figure 9. Simplified model of polycrystalline. The chunks are actually too small to be seen.





Figure 7: The x-ray diffraction graph of glass as produced by the diffractometer





Figure 2  X-ray spectrum of molybdenum4. The spectrum looks similar for other materials as well. (from p 5, Element of X-ray diffraction):





Figure 5: X-ray diffractometer apparatus.





Figure 6: Model of specimen holder.





Figure 4: Model of graphite layers.





Figure 3: X-rays reflecting off layers of a crystal material.





Figure 8: X-ray diffraction graph of graphite. (peak numbers added manually)





Figure 11: Calculated diffraction pattern for hexagons c / a = 1.63. The Miller Indices are applicable to all hexagonal structures





Figure 12: Planes representations of some Miller’s Indices. These are placed relative to the origin, the central bottom atom.





Figure 10: Unit cell of a hexagon crystal








� Angstrom, symbol Å, is a unit of 10-10 meters


� Figure 1 has been taken from page 18 of B.D. Cullity , Elements of X-ray Diffraction, 1959, Addison-Wesley Publishing Company, Inc. Reading, Massachusetts, USA





� Mosley’s Law, source: P.K. Agrawal, Krishna’s I.I.T. Physics Forth edition, 1997, Krishna Prakashan Media (P) Ltd., Meerut, India.


� The sharp peaks, labelled K and K, are the characteristic spectrum and not part of the continuous spectrum since 25kV is already above the critical voltage value.


� Source: Douglas C. Giancoli, Physics Principle With Applications fifth edition, 1998, Prentice Hall, New Jersey USA


� Further analysis on this error could be found in Appendix II


� The software is called Diffract Plus


� See Appendix IV


� Source: S.L. Xu, Research Methods for Material Physics, 1980, Press for Mechanical Industries, Tianjing China


� Literature values from Charles S. Barrett, Structure of Metals second edition, McGraw-Hill Book Company, Inc., New York, 1952.


� Refer to Figure 12.
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Absolute Error Dq

0.1141354574

0.112811331

0.1106295427

0.1076071082

0.1037674007

0.0991399622

0.0937602687

0.0876694528



Sheet1

		

						a1		a2

						5		5.1141354574		0.1141354574								5		5.0947772428

						10		10.112811331		0.112811331

						15		15.1106295427		0.1106295427

						20		20.1076071082		0.1076071082

						25		25.1037674007		0.1037674007

						30		30.0991399622		0.0991399622

						35		35.0937602687		0.0937602687

						40		40.0876694528		0.0876694528





Sheet1

		0

		0

		0

		0

		0

		0

		0

		0



Angle

Absolute Error

0

0

0

0

0

0

0

0



Sheet2

		





Sheet3

		






_1097840010.unknown

_1097839796.unknown

_1097823262.unknown

_1097827412.unknown

_1097755461.unknown

_1094742651.unknown

_1094818527.unknown

_1094818599.unknown

_1094742661.unknown

_1094486489.unknown

_1094384629.unknown

