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CHAPTER I 

INTRODUCTION 

Solids may be divided into crystalline and amorphous substances. 

The term "crystalline solid" refers to aggregates of atoms, molecules, 

or their ions arranged in a regular array. When the term "amorphous 

solid" is used. It refers to a substance which does not have regular 

atomic arrays, such as glasses, charcoals, plastics, and rubbers. 

Some of the most interesting substances in nature are frequently 

obtainable only in amorphous form. 

In 1940 K, Das Gupta studied the allotropes of selenium by the 

x-ray diffraction method and measured the lattice spaclngs. In his 

work the behaviour of the transformation from monocllnic selenium 

into metallic form and the temperature dependence of devitrification 

of selenium were investigated with the result that the change in the 

period of heating at the same temperature would effect the devitrifi

cation. The x-ray diffraction analysis of the amorphous varieties 

revealed that the three broad bands of the diffraction pattern coin

cided in position and intensity with the three distinct groups of linr3 

of the crystalline varieties. 

2 
P. K. Postogl and Pol Duwez Investigated the amorphous Fe-P-C 

alloys and found that at rate of heating approximately 320'*C/min, 

the amorphous alloy transformed very rapidly into microcrystalline 

structure. At lower rates, about lOO^C/rain, the crystallization 

was slowed down and the specimen consisted of clusters of microcrystals 



Imbedded in an amorphous matrix. The results of experiments performed 

at a relatively small rate of heating, about l^C/mln, indicated that 

crystallization started around 375*'C but had a sudden Increase when the 

sample was heated to a temperature range of 420 to 440*0. 

In this paper the transition of amorphous Nl6 3-Pdi7-P2o alloy to 

a crystalline state has been studied by x-ray diffraction analysis, 

A heating process similar to K. Das Gupta's leads to gradual transition 

from the amorphous state to a crystalline state at 310*C (with prolonged 

heating) which does not agree with the idea of a sudden transformation 

at a definite temperature. 

An introduction to the general geometrical principles utilized 

In a Seemann-Bohlln focusing camera, a symmetrical front-reflection 

focusing camera, and a microphotometer Is presented in Chapter III, 



CHAPTER II 

THEORY 

Scattering Curves 

A great deal of theoretical work has been carried out on x-ray 

diffraction by gases, liquids, and amorphous solid^'^. Since the 

scattering of x-rays by any substance will depend on the arrangement 

of the atoms, the scattering curves will reveal the atomic structure 

of the substances. Comparisons of different scattering curves among 

crystals, liquids, amorphous solids, and gases are provided to emphasize 

particular characteristics of amorphous substances. 

In x-ray terminology, the scattered x-rays that emerge from the 

specimen consist partly of rays having the same wavelength as the 

primary beam and partly of rays having a wavelength somewhat greater. 

The former are referred to as the coherently scattered x-rays; the 

latter are called the incoherently scattered x-rays. Theoretically, 

the x-rays scattered by a perfect crystal at O^K consist of very 

sharp and Intense coherent scattering maxima at discrete angles 

satisfying Bragg's law, nX = 2d sin 9, the maxima being superimposed 

on a diffuse background of Incoherently scattered radiation. As the 

temperature rises, the Incoherent diffuse background is supplemented 

by a small amount of diffuse coherent scattering which is due to the 

thermal agitation of the atoms and the Bragg maxima become somewhat 

weaker and broader. In other words, there are no x-rays cohorentlv 

scattered with constructive Interference from a crystal at angles not 



satisfying Bragg's law. There are both coherent and Incoherent diffuse 

scatterings by a crystal at non-Bragg angles at room temperature. This 

diffuse scattering which sometimes displays secondary maxima is called 

"diffuse reflection". 

A typical curve showing the intensity of x-rays scattered by a 

crystalline solid is shown in Figure 1, which represents the scattering 

of x-rays of wavelength 0.71A by powdered graphite as observed by 

Hewlett . The maxima are in fact Identical with the lines of powdered 

crystal diffraction pattern. It will be noted that between the lines 

the Intensity does not fall to zero. There is a background of diffuse 

scattering on which the lines are superimposed. 

Amorphous solids, like glass or unstretched rubber, have no regular 

geometrical arrangement of therlr atoms. In a diffraction pattern, thev 

display the diffuse background, but the Bragg maxima degenerate Into one 

or more very broad bands with ill-defined maxima. Randall, Rooksby, and 

Cooper , working with glasses such as Si02 and Na2Bi^07, found t' e strll ng 

resemblance between the crystalline and vitreous diffraction patterns. 

Figures 2 and 3 show the experimental results. The diffraction patterns 

of the crystalline states shown in Figures 2(a) and 3(a) consist of 

sharp lines but those of the vitreous states exhibit broad bands as 

sho\^ in Figures 2(b) and 3(b), A strong diffraction line on the 

crystalline pattern was replaced by a broad band in almost the same 

position on the vitreous pattern. Sometime the crystalline pattern could 

be described as consisting of several groups of lines of fair Intensltv, 

Figure 3 illustrates this phenomenon, showlnj* that each band of the 
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Figure 1, Scattering of X = 0,71A from graphite. (Hewlett) 
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Figure 2. Microphotometer curves for a-crlstobalite and 

vitreous silica 
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Figure 3, Microphotometer records for the crystalline 

and vitreous phases of borax. 



glass pattern corresponded in position and intensity to one of the 

groups of the line pattern. The results from these diagrams show that 

some intimate relation exists between the crystalline and amorphous 

solids. 

The scattering from liquids has the same general character as 

the scattering from amorphous solids. Stewart^ has sho\<m that the 

intensities of x-rays scattered by equal masses of any material in 

the solid and liquid states are comparable. Figure 4 shows the 

relative diffraction intensities for liquid and powdered crystal 

trlphenylmethane at different scattering angles. The peaks and 

valleys in the curve of crystal are much more pronounced than those 

in the diffraction curves of liquids. 

Finally, the scattering of x-rays by gases will be described 

briefly. In the case of molecular gases, such as oxygen or nitrogen, 

there is no longer any definite distance between neighboring molecules, 

as in a liquid. However, there is still a fixed distance betveen the 

atoms within the molecule. The curves shown in Fif,ure 5 were obtained 

o 

by Wollen to Illustrate the intensity of x-rays scattered by oxygen 

and argon. It will be noted that the Intensity rises to a maximum as 

the scattering angle approaches zero degree instead of falling off to 

a low value at small angles which can be seen in the scattering curves 

of crystals, amorphous solids, and liquids. Since there is a constant 

distance between the atoms of molecular gases, the coherent part of 

the scattered radiation retains a maxlmum-and-mlnlmum character. 

However, this is usually completely covered by the Incoherent scattering. 
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Figure 5, Intensity of x-rays scattered by gases, 
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(Wollen; courtesy of Review of Modern Physics) 
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But in the case of monatomic gases like nepn or argon, there is no fixed 

distance between the atoms or the molecules, so that both the coherent 

and Incoherent scatterings of a diffuse character decrease from a maxi

mum value to smaller and smaller values with increasing scattering angle, 

as shown in Figure 5, Therefore the atoms of monatomic gases scatter 

as if they were alone, and there are no interatomic Interference effects 

resulting from perfect disorder in the arrangement of atoms. In contrast, 

when the atoms are perfectly well ordered, as In crystals, the sharp 

scattering maxima exist at Bragg angles. In amorphous solids, the dis

order is not the same as that of a perfect gas, because the atoms have 

appreciable effects on their neighbors and the Interatomic interference 

9 
does exist. This agrees with Debye's suggestion . An Interference must 

occur in amorphous solids, due both to the fact that the molecules 

approach each other to a rather definite distance and also to the exist

ence of Interference within the individual molecules. The former kind 

of Interference is similar to that observed with powder crystals. The 

latter type is the same as that considered under monatomic and nolecul ir 

gases. 

Broadening Effect 

It is well known that an x-ray beam scattered from all the scatter

ing units In the crystal can Interfere constructively only if the Bragg 

condition holds. And it is generally assumed, as a sufficient approxi

mation, that any deviation, however small, will mean that the scattered 

waves will not have any diffracted intensity. However, this Is not quite 

true for a crystal of finite size, since a small deviation from the 
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Bragg condition will only put the scattered waves slightly out of phase 

and will not cause them to cancel out completely. Consider a crystal 

which is diffracting x-rays from a target T (see Figure 6) to a point F 

on a film, and let A be the lattice point in the crystal such that the 

path TAF is the longest possible path from T to A through the crystal, 

and let B be the lattice point for which TBF is the shortest path. Then 

the difference between these path lengths Is 

(TA + AF) - (TB + BF) « 2t sin 8 

where t is the projection of AB on a line bisecting the directions AT 

and AF, that is, the greatest thickness of the crystal measured In a 

direction perpendicular to the reflecting planes in the crystal, \-7hen 

the Bragg condition holds exactly, all lattice points must scatter in 

phase, and this path difference must be an exact multiple of the wave

length, NX, where N is an Integer, 

Now increase the angle 6 by a small amount 60; the path difference 

becomes 

2t sin 6 + 2t cos 6 69 = NX + 2t cos 8 68, 

If 2t cos 8 68 <X, then no two scattered waves differ in phase by more 

than 360", and no scattered wave differs In phase fro- the mean phase 

by more than 180". This means that scattered waves a. ^ not completely 

cancel each other out and there is an appreciable diffracted intensltv 

file:///-7hen
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From target T 

Figure 6. The longest and shortest path lengths of 

x-rays diffracted by a crystal. 
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at an angle 66 away from the Bragg angle. The line will have an angular 

spread 268 - X/(t cos 8) on each side of the center. In other words, 

when the grain size of crystal becomes smaller, the rings in the pattern 

of x-ray diffraction begin to lose their sharpness and show signs of 

broadening because such small crystals lack the necessary resolving 

power to produce sharp rings. 



CHAPTER III 

CAMERAS AND SAMPLE 

The x-ray diffractometer is a mechanical device for obtaining 

x-ray intensities as a function of angle between the Incident and the 

diffracted beams. It was first used by the Braggs in their early 

works on x-ray spectra and crystal structure. But it then passed into 

a long period of relative disuse during which photographic recording 

by camera was the most popular method of observing diffraction effects. 

A modified Seemann-Bohlln focusing camera , which offers higher 

resolving power, shorter exposure time and more precise measurements of 

12 
lattice parameter than Debye-Scherrer camera , is used in this work, 

A focusing camera is the one in which the diffracted rays originating 

from an extended region of the specimen all converge to one point on tl e 

film. Generally in a diffraction camera the intensity of a diffracted 

beam is measured by the amount of blackening it produces on a photogra

phic film. All the diffraction lines are recorded simultaneously. 

Figure 7 shows the general geometrical principles utilized in 

Seemann-Bohlln focusing cameras. The inside of the camera is cylindri

cal, a section being represented by the circle. The x-ray beam enters 

the cylindrical camera at S; either this is placed at the focal point 

of the primary x-ray beam, or the camera has a narrow slit at S to create 

a focus. The sample X must have a cylindrical concave diffracting sur

face AB to confirm with the curvature of the camera. In the case of a 

powder, it can be glued to thin paper, which then lies against the camera 

14 
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Figure 7, Seemann-Bohlln focusing camera. 
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wall. Metal foil or thin sheet can be bent to the proper curvature. 

In the case of a massive block of metal, machining is necessary to 

obtain the required shape. The x-ray film is made to conform to the 

cylindrical surface MPN; Characteristic radiation is used and a filter 

may be inserted in the beam between the terget T and S to remove K 
B 

radiation. The particles in the sample are randomly oriented. Many 

of them will be in the proper diffraction position for various lattice 

layers to satisfy the Bragg condition. Suppose some of the crystal at 

A are so oriented as to diffract some of the primary rays SA in the 

direction AP. These rays obey the Bragg condition. Then some of the 

crystal of the lattice plane (hkl) at B will have the same orientation 

with respect to the primary rays SB, and hence they will diffract ravs 

BP in such a direction that angle SAP = angle SBP, Refer to Figure 7; 

it is easy to see that angle SAP and angle SBP are the supplementary 

to the angle of deviation, 28, corresponding to the planes (hkl) and, 

hence, they must be equal. Since angles of equal size are inscribed ir 

equal arcs, it follows that the rays AP and BP will Intersect at the 

same point P where they strike the x-ray film on the circle SMPN, That 

is, there is a "focusing" action causing the diffracted ravs from all 

parts of the rather extensive sample X to produce sharp diffraction 

lines at certain locations such as P on the film. 

The major types of focusing cameras are the asvmmetrlc and the 

symmetric varieties. The one used in this study is the symmetrical 

front-reflection focusing camera. Figure 8 Is the illustration of 

this camera. 
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X-rays 

i i i t i i U shaped lead piece 

Figure 8. Enlarged illustration of the symmetrical 

front-reflection focusing camera. 
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The symmetrical front-reflection focusing camera yields a symmetri

cal diffraction pattern. Since there are many thousands of grains In 

the sample, several of them will be in a position such that they have 

the same lattice layer inclined to the incident beam by the same angle 8, 

Since the Bragg equation defines the inclination of the lattice plane 

in one dimension only, there will be identical lattice layers in the 

proper diffraction position oriented tangentlally along the surface of 

a cone whose inclination with the direct beam will be 28, Figure 9 will 

give a much clearer explanation of this phenomenon. If the x-ray film 

is placed perpendicular to an incident beam which is In the plane of the 

paper at several different distances from the sample, such as those 

positions where the diffracted cones Intersect the incident beam, several 

diffraction rings of different sizes will be obtained. If the film is 

placed horizontally (in the plane of the paper), several symmetrical 

curved diffraction lines will be obtained as shown in Figure 10, 

The major modification of the symmetrical front-reflection focusi \g 

camera (diameter 6") employs a different slit system and installation 

of the sample, A convergent slit system presented in Figure 11, built 

up by spacing flat pieces of tantalum foil (1/4" x 6", 1/20" in thickness) 

inside a cylindrical brass holder, is so arranged as to focus the x-rav 

beam exactly on the inner wall of the camera. Passing through this slit 

system the Incident beam is transmitted through the specimen and diffrac

ted symmetrically on the film against the inner wall of the camera. 

An x-ray tube having a molybdenum target (wavelength 0.7107A) vas 

adopted for this work because the mass absorption coefficients of Ni, 
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diffracted beam 
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incident 
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direct, 
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Figure 9. Illustration of the diffraction of x-rays 

(a) by a lattice layer of a single grain, 

(b) by identical lattice layers from many grains, 

(c) by different lattice layers of many grains. 
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Figure 10, Illustration of the diffraction pattern 

on the film. 
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Pd, and P for MoKa are smaller than those for CuKa (47.4, 26.7, and 7.98 

for MoKa and 49.2, 207, and 73 for CuKa respectively). The tube was 

operated at 45 kv with a current of 15 mA. Kodak Medical Non-screen 

x-ray films were chosen. These films are sensitive on both sides which 

yield the advantage of speed in obtaining sufficiently strong diffraction 

lines. But this will also Increase the darkness of the background. To 

eliminate this background, the front face of the film was covered by a 

non-transparent masking tape before the x-ray exposure. After three 

hour exposure, the film was placed in the x-ray developing solution for 

two minutes and then rinsed off in the tank of tap water. The masking 

tape was torn off before putting in the fixer solution. In this way a 

film with light background and strong, clear diffraction patterns can 

be obtained. In order to compare the intensities obtained from varlor; 

films, the operating voltage, current, exposure time and developing 

process were kept the same through out the entire research. 

The film Itself will absorb x-rays and a small portion of x-rav 

beam will be scattered by the molecular particles of the film. These 

effects will probably result in the excess intensities or extra 

diffraction patterns. To overcome this defect, a small piece of lead 

about one inch square was bent and shaped like "U" and placed about 1/2 

inch in front of the wall opposite the specimen. 

The sample used in this investigation was the ternary amorphous 

metallic alloy containing nickel (63%), palladium (17%), and phosphorus 

(20%). This alloy was provided by Dr. Pol Duwez of California Institute 

of Technology. In producing this alloy, 99.9Z pure Nl rovder, QQ.99Z 
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pure Pd powder and reagent grade red amorphous P powder were mixed and 

consolidated into a briquet in a die 1/4 or 3/8 inch in diameter under 

a pressure of 50,000 psi. The sintering was carried out at a slowly 

increasing temperature, so that the reaction between phosphorus and the 

metals could proceed in the solid state until all the phosphorus was 

combined into stable phosphides. The specimens were sealed in pyrex 

tubes under vacuum and slowly heated up to 350"C (an average rate of 

heating about 20"C/hour) and were then opened to release whatever gas 

pressure might be present. The samples were placed in evacuated quartz 

tubes and heated up to about 550"C for two more days. The sintered 

briquets were melted in quartz crucibles (induction furnace) and the 

melt was cast into rods 2 mm in diameter by sucking the liquid alloy 

into a quartz tube. The fact that no noticeable reaction occured 

between the melt and the quartz crucible Indicated that the phosphorus 

was entirely combined into stable phosphides. Rapid quenching fro;-

13 
liquid state was achieved by the "piston and anvil technique" . The 

quenched foils were 20-25 mm in diameter and about 40 u thick. The 

average quenching rate was of the order of 10 "C/sec, The quenched 

foils were carefully checked by taking a diffraction pattern with a 

diffractometer (Cu radiation) and also checked by transmission electron 

microscopy and electron diffraction. The lack of contrast In bright 

and dark field microscopy and the presence of very broad diffraction 

rings supplied additional evidence for the amorphous nature of the 

quenched alloys. 

All of the diffraction patterns obtained in this work were reproduced 
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through the microphotometer. In the typical recording microphotometer, 

a narrow pencil of light falls normally upon the film. The transmitted 

light is received by a thermopile or a photocell. The deflection of 

the chart recorder is proportional to the generated emf and hence is 

proportional to the intensity of the transmitted light. The film is 

scanned by an automatic drive at a speed of 3"/hour, while the chart 

is running at 40"/hour. 

A typical microphotometer record of a diffraction line is Illustrated 

by Figure 12. The horizontal line at the top of the record represents 

zero deflection of the recorder and hence corresponds to zero light 

intensity coming through the film. Distances down from the zero line 

are proportional to the intensity of light coming through the film; 

D is the deflection when the beam of light passes through an unhlackcned 
o 

part of the film, and D is the deflection when the light falls on a 

blackened part of the film. 
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•" Scattering angle 

Figure 12. Microphotometer recording of a powder pattern 

peak and the background on either side. The 

upper reference line corresponds to a completely 

opaque film, and the lower reference line 

corresponds to a clear film with zero blackeninr, 



CHAPTER IV 

EXPERIMENTS AND RESULTS 

Experimental Procedure 

An amorphous Ni63-Pdi7-P2o alloy with the thickness of 1,1 mil 

was provided by Dr. Pol Duwez. It was cut into a rectangular sheet 

(1/2" X 3/16") and glued with silicon grease to the sample wall of 

the symmetrical front-reflection focusing camera previously described. 

X-ray diffraction experiments with Mo radiation were performed. The 

sample was found to have a very broad band which appearing in the 

diffraction patterns, proving that it is amorphous. This sample was 

then subjected to a sequence of heat treatments in order to observe 

the transition from an amorphous state to a crystalline state. 

After adjusting the temperature inside an electric oven to 250"C 

as indicated by mercury thermometer, the sample was placed inside and 

heated one hour with the temperature of 250 ̂  4"C, In order to assure 

the accuracy, the temperature was recorded every five minutes throuph 

out the entire heating process in the investigation. The sample was 

then immediately placed in the camera for a three hour exposure. 

Another three hour exposure was taken after keeping the sample at room 

temperature (23.9 + 0,2"C) for 24 hours. Several other pictures were 

taken under the condition shown in Table 1. The effect of keeping the 

sample at room temperature had been studied. The diffraction patterns 

of these stages did not show any noticeable change. 

The procedure was changed to investigate the effect o^ heating the 

26 
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Table 1, Heat treatment of the amorphous Ni53-Pdi7-P2o alloy 

prior to each x-ray diffraction analysis. 

Temperature 

of heating 

(in ",C) 

250 

250 

270 

270 

290 

290 

290 

290 

290 

300 

300 

300 

310 

Time 

(in 

heated 

hours) 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Time at room temperature Exposure 

before x-ray exposure time 

(in hours) (In hours) 

0 

24 

0 

24 

0 

24 

48 

73 

97 

0 

24 

48 

0 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 
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sample for a longer time at the same temperature. The sample which has 

been heated for one hour at 300"C as indicated in Table 1 was heated 

for one more hour at the same temperature, 300"C, before taking another 

three hour exposure. Hence the total time of heating was two hours. 

Table 2 shows the different heating periods at 300 and 310"C, Dlffrac-

tion patterns were obtained after each heating period. 

In order to study the changes in the shapes of the diffraction 

patterns and the shifts of the peak positions by changing the tempera

ture, all of the diffraction patterns were reproduced through a B & L 

Microphotometer (made by Bausch & Lomb Optical Co.) and recorded on a 

Brown Chart Recorder (made by Brown Instruments Division of Minneapolis-

Honeywell Reg, Co.), The results show the relative intensities of peaks 

and the backgrounds of the films. Zero transmission level v.'as chosen 

for the completely darkened film because there is no light transmitted. 

The 100 percent transmission level was chosen for the brightest point 

of the film, where the largest amount of light is transmitted. The 

brightest part of the film was in the region where the incident beam 

was covered by the U shaped lead piece. The center point 0 (see Figure 

8) was chosen as the begining point of the microphotometer scan in 

order to locate the peak position. After the peak position was located, 

the 100 percent level was arbitrarily suppressed to remove the high 

level background of transmitted light. Since only the shapes and the 

peak positions of the diffraction patterns are of Interest, it is not 

Important to record the actual magnitudes of the intensities. 

Presentation of Data 

The effect of the temperature is the most interesting aspect of 
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Table 2. The heating periods of amorphous NlG3-Pdi7-P2o alloy 

at 300"C and 310"C. 

Temperature of heating 

(In "O 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

300 

310 

310 

310 

310 

310 

310 

310 

310 

310 

310 

310 

310 

Time heated 

(in hours) 

1 

2 

2 1/2 

4 

5 

6 

7 

8 

9 

10 

12 

1 

2 

3 

4 

5 

6 

7 

8 

10 

12 

14 

16 

Exposure time 

(In hours) 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 
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the investigation of the transition from amorphous Nl63-Pdi7-P2o alloy 

to a crystalline state. In Figure 13 the x-ray diffraction photographs 

of the amorphous alloy show a gradual transition from the amorphous 

state to a crystalline state. There is no change among Figures 13(a) 

to (d). As the temperature is raised to 310"C, there is an indication 

of devitrification. The broad band of the amorphous alloy gradually 

changes into diffraction lines which indicate the crystalline state as 

the period of heating at 310"C is Increased. This can be seen by 

examining Figures 13(e) to (o). By careful measurements, it can also 

be seen that the peak position shifts toward smaller angles as the 

degree of crystallization Increases. The secondary maximum is also 

split into lines as shown in Figure 13(o). The results of Figure 13 

indicate that the broad band gradually splits into diffraction lines 

in almost the same position. The microphotometer records of these 

photographs will make it clear that some intimate relationship exists 

between amorphous and crystalline states. 

All the curves collected in this chapter are reproductions of the 

x-ray diffraction patterns by means of a microphotometer. Since the 

incident beam was symmetrically diffracted, only one branch of the 

diffraction pattern was reproduced. Because the choices of the back

ground intensity for each film were arbitrary, the base line set for 

each curve drawn in this paper has been omitted. The magnitudes of 

the intensity for each film were enlarged in order to obtain the 

clearest detail of the diffraction patterns. 

Figure 14 shows a collection of diffraction curves which exhibit 



Heated 16 hr. at 310*C 

Figure 13. X-ray diffraction of Nl63-Pdi7-P?Q alloy showing 

a gradual transition from amorphous to crystalline 

state. CMo target radiation) 
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the major change of the transition from amorphous state to crystalline 

state. It should be noted that only the principal maxima were recorded. 

Figure 14(a) shows the curve of amorphous Ni53-Pdi7-P2o alloy at room 

temperature without any heating. The general shape of this pattern is 

typical for an amorphous structure. Because a zirconium filter gave 

broken diffraction lines it was not used in this work. Without the 

filter KQ radiation was also present as a bump at the smaller angle 

side in the broad band shown in Figure 14(a). The sample was heated 

from 250 to 310"C. There is no significant change in the diffraction 

pattern up to 300"C as shown in Figure 14(b). Curves (c) through (j) 

show various degrees of crystallization. 

The effect of keeping the sample at room temperature was studied. 

Figure 15 shows the curves for the corresponding diffraction patterns 

when this sample was heated one hour at 290"C but kept at room tempera

ture for certain hours as indicated in Table 1. From the curves showu 

in Figures 15(a) to (d) it is obvious that there is no significant 

change among these stages. Hence, the effect of keeping the sample at 

room temperature for a longer time before x-ray exposure is not 

Important. 

The amorphous sample totally devitrifled when heated sixteen hours 

at 310"C. Therefore, it is not possible to see the degree of the 

recrystallization as the result of heating at higher temperature for 

the same sample. In this case, there are only five curves shown in 

Figure 16. These curves are the diffraction patterns obtained when 

the sample was heated one hour at 250, 270, 290, 300, and 310"C. The 
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Figure 14. The curves of the corresponding x-ray diffraction 

patterns which show the transition from amorphous 

Nlg3-Pdi7-P2o alloy to a crystalline state. 
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successive curves shown from Figures 16(a) to (d) indicate that there 

is an insignificant change. The sample started to crystallize at 310"C 

as shown in Figure 16(e). The result of Figure 16 indicates that a 

recrystallization of the amorphous alloy did not occur below 300"C. 

The sample did not Indicate any conspicuous change when it was 

heated one hour at 290"C and kept at room temperature for even 97 hours. 

This is also true when the sample was heated one hour at 300"C and kept 

at room temperature for 48 hours. The sample was then heated a second 

hour at 300"C. Energy was gradually Increased by prolonged heating of 

the sample at 300"C hour after hour. X-ray diffraction pattern was 

taken after every heating period as Indicated In Table 2. Figure 17 

provides five curves chosen from the diffraction patterns when the 

sample was heated at 300"C for one hour, four hours, eight hours, ten 

hours, and twelve hours. Figure 17 indicates a very small amount of 

recrystallization occurred when the sample was heated twelve hours at 

300"C. 

It is possible that the sample will totally devitrify if it is 

heated 100, or 200 hours or maybe longer at 300"C. Since the temperature 

must be recorded every five minutes manually to assure accuracy, this 

long period of heating would be very difficult for the author to perform 

alone. A short cut was therefore made by raising the temperature to 

310"C. Figure 18 provides the curves reproduced from the diffraction 

patterns obtained when the sample was heated at 310"C for one hour to 

sixteen hours. It was very clearly observed that the broad band In the 

diffraction pattern of the amorphous sample changed its shape when the 
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Figure 17. The curves show the effect of heating at 300"C 

for different periods of time. 



38 

7 hours 

/ 
.0-0-0 

A(h) 

lours / 

/ \ 

\ 

\ 

10 hours^y ^>^ \ 

(J) \ 
\ 

12 hours \ J\ 
t\ '̂̂  \ 

14 hours 

n 
r 

I 

\ 

\ 

16 hiji^rs ^ y \ 

\ 

Scattering angle 
V 

Figure 18, The curves show the effect of heating at 310"C 
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sample was heated one hour at 310"C as shown in Figure 18(a), The 

longer the sample was heated, the more the shape of the band changed, 

as indicated from curves (b) to (d). The broad band splits into lines. 

This splitting becomes more and more evident as the sample is heated 

longer. A glance at the curves shown in Figures 18(e) to (1) gives a 

clear idea of this phenomenon. In particular, the curve in Figure 18(1) 

shows that the broad band has split completely into three sharp lines. 

It can be stated that the amorphous alloy Is totally crystallized at 

this stage. Figure 18 indicates various degrees of crystallization 

with prolonged heating at 310"C. 

Attention has been focused on the variation of the principal peaks 

only. There is also a change in the secondary maximum. The two curves 

shown in Figure 19 present the complete diffraction patterns obtained 

after heating the sample at 310"C for four hours and twelve hours. VJhen 

the sample was heated from 250 to 310"C, the secondary maximum did not 

appear until the temperature reached 310"C. The secondary maxlrum see s 

to appear whenever the sample starts to crystallize. After the sample 

has been heated for four hours at 310"C, the principal maximum splits 

and the secondary maximum also changes. The curve shown in Figure 19(a) 

indicates that the diffraction lines superimpose on the broad band in 

the principal maximum, and the secondary maximum shows a relative broad 

band with a much smaller Intensity compared with the principal maximum. 

In Figure 19(b) the curve shows the distinct diffraction lines appearing 

in the position of the principal maximum, and the secondary maxirun also 

indicates three diffraction lines with much smaller intensities compared 
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with the principal maximum of this curve. As the amorphous sample 

recrystalllzes the broad bands of the whole diffraction pattern transform 

into diffraction lines which do not change their positions. Therefore, 

it can be concluded that some intimate relationship exists between the 

amorphous and crystalline states. 



CHAPTER V 

DISCUSSION OF THE RESULTS 

The experiments carried out in this work were to test the general 

theory described in Chapter II and to support K, Das Gupta's results , 

It should be pointed out again that this amorphous alloy gradually 

transforms to a crystalline state at 310"C. Changing the heating period 

at this temperature will affect the amount of devitrification. After 

sixteen hours heating at 310"C, the amorphous alloy has been found to 

transform entirely into a crystalline phase, which is confirmed by the 

presence of sharp lines In the x-ray diffraction patterns. 

Several of the diffraction patterns obtained in this work were 

reproduced in Figure 20. A line was drawn through the peaks in order 

to observe the shifting of the peak position. Figure 20 reveals that 

the peak position gradually shifts toward the smaller angle direction 

as the degree of crystallization Increases, This result is in contrast 

to Randall's observation on graphite and various amorphous carbons 

as shown in Figure 21. 

By measuring the distance between the most intense points of the 

symmetrically diffracted broad bands shown in Figure 13(a), the average 

interatomic separation of amorphous Niea-Pt^l7-^20 alloy was calculated 

(Table 3) to be 2,07A, which agrees with the result obtained by >!altre-

pirre^^. The Interplanar spaclngs of the crystalline state as shown 

in Figure 13(0) can also be calculated by measuring the diameters of 

the diffraction rings. The lattice spaclngs for the three intense 

42 
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Original amorphous alloy at room 

temperature without any heating 

Heated 1 hour at 300"C 

Heated 1 hour at 310"C 

Heated 2 hours at 310"C 

Heated 5 hours at 310"C 

Heated 7 hours at 310"C 

Heated 10 hours at 310"C 

Heated 14 hours at 310"C 

Scattering angle 

Microphotometer records of the diffraction patterns 

show the shifting of the peak position. 

Figure 20, 
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Figure 20. Microphometer records of graphite and various 

amorphous carbons. The uppermost record is that of 

graphite, (Randall) 
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Table 3. Calculations of the interatomic distances according to 

Bragg equation, nX »• 2d sin 6. 

Sre"'' 

(li 

e 

n radians) 

e sin e 

(in degrees) 

X d 

(in A) 

X * 
2 sin e 

(In A) 

Amorphous state 

10.60 0.172751 9"53'52.4" 0.171893 0.7107^ 2.07 

Crystalline state 

9.25 

10.45 

11.55 

9.95 

0.150750 

0.170306 

0.188233 

0.162158 

8"38'14.3" 0.150179 

9"45'28.2" 0.169486 

10"47' 5.9" 0.187408 

9"17'27.4" 0.161449 

0.7107 

0.7107 

0.7107 

0.63225^ 

2.37 

2.10 

1.90 

1.96 

From Figure 10, it can easily be seen that the distance between two 

diffracted spots, PiP2» is equal to 8r9, where the radius of the 

camera r is 7.67 cm. 

Since K radiation is much stronger than K. radiation, only K radii-
a t> a 

tion is considered. Wavelength taken into account is the mean valu3 
of those of MoK and MoK which are unresolvable. 

ai a2 

The intensities of secondary maxima are too weak to measure, hence 

only the first order, n = 1, Is considered. 

Since a zirconium filter was not used, the diffracted line due to Kg 

radiation could also be measured. Wavelength taken into account is 

that of MoK„ . It should be noted the intensity of this line was 
PI 

much smal le r than those due to K r a d i a t i o n . 
a 
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lines are 2.37, 2.10, and 1.90A. Since the wavelength used is constant, 

then according to the Bragg equation, nX - 2d sin 6, the angle 6 will 

decrease as d value Increases. These results also reveal that the peak 

position is shifted toward smaller angles as the sample is transformed 

from the amorphous state to a crystalline state. 

Randall's result and many other experimentŝ •̂•'•̂ •-'•® indicated 

that the lattice constants of a crystal do not remain constant as the 

crystalline particles are decreased in size. Lennard-Jones-*̂ ^ investi

gated the problem theoretically and considered the two cases of non-

ionic and ionic crystals. In the former case, he assumed that forces 

of attraction between the atoms will not be of the pure electrostatic 

type. For a simple cubic crystal he deduced an equation. 

d* m-1 
A * 
m-1 

1/4 

where d is the closest distance between two atoms of an infinitely 

large crystal, A _ is the summation, taken over the lattice points, 

to be determined, and d* and A ,* are the corresponding values of 
m—1 

finite and small crystals. For a small crystal of 500 atoms, d* is 

then 5 percent greater than d. In an ionic crystal such as NaCl the 

electrostatic attraction of distant ions falls off rapidlv with distance, 

since the crystal is electrostatically nertral as a whole. In the 

non-ionic crystals the attractive fields may be taken as cunulativc in 

their effect. The change in spacing at a (100) boundary of a crystal 
20 

of the NaCl type was considered by Lennard-Joncs , A contraction was 
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found in the interplanar distance determined by the equation. 

(3.232) e^ , 

where X^^, X^^t ^"^ ^£2 ^^^ constant values, S' and S" are certain 

summations over the lattice points of the crystal, e is the electron 

charge and x is the cylindrical coordinate of a lattice point, 

19 
According to Lennard-Jones' suggestion the crystalline state 

obtained by prolonged heating of amorphous Nl63-Pdi7-P2o alloy should 

be in an ionic state, while Randall's observation revealed the presence 

of non-ionic crystals. 

In reproducing the diffraction patterns by a microphotometer, the 

choices of the background intensity for each film were arbitrary. 

Therefore, the base line set for each reproduced curve can be measured 

accurately by using a proper microphotometer. Then the rate of recrystal

lization can be determined by measuring the half intensity width of each 

principal maximum. If curve (a) is designated for the diffraction 

pattern of the original amorphous sample and curve (b) is for the 

diffraction pattern when the sample is totally recrystallized, the ratio 

of the half intensity width of curve (a) to that of curve (b) is desig

nated as 10 for the rate of recrystallization. It is then easv to 

determine a proportional rate of recrystallization at any stage by 

finding the ratio of the half Intensity width of curve (a) to that of 
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any curve. Then it is possible to draw the relationship between the rate 

of recrystallization and the heating period at some constant temperature. 

By estimating the magnitudes of intensities for each curve presented in 

Chapter IV, the relationship obtained from the experimental results can 

be shown as in Figure 22. 

Since a zirconium filter was not used, K radiation was also present 

in the diffraction pattern, with a smaller intensity compared with the 

K radiation. In Figure 13(o), the diffraction due to K radiation can 
a p 

be easily seen as a line lying at the samller angle side of the principal 

diffraction line. Let X be the wavelength of MoK. radiation. By 
PI 

measuring the diameter of the K diffraction ring, according to Bragg 
p 

law the interatomic distance can be calculated (see Table), Comparing 

the value of interatomic spacing due to K radiation, 1,96A, with that 
p 

due to K radiation, 2,10A, it can be said that these two diffraction 
a 

lines are the results of the MoK and K radiations diffracted by several 

identical lattice layers. 

By assuming the structure of the sample as a cubic, the density, r, 

of the sample can be calculated by the equation, 

p - - V • ^̂^ 
d3 

where m is the mass and d is the Interatomic distance of the sample. 

The average interatomic distance, d*, of the amorphous alloy is 2.07A 

and the spacing, d, calculated for the most Intense line of the crystal

line pattern Is 2,10A as Indicated in Table 3, p* is the density of 
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the amorphous alloy and p is that of the corresponding crystallized 

alloy. By substituting the values of the Interatomic distance in 

equation (A) , the ratio of the density of the amorphous sample to that 

of the corresponding crystallized sample yields 

_d_ 

d* 

2.10 

2.07 
= 1.044; 

therefore, p » 0.958 p*. This result proves that the volume of the 

amorphous alloy is less, by 4.2%, than the crystallized sample. This 

statement is true only If the change of the amorphous sample is uniform 

along every axis of the assumed cubic structure as it recrystalllzes. 
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CHAPTER VI 

CONCLUSION AND FURTHER SUGGESTION 

The gradual transition from an amorphous state, obtained by the 

rapid cooling of a liquid, to a crystalline state can be found by 

heating to a suitable temperature. The presence of crystalline nuclei, 

which are the fragments supplied by the breaking up of the original 

crystalline grain, greatly facilitates this transformation. The 

amorphous solid is regarded, from the physicochemical viewpoint, as 

identical with the liquid phase. Hence It must be unstable at all 

temperatures below the melting point of the solid, and is prevented 

from reverting to the stable crystalline form only by its rigidity. 

On raising the temperature of an amorphous solid, the atomic mobility 

becomes sufficient for the unstable amorphous phase to crystallize 

about the nuclei already present. Since the atoms or molecules of 

amorphous materials do not occupy fixed positions with respect to one 

another, such materials can be deformed by the gradual shifting of the 

relative positions of their particles. Thus the cohesion bonds in an 

amorphous material may be broken very gradually, alnost one atom at a 

time. The force required to produce recrystallization is, therefore, 

very small. Such small forces naturally act for considerable periods 

of time in order to cause an appreciable recrystallization. There Is 

a distinct and Important time effect in the recrystallization of 

amorphous materials, for with a lower rate of heating, or prolonged 

heating at a constant temperature, the amorphous materials transforr 

51 
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very slowly into crystalline structure. The transformation will be very 

rapid with a high rate of heating. 

The energy is increased by increasing the temperature or prolonged 

heating at some definite temperature. Therefore, it can be concluded 

that a certain amount of energy must be provided for the transition 

from an amorphous state to a crystalline state. According to thermodynamic 

laws, the entropy of an Isolated system Increases in every natural 

process. In other words, the atoms or molecules will proceed toward a 

state of greater disorder as the temperature Increases, The transition 

from an amorphous state to a crystalline state, by prolonged heating of 

the amorphous alloy, seems to contrast with this law. In fact, it still 

obeys the thermodynamic laws. Because a certain amount of energy Is 

stored in the amorphous solid during the rapid cooling from a liquid 

state, a large amount of heat must be released if the temperature Is 

increased. The amount of heat released in this process was successfully 

measured by Duwez and Lln?^ The heat supplied to the sample by increa Ine 

the temperature must be less than the heat lost. The net effect, an 

energy loss, will force the rearrangement of the atoms or molecules. 

The recrystallization has occured. 

Since it is clear that a certain amount of energy must be provided 

for the transition from an amorphous state to a crystalline state, it 

can be concluded that the rate of recrystallization will rapidly increase 

at temperatures higher than 310"C, A systematic study of the rate of 

recrystallization as the result of increasing temperature is su.ecsted 

for further investigation. By referring to Figure 22 the results of 
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this investigation can be predicted as the curve with a slope larger 

than that of the one obtained when the amorphoiis sample was heated at 

310*C. 
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