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AN INVESTIGATION OF PRECIPITATION FROM SOLID SOLUTION 
IN AN ALUMINUM- MAGNESIUM- SILICON ALLOY 

USING X -RAY DIFFRACTION TECHNIQUES 

INTRODUCTION 

This paper is an investigation into the mechanism of solid 

solution precipitation in an aluminum -magnesium- silicon alloy. Such 

precipitation is a result of decreasing alloy ,constituent solubility with 

decreasing temperature. Precipitation from the solid solution gener- 

ally increases the alloy strength and is widely used in industry to 

improve the strength properties of many different alloys. The mechan- 

ism of precipitation in the alloy investigated is the subject of some 

controversy. Some feel that the alloy is strengthened by a fine disper- 

sion of precipitate particles in the solid solution matrix. Others 

believe that the strengthening is primarily due to precipitate particle 

induced coherency strains. This investigation is an attempt to resolve 

the controversy. 

The alloy investigated was developed by the Kaiser Aluminum 

and Chemical Corporation for use with tensioned overhead electrical 

transmission lines and is ordinarily referred to as the "K -2" alloy. 

The creep characteristics of wires and cables fabricated from the alloy 

has been the subject of several thesis investigations (7, 14, 27) at 

Oregon State University. 

During fabrication the alloy is solution treated and artifi- 

cially aged. To solution heat treat, the alloy is heated to a suitable 

temperature and held at this temperature long enough to allow one or 

more of the alloy constituents to enter into the aluminum solid 



2 

solution. The alloy is then rapidly cooled to retain the constituents in 

solid solution. Artificial aging accelerates precipitation from the 

supersaturated solid solution and is accomplished by holding the 

solution heat treated alloy at a temperature above room temperature 

for a suitable period of time. By controlling the aging temperature 

and time, the rate and extent of precipitation can be controlled. For 

a constant aging temperature the alloy strength increases as time 

passes until a maximum strength is obtained. Further aging at the 

same temperature causes the strength to decrease. 

During aging, the alloy constituents may precipitate directly 

from the solid solution and form a fine dispersion of precipitate par- 

ticles. However, the alloying constituents do not always precipitate 

directly from the alloy solid solution. During the early stages of 

aging the precipitate particles may be coherent with the solid solution 

matrix such that there is atom -to -atom matching in specific crystallo- 

graphic directions. To accommodate for lattice differences between 

the coherent particles and the matrix, the particles and matrix may 

be mutually strained. Further, there is the possibility that several 

different transition phases may form prior to the formation of the 

equilibrium precipitate phase. 

During the initial stages of aging the precipitate particles 

are too small to be resolved with the light microscope. As aging 

progresses the particles grow and become larger. Continued aging 
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beyond the point of maximum strength generally causes the particles 

to grow sufficiently large for light microscope detection. Because of 

the small size of the particles and because crystallographic infor- 

mation is usually desired, x -ray diffraction methods have been 

extensively used to investigate precipitation from solid solution. 

Objective 

The objective of this investigation of precipitation from solid 

solution was to determine if coherent precipitate particles form during 

aging. From the results it was hoped that conclusions about the 

precipitation strengthening mechanism could be made. 
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BACKGROUND AND LITERATURE REVIEW 

The Aluminum- Magnesium- Silicon Alloy System 

The alloy investigated can be classified as a heat treatable 

Al -Mg -Si alloy. The Al -Mg -Si system includes a quasi- binary 

eutectic between the aluminum solid solution and the intermetallic 

compound magnesium silicide (Mg2Si). The solubility of the Mg2Si 

at the quasi- eutectic temperature of 595° C is 1. 85 %. At room 

temperature the solubility decreases to 0. 1% (1, p. 155). 

Figure 1 shows the solvus surface of the Al-Mg-Si system in 

the aluminum rich corner (6, p. 385), For solid solutions with 

compositions above the quasi- binary line OR, Mg2Si will be the only 

precipitate, No magnesium precipitates because of the high solu- 

bility of the magnesium in the aluminum solid solution (4, p. 333). 

Alloys with magnesium compositions above the line OR are generally 

referred to as excess magnesium alloys. 

For compositions between the quasi -binary line and the line 

GS, Mg2Si is the initial precipitate from the solid solution during 

slow cooling. While cooling, the composition of the aluminum solid 

solution changes along a line parallel to OR. When the solid solution 

composition meets the line GS, Mg2Si and silicon precipitate simul- 

taneously. For alloys with compositions below the SG line, silicon 

is the initial precipitate when the alloy is slowly cooled. Alloys in 
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which the silicon content is below the quasi -binary line are generally 

referred to as excess silicon alloys. Work by Harris and Varley (17, 

p. 386) and also Collins (6, p. 330) with alloys solution heat treated 

at 540° C and aged 8 hours at 178 °C showed that maximum strength 

and minimum ductility were obtained for solid solution compositions 

between the quasi- binary line and the line SG. 

Table I gives the nominal composition of the alloy investi- 

gated (25, p. 18) . 

Table I Nominal Composition of Alloy 

Magnesium 0. 70% by weight 

Silicon 0. 60 

Iron 0. 25 

Copper 0. 02 

Aluminum Balance 

According to Collins (6, p. 325), copper in Al -Mg -Si alloys 

acts as an independent Al-Cu system. Because copper has a 0. 1% 

room temperature solubility in aluminum (1, p. 151), the slight 

amount of copper in the alloy investigated (Table I) remains in the 

aluminum solid solution during aging. 

The iron in the alloy is considered as an impurity which is 

too costly to remove during refining. When the alloy is cast the iron 

forms constituents with the aluminum and silicon which are almost 
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completely insoluble in the aluminum solid solution. For example, 

Phillips (23, p. 217) states that the amount of iron in the aluminum 

solid solution at 500°C does not exceed 0.02 %. 

For the nominal composition of the alloy, a quaternary iso- 

therm (23, p. 179) in the aluminum rich corner of the Al-Mg-Si-Fe 

system shows that the alloy is completely solid at a temperature of 

600° C. A quaternary solidus diagram (23, p. 233) shows, at the 

nominal composition of the alloy, that three phases exist immediately 

after solidification. These three phases are (a) aluminum solid 

solution, (b) FeA13' and (c) 3 (Fe-Si-A1). The phase, FeA13 does 

not necessarily exist but could have the form Fe 2A 15 or Fe 2A 17. The 

intermetallic phase formed between the aluminum and the iron is 

denoted FeA13 by convention. The phase 15(Fe- Si -A1) is a ternary 

phase of variable composition (23, p. 165). 

Because the iron bearing constituents are almost completely 

insoluble and because they form during casting prior to solution heat 

treatment, it is felt that the iron impurities in the alloy have no 

significant affect on the mechanism of Mg2Si precipitation. It is 

important to know, however, the limits of occurrence of the iron 

bearing constituents because appreciable combination of the silicon 

with these constituents reduces the effective silicon content of the 

alloy. This effect has been demonstrated by Harris and Varely 

(17, p. 385). 



8 

Concepts of Precipitation from Solid Solution 

For solid solution precipitation to occur it is necessary that 

a poly- component phase become unstable and tend to decompose into 

other phases. To achieve such a condition generally requires that the 

solubility of one or more of the constituents in solid solution decrease 

with decreasing temperature. The alloy investigated meets the latter 

requirement. Heating to an elevated temperature and quenching 

such an alloy usually produces the necessary unstable supersaturated 

solid solution. As precipitation takes place and the composition of 

the solid solution approaches the equilibrium composition, the 

Helmholtz free energy decreases and approaches a minimum. This 

decrease in free energy provides the driving force for precipitation 

(21, p. 13). 

The total free energy change during precipitation can be 

considered in terms of the following equation: 

AF = OF + d F + AF 
t s v e 

where, AFt = Change of total free energy, 

pF 
s 

= Change of surface free energy, 

pF 
v 

= Change of volume free energy and, 

LFe = Change of free energy due to elastic strain. 

As precipitation takes place and the composition approaches 

the equilibrium composition, F 
v 

decreases. As a result AF 
v 

is 

e 
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negative. Opposing the decrease of F 
v 

is the energy of formation of 

a new surface and strain energy. 

When the precipitate particles are initially formed and are 

small, the surface to volume ratio is large. Therefore it is likely 

that PF 
s 

exceeds PF 
v 

and combines with PF 
e 

to cause an initial 

free energy increase. The Volmer -Weber theory (21, p. 18), which 

neglects strain energy and assumes spherically shaped particles, 

predicts that the total free energy increases, due to the initial domi- 

nation of P.F until the precipitate particles reach some critical size, 
s 

r*, and then decreases. 

Because of the aforementioned free energy increase, the 

initially formed precipitate particles tend to be unstable. A recent 

theory for describing the unstable particles or solute atom clusters 

is the "Transient- Steady" size distribution theory (16, p. 149). 

This theory assumes a unit addition or removal of one solute atom at 

a time from the clusters, thus resulting in a steady size distribution. 

Clusters which happen to grow large enough become stable. Because 

the clusters increase in size by chance and do not all become stable 

simultaneously there are precipitate particles within the solid solu- 

tion which are at various stages of growth. 

X -ray scattering from solute atom clusters detected by 

Guinier and independently by Preston in 1938 was the first experi- 

mental evidence to confirm the existence of solute atom clusters 
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within the solid solution. The solute atom clusters are now referred to 

as Guinier- Preston zones, or more simply G -P zones. 

The stable particles which form may have the structure of 

the equilibrium alloy constituent and simply grow by diffusion until 

equilibrium is achieved. However, the alloy constituents do not 

always precipitate directly from the solid solution. The rela- 

tively large value of ,,Fs during the early stages of growth may pro- 

mote the formation of coherent precipitate particles. Coherency 

reduces the interfacial energy and is characterized by an atom -to- 

atom matching between the precipitate particles and the matrix in 

specific crystallographic directions. For such a condition, certain 

planes of the precipitate tend to align with certain planes of the 

matrix, thereby producing definite crystallographic relationships. 

Because the interfacial energy is reduced only in the direction of 

coherency the particles tend to grow more rapidly in the direction 

of coherency. 

To enhance the conditions for coherency a transitional pre- 

cipitate phase may form which more closely approximates the 

structure of the matrix. Even though the volume free energy of the 

transition phase may be greater than the equilibrium phase volume 

free energy, the lower interfacial energy due to coherency accounts 

for the stability of the transitional phase. 

s 
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If there are lattice differences between the coherent particles 

and the matrix, the precipitate and matrix may be elastically strained 

to accommodate the lattice differences. Strain due to coherency 

increases as the precipitate particles grow. If the recovery process 

is too slow, plastic straining in the form of slip may occur, It has 

been reported (21, p. 69) that aged crystals of Ag -Cu, A l -Zn, 

and Cu -Be alloys give x -ray diffraction spots which are fragmented 

and elongated, These diffraction spot distortions indicate that pre- 

cipitation induced plastic straining has occurred. 

As the stable precipitate particles grow, AF 
v 

increases 

rapidly and becomes large relative to AF 
s 

and AF 
e 

, At some 

point the influence of AF 
v 

becomes so great that coherency is lost, 

Just prior to the loss of coherency, the coherency strains are a 

maximum. Loss of coherency may be sudden or may occur by a 

gradual shearing along the planes of coherency. The increasing in- 

fluence of AF 
v 

also favors the formation of a precipitate phase which 

more closely resembles the equilibrium phase. Eventually the AF 
v 

domination becomes so strong that the equilibrium precipitate phase 

is formed, 

At higher aging temperatures the free energy difference be- 

tween the unstable solid solution and the equilibrium structure is 

less, thus reducing the driving force for precipitation, As a conse- 

quence the critical size for stable growth is increased (21, p, 20). 



12 

Because the driving force is reduced it might at first seem that the 

rate of precipitation would be less at higher aging temperature. This 

is not the case, however, because the overall rate of precipitation 

is controlled by diffusion, which increases with increasing temper- 

ature (21, p. 87). The following are a few generalizations concerning 

the rate of precipitation: 

a) The rate of precipitation is increased by an increase 
of the aging temperature, 

b) The precipitate particles tend to grow in the direc- 
tion of maximum solute supply, 

c) Precipitation is usually more rapid at grain 
boundaries, slip planes, and dislocation sites, 

d) The rate of precipitation in a strained lattice is greater 
than the precipitation rate in an unstrained lattice, 

e) The presence of soluble or insoluble impurities usually 
accelerates precipitation. 

Many overaged alloys exhibit a platelet structure of precipi- 

tate particles within the matrix in certain crystallographic direction 

when examined with the light microscope. Such a structure is 

called a Widmanstatten structure. The directional character of 

the precipitate platelets is a consequence of precipitate growth 

along planes of coherency. Mehl (20) and his co- workers have 

observed that there are usually definite orientational relationships 

and similar atom spacing between the adjacent crystallographic 

planes of the matrix and precipitate platelets. 
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Strengthening Mechanisms 

Artificially aging a solution heat treated alloy at a constant 

temperature usually affects the strength of the alloy. Figure 2 

illustrates the general nature of the effect. The shape of the curve 

for a particular alloy depends on the solution heat treatment, the 

aging temperature, and the deformation prior to aging. By comparing 

the hardness and x -ray diffraction data Belbeoch and Guinier (4) 

concluded that precipitation hardening was caused by G -P zones of 

very small size. Measurement of the absolute intensity of the 

scattered x -rays lead them to further conclude that large G -P zones 

mask the small G -P zones on x -ray diffraction patterns. 

To explain how the G -P zones or precipitate particles 

strengthen, it is necessary to consider the movement of dislocations 

throughout the aged alloy matrix. Provided that the alloy is not over _ 

aged, there is a fine dispersion of precipitate particles throughout 

the aged matrix. In such a dispersed particle structure, each 

particle is completely surrounded by a matrix of single orientation. 

When the matrix is deformed the movement of dislocations is im- 

peded by the dispersed particles, thus increasing the strength. For 

deformation to occur, however, dislocations must pass through the 

dispersed particles. 
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There are several theories which describe the interaction of 

moving dislocations and dispersed particles. Orowan (22) theorized 

that internal stresses around the particles acted as obstacles to dis- 

location movement. As a dislocation encountered obstacles, the 

dislocation tended to bend around the obstacles and go between them. 

Orowan proposed that, as a dislocation passed beyond an obstacle or 

particle, a dislocation loop was left surrounding the particle. As 

more dislocations passed beyond the particle the number of dis- 

location loops around the particle increased, thus causing the shear 

stress on the particle to increase. When the shear became greater 

than the internal stresses, yielding occurred. Orowan considered 

the alloy yield strength to be directly proportional to the particle 

yield strength and inversely proportional to the distance between 

particles. 

Fisher, Hart, and Pry (11) considered the particle size as 

well as the distance between particles in their theory of dispersion 

hardening. They postulated that the dislocation loops surrounding 

the dispersed particles provided an increment of the work hardening. 

In their analysis they considered yielding to be a function of both the 

matrix strength and precipitate particle strength. 

None of the preceding theories considered coherency strains. 

According to Newkirk (21, p. 92), the strengthening effect of coherent 

particles is much greater than that of incoherent particles. The 
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small volume of matrix affected by incoherent particles reduces 

the chances of dislocation interaction. The coherency strain in the 

matrix surrounding the coherent particles increases the effective 

size of the particles, thereby decreasing the effective distance be- 

tween particles. Experimental work (21, p. 93) has generally 

shown that maximum strengthening occurs just before coherency is 

lost, when the strain associated with coherency is a maximum. 

Ordering within the precipitate particles or G -P zones may 

also affect the strength of the alloy during aging. The movement of 

a dislocation through a short -range- ordered region disturbs the 

order across the glide plane and produces a configuration of higher 

energy. Long- range- ordering, according to Fisher (10), does not 

hinder dislocation movement to the degree that short -range -ordering 

hinders dislocation movement. The dislocations in long-range - 

ordered regions tend to move in pairs such that their motion does 

not disturb the order, 

Fine and Kelly (7) calculated the force necessary for a 

dislocation to pass through a G -P zone by cutting the zone. In their 

calculations they assumed that the zones were regions of order 

within the matrix, They computed that the force for shearing the 

G -P zone was an order of magnitude less than the force required 

for the dislocation to pass beyond the zone as estimated by the 

Orowan theory. 
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Williams (26) concluded that slip in short -range -ordered 

zones increases the interfacial energy across the glide plane. He 

further concluded that the interfacial energy between a precipitate 

particle and the matrix increased when the precipitate particle is 

sheared. 

Precipitation in the Al -Mg -Si System 

Geisler and Keller (13, p. 210) studied precipitation in 

numerous aged aluminum alloys with the electron microscope by 

examining very thin oxide films. Their observations indicated that 

the precipitate particles in aged Al -Mg -Si alloys were smaller 

than the precipitate particles in other aged aluminum alloy systems. 

Following are listed the particle sizes they measured in several 

different aluminum alloys aged to maximum hardness. 

Alloy Aging Temper - 
System ature, °C Particle Size, Angstroms 

Al -Si 210 1000 to 2000 

Al -Mg 150 3000 to 10,000 

Al -Mg2Si 210 less than 1000 

A 1 -Ag 160 3000 by 50,000 platelets 

In overaged Al -Mg -Si alloys the equilibrium precipitate 

forms a characteristic Widmanstatten structure. Using the x -ray 

diffraction oscillating crystal method Geisler and Hill (12) determined 
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the crystallographic relationships between the equilibrium precipi- 

tate particles of the Widmanstatten structure and the aluminum lat- 

tice. Their findings indicated that the equilibrium platelets formed 

parallel to the { 100} matrix planes such that the <110> Mg2Si 

directions were parallel to the <100> matrix directions, This result 

was later verified by Thomas (25) using electron diffraction methods. 

The first noteworthy investigation, using x -ray diffraction 

methods, of precipitation from an Al -Mg -Si alloy was performed by 

Geisler and Hill (12). For their investigation they used a high 

purity Al -1, 4 %Mg2Si alloy and employed the Laue transmission 

method. Their interpretation of the Laue patterns was based pri- 

marily on the diffraction effects caused by the characteristic K a 
and Kß components of the general radiation. For the A1-1.4% 

Mg2Si alloy aged 2 hours at 220° C, their interpretation of the dif- 

fraction effects indicated that needle shaped precipitate particles 

had formed along the cubic axes of the aluminum lattice. They 

referred to these needle shaped particles as stringlets and estimated 

that the stringlets were less than 100 A long and about 20 A in 

diameter, Their interpretation also indicated that the stringlets 

were linearly coherent with the aluminum matrix in the <100> 

directions. Analysis of the patterns obtained from the same alloy 

aged at 300°C for one hour led Geisler and Hill to believe that the 

stringlets had evolved into platelets and that the platelets were 
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parallel to the { 100} planes of the aluminum solid solution matrix. 

Their experimental evidence indicated that the platelets we re an 

intermediate coherent precipitate phase. Their experimental 

evidence also indicated that the platelets were parallel to the { 110} , 

{ 120} , and { 130} planes of the matrix. This inferred, however, 

that the coherent platelets had one or more different structures and 

thus cast doubt upon their interpretation that an intermediate phase 

had formed. 

According to Hardy and Heal (16, p. 212), Guinier and 

Lambort used strictly monochromatic x -rays to investigate the 

precipitation process in an Al -O. 79 %Mg2Si alloy containing trace 

amounts of iron and manganese impurities and a slight excess of 

silicon. During the early stages of precipitation they found coherent 

precipitate stringlets in the <100> directions of the aluminum matrix, 

The stringlets they found had the same characteristics as the 

stringlets reported by Geisler and Hill. As aging progressed, 

they found that the scattering from the stringlets became non- 

uniform with local intensification. They interpreted this local 

intensification as a sign that ordering was occurring with the string - 

lets to form an intermediate coherent phase. Their observations 

indicated that the stringlets thickened into rod shaped particles 

before transforming into the equilibrium precipitate phase. 

Castaing and Guinier, according to Thomas (25), verified the 
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existence of the rods with the electron microscope. None of the 

literature reviewed substantiated the existence of the coherent 

platelets reported by Geisler and Hill. 

Lutts (19) investigated precipitation from a high purity 

Al -0. 7% Mg2Si alloy using crystal monochromated x -rays. For 

aging temperatures less than 200 °C his interpretation indicated 

the presence of needle shaped G -P zones which formed in two steps. 

The first detectable G -P zones did not appear to possess any 

periodicity and contained a high vacancy concentration. The second 

G -P zones evolved from the first G -P zones with the establishment 

of periodicity in the matrix <100> directions. During the formation 

of the second G -P zones there was an abrupt vacancy concentration 

decrease. The second G -P zones corresponded to the linearly 

coherent stringlets reported by other investigators (12, 14). 

A comparison of hardness and diffraction data showed that 

alloy softening did not occur when the Laue spots from the precipi- 

tate first appeared on the patterns. For example, Lutts found, at 

an aging temperature of 200°C, that Laue spots appeared on the 

patterns after 10 hours aging, but that softening did not occur until 

after 14 hours of aging. Lutts did not observe any diffraction spots 

from the equilibrium precipitate particles on the diffraction patterns 

when the alloy was given a prolonged aging treatment at less than 

200° C. 
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Thomas (25) used the transmission electron microscope to 

study precipitation in an Al -1. 53% Mg2Si-0.04% Si alloy. For 

aging temperatures less than 200° C he observed needle shaped pre- 

cipitate particles. The long dimension of the needles varied from 

approximately 200 A to less than 1000 A as the aging time and temper- 

ature were increased while the diameter of the needles remained 

fairly constant at about 60 A. The average density of the needle 

shaped particles was of the order of 1015 per cubic centimeter, The 

needles were uniformly distributed throughout the matrix and no 

preferential precipitation was detected at dislocation sites. 

Thomas observed that the needles changed to a rod shape by 

an increase in both length and diameter with continued aging. The 

density of the rods was of the order of 1013 per cubic centimeter 

and at an aging temperature of 288°C the rod diameters were approxi- 

mately equal to 1000 A. Electron diffraction patterns obtained from 

the rods were consistent with a face centered cubic lattice with a 

lattic parameter equal to 6.42 ± 0. 07 A. Equilibrium Mg2Si has a 

face centered cubic lattice with a lattice parameter equal to 6. 39 A. 

Because of the slight difference in lattice parameters between the 

rods and the equilibrium structure, Thomas could not verify that the 

rods were an intermediate phase. 

Thomas observed that dislocations moved through the precipi- 

tate particles with little apparent difficulty and that the slip traces 
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were continuous throughout the matrix with no evidence of cross slip. 

This indicated that the dislocations cut through the precipitate 

particles which were in the path of the glide plane. 

A lack of contrast around the precipitate particles on the elec- 

tron micrographs lead Thomas to conclude that the coherency 

stresses associated with the precipitate particles were small. 

Because of the apparently small elastic interaction at the precipitate 

interface, he felt that coherency strains played an unimportant part 

in the precipitation hardening of Al -Mg -Si alloys. Since the dis- 

locations were observed to cut through precipitate particles, Thomas 

believed that the disruption of the precipitate order was the primary 

hardening mechanism. 
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EXPERIMENTAL EQUIPMENT AND TECHNIQUES 

To study precipitation from the alloy solid solution the Laue 

x -ray diffraction transmission method was selected as the primary 

investigation tool. The Laue method had the advantage of experi- 

mental simplicity and the laboratory equipment needed was readily 

available. Initially the back reflection Laue method was used but 

because of poor sensitivity was abandoned. The Laue method 

employs single crystal specimens, flat and stationary films, and a 

parallel beam of white x -ray radiation. Figure 3 is a photograph 

of the experimental set up. 

The x -ray machine and the copper and tungsten tubes used - 

were manufactured by the Phillips Electronic Corporation. The 

copper tube was operated at 35 KV and 18 ma while the tungsten 

tube was operated at 45 KV and 18 ma. All exposures were made 

with Kodak Medical X -Ray No- Screen film. The three axis goni- 

ometer used had one degree graduations. Two different collimators 

were used for the investigation. Each of these collimators were 

labeled as 0.025 inch diameter collimators. It was observed, 

however, that one of the collimators produced a larger diameter 

x -ray beam. The collimator with the smaller diameter x -ray beam 

was denoted collimator A and the collimator with the larger beam 

was denoted collimator B. 
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Figure 3 Experimental Set -Up for Laue Transmission Method 
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The single crystal specimens needed for the Laue method 

were produced by the strain anneal method (5, p. 317). For the 

experimental set up used it was necessary that the single crystal 

thickness be equivalent to the thickness of the specimen and that the 

crystal be wider than the x -ray beam. Initially it was attempted to 

produce large crystals in 0.188 inch and 0.060 inch diameter wires. 

Difficulty was encountered, however, in producing crystals which 

were as thick as the diameter of the wires. Crystals of adequate 

thickness were finally produced in 0.027-0.020 inch thick by 

O. 285-0.300 inch rolled strips. By straining pieces of the annealed 

strip from 3% to 4% and then annealing at 590°C, crystals of accep- 

table size and thickness were produced in the strips. Figure 4 shows 

some of the treated strips and the effect of strain on crystal size. 

Note from Figure 4 that most of the larger crystals contained within 

them small crystals. High temperature annealing for long periods 

of time did not reduce the number of these small crystals. To obtain 

adequately large crystals with a low number of small crystals it 

was necessary to process a large number of strips. 

To reveal the crystals in the treated strips, the strips 

were emersion macro -etched. Table II gives the composition of the 

macro -etch. While etching it was necessary to use a large volume 

of etchant to prevent the strips from over -heating. Strips which 

became too warm were covered with a black varnish. 
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Table II Composition of Macro -Etch 

Component Parts by Volume 

Concentrated HC 1 9 

HNO3 3 

HF 2 

H20 5 

The diffraction specimens were prepared by cutting sections 

containing suitably large crystals from the treated strips. The 

sections were then polished and etched to a thickness of 0.015-0.019 

inches. The specimens were then solution heat treated at 590°C 

for 24 hours. To protect the specimens from contamination during 

the solution heat treatment, the specimens were wrapped in aluminum 

foil and sealed in Vycor tubes (5, p. 66) containing an argon atmos- 

phere. When the specimens were quenched the Vycor tubes were 

broken to promote more rapid cooling. 

The specimens were mounted in the goniometer such that the 

entire x -ray beam was focused within the bounds of a single crystal 

of the multi -crystal specimen. Figure 3 shows a specimen mounted 

in the goniometer. The specimens were oriented in the goniometer 

such that either the [001] or [110] direction of the crystal lattice 

was parallel to the direction of the incident x -ray beam. Crystals 

with [001] or [110] directions more than 15 degrees from the surfaces 
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of the specimens were rejected because of the limits of the goniometer 

adjustment. 

Laue back reflection patterns were used to determine the 

orientation of the specimens. It was found that Laue spots of a 

common zone could be more easily identified on back reflection 

patterns. To determine the crystal orientation from the back re- 

flection patterns a Greninger Chart and Wulff Net were used. The 

application of these latter tools is described by Cullity (6, p. 215 -230). 

The specimens were aged in a Lindberg Muffle furnace. For 

the aging treatment the specimens were wrapped in aluminum foil. 

Following aging, the specimens were quenched in room temperature 

water. After a specimen was given its first aging treatment, the 

aging process ceased to be continuous. Following the first Laue 

transmission exposure of an aged specimen, the specimen was 

removed from the goniometer, further aged, and then remounted in 

the goniometer for another exposure. For some specimens this 

latter procedure was repeated several times. All aging times 

stated in this investigation are in terms of the total aging time. 

However, because the aging was interrupted, the stated aging time 

should not be considered as equivalent to a continuous aging time. 
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LAUE METHOD X -RAY SCATTERING 

The x -ray scattering from a crystal consists of two types: 

(a) diffraction which causes Laue spots to appear on the diffraction 

pattern and (b) diffuse scattering. The Laue diffraction spots are 

a consequence of atomic periodicity within the crystal. When the 

strict periodicity of the crystal lattice is disturbed, however, diffuse 

x -rays are scattered from the crystal. By analyzing this diffuse 

scattering, information concerning the deviation from strict 

periodicity within the crystal can be obtained. For example, the 

precipitate particles or G -P zones can be considered as regions of 

structural disorder within the solid solution matrix. By studying 

the diffuse scattering from these regions at various stages of aging, 

information can be obtained about the nature of the precipitate 

particles or G-P zones. 

In addition to the diffuse scattering caused by structural 

disorder, there are several sources of extraneous diffuse scatter- 

ing which cause general darkening on the x -ray pattern. These 

sources of extraneous diffuse scattering are as follows: 

a) Scattering from the air in the path of the incident 
and diffracted x -ray beams, 

b) K- fluorescent radiation, 

c) Compton modified scattering. 
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The Reciprocal Lattice and X -Ray Diffraction 

The diffraction of x -rays from a crystal is best discussed in 

terms of the crystal reciprocal lattice (2, p. 95). Corresponding 

to the three cubic aluminum axis vectors al, a2, a3 there are 

three reciprocal axis vectors bl, b2, b3, which are parallel to the 

corresponding crystal axis and in magnitude equal to the reciprocal 

of the corresponding crystal axis. If h, k, Q, are integers, the 

y - terminal point of the vector Hh = hbl + kb2 + .eb3 gives the various 

h, k, .Q, points of the reciprocal lattice. The h, k, ,Q, points of the 

reciprocal lattice represents the (hid) plane of the crystal lattice 

and the vector HhkL is perpendicular to the (hkL) plane. The magni- 

tude of the Hhid vector is the reciprocal of the crystal plane lattice 

spacing, 
dhkL. 

Figure 5 shows a layer of the reciprocal lattice for 

f = 0. 

It has been proven that diffraction occurs when the vector 

terminates at a re .iprocal lattice point (6,p. 697). Where So 

represents a unit vector in the direction of the incident x -ray beam 
y 

and S represents a unit vector in the direction of the diffracted beam. 

The condition for diffraction can be simply written as follows: 

(S -So)/ = 
Hhk.Q 

Figure 5 shows the case where the vector (S -S 
0 

)/X. terminates at 

a reciprocal lattice point, thus satisfying the condition for diffraction, 

y y 

(S -Só X. 

1` 
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When the condition for diffraction is satisfied a Laue spot appears on 

the diffraction pattern. In Figure 5, the angle 20 represents the angu- 

lar deviation of the diffracted beam from the path of the incident 

beam. The angle 0 is commonly known as the scattering angle. 

The intensity of a diffracted beam decreases as the scattering angle 

increases (8, p. 110). 

The application of the reciprocal lattice diffraction condition 

to the Laue method is complicated by the fact that the Laue method 

employs an incident x -ray beam of variable wavelength. Figure 6 

illustrates a method of applying the diffraction condition for a range 

of wavelengths (6, p. 503). For this treatment the diffraction equa- 

tion is put in the following form: 

S-S 
o 

= X H 

The circle on the Q = 0 layer of the reciprocal lattice, Figure 6, 

is a section through the center of a sphere of unit radius, I Sol . 

Each of the line segments shown in Figure 6 represent the range of 

X H values for a particular reciprocal lattice point. The point on 

the line segment nearest the origin has the value X H, where 
S WL 

represents the short wavelength limit of the variable wave- 
SW L 

length radiation. The X H point on the line segment farthest 
LW L 

from the origin represents the maximum value of X H. The wave- 

length X corresponds to some arbitrary long wavelength limit. 
LW L 

)` 



32 

040 

030 

020 

010 

000 

010 

oi0 

030 

040 

(530) REFLECTION 

240 440 kwl. 

H 

S A 10 

2e 

REFLECTION 
SPHERE 

s, 

230 

230) REFLECTION 

Figure 6 Reciprocal Lattice Treatment of the Laue Method, 
Diffraction S -S 

0 
= A H Construction, = 0 Layer 

ñ 

/70 
A 

swi. 

710 

520 



When a line segment intersects the reflection sphere surface 

diffraction occurs. For this reason, the sphere of unit radius, 

P-0 

33 

is commonly called the reflection sphere. The direction of the 

diffracted beam, S, is determined by joining the center of the re- 

flection sphere, C, with the point where the line segment intersects 

the reflection sphere. For the Laue transmission method the angle 

20 must be less than 90 degrees. From Figure 6 it can be seen that 

low indix (hid) reflections would tend to occur at small scattering 

angles. 

Structural Disorder Scattering 

To analyze structural disorder scattering, it is necessary 

to consider the effect of disorder on diffraction. The effect on 

diffraction can be conveniently considered in terms of the Laue 

equations. The Laue equations (6, p. 497) can be derived from the 

diffraction equation, (S -S )/ 
0 

A = 

lattice form, are as follows: 

H, and, in vector and reciprocal 

ai (S -So) = h 

a2 (S -So) = k 

a3 (S -So) = f 

The vectors al, a2, a3 are the three cubic crystal lattice vectors. 

For diffraction to occur all three Laue equations must be 

satisfied simultaneously. Disruption of the strict periodicity in one, 

I 

y 
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two, or three principle directions leads to a relaxation of one or 

possibly all three Laue conditions (14, p. 183). Relaxation of a 

Laue condition cause the diffracted scattering to become less well 

defined with regard to direction and intensity. Figure 7 illustrates 

how a loss of periodicity in one, two, or three directions modifies 

the reciprocal lattice. 

The order within a crystal lattice ceases to be periodic to an 

incident x -ray beam for one of the following reasons: 

a) The distance between successive atoms ceases to be 
periodic; 

b) There is a random distribution of regularly spaced 
atoms with different atomic scattering factors; 

c) The number of repeat units of the atomic arrangement 
becomes too small, as with small particles, to cause 
distinct diffraction. 

Because the atomic scattering factors of aluminum, magnesium, 

and silicon are very closely the same (14, p. 212), it is not likely 

that the periodicity loss mentioned in (b), above, would be a source 

of structural disorder scattering from the alloy under investigation. 

Since precipitate particles form and grow in the alloy during aging, 

it would be expected that there would be some structural disorder 

scattering as a consequence of the small particle size type of 

periodicity loss. Figure 7 shows the physical representation of a 

small particle size interpretation in terms of the modified reciprocal 

lattice. There is also the possibility of structural disorder 
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scattering from regions of solute atoms or G -P zones which disturb 

the crystal periodicity in one, two, or possibly three directions. 

Therefore, any structural disorder scattering detected from the 

alloy under investigation can be interpreted in terms of either small 

particles or a crystal periodicity loss. 

The choice of interpretations depends on the locations of the 

reciprocal lattice modifications (16, p. 185). For instance, if the 

modifications pass through and are symmetrical about matrix 

reciprocal lattice points, the modifications can be considered to be 

extension of the point and represent a crystal periodicity loss. 

However, if the modifications pass through and are symmetrical 

about precipitate points, the small particle interpretation would 

apply. 

During precipitation there is the possibility that coherency 

and volume change stresses may plastically strain the single crystal 

specimen. Plastic deformation generally causes the Laue trans- 

mission spots to be elongated in a radial direction (8, p. 247). In 

some cases, if the deformation is not too severe, plastically bent 

portions of the crystal may break up into small blocks which are 

strain -free and slightly dis - oriented from each other (8,p. 249). These 

small blocks cause the Laue spot to be fragmented. Each fragment 

of the Laue spot represents diffraction from a separate block. 
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Thermal Diffuse Scattering 

In addition to the diffuse scattering resulting from the for- 

mation and growth of precipitate particles, there is structural 

disorder scattering due to thermal vibrations. The atoms in the 

crystal are displaced from their exact lattice positions by thermal 

vibrations. 

Recent theories (16, p. 193) describe the positions of the 

thermally displaced atoms in terms of a travelling elastic wave. 

Guinier (13, p. 203) has shown and observed that the temperature 

diffuse scattering is mostly concentrated at the nodes of the recipro- 

cal lattice and that the degree of diffuse scattering is not the same 

at each node and is generally anisotropic about the node. 

As a first approximation, however, the node can be con- 

sidered to be thermally agitated such that the node occupies a roughly 

spherical volume. Within this volume the node tends to occupy 

the exact reciprocal lattice position as illustrated by Figure 8. By 

applying the construction shown in Figure 6 to the thermally 

agitated reciprocal lattice an approximation of the thermal affect on 

the Laue transmission pattern can be obtained. With the construction 

shown in Figure 9 the roughly spherical volume occupied by the node 

is drawn out into the shape of a rod. At the intersection of the rod 

axis and the reflection sphere, sharp diffraction occurs in the 
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direction A. This sharp diffraction produces a Laue spot on the 

pattern. Diffraction also occurs between arcs ab and ac on the reflec- 

tion sphere as can be seen in Figure 9. This latter diffraction is 

weak because of the tendency of the node to remain in its normal 

lattice position. From this analysis it can be seen, Figure 9, that 

diffuse streaks pass through the Laue spots. Because the diffraction 

vectors A, B, C are coplanar and originate from the center of the 

reflection sphere, the streaks are radially directed on the diffraction 

patterns. The intensity of the diffuse thermal scattering increases 

with increasing scattering angles (13, p. 176). The length of the 

thermal streaks increases as the scattering angle decreases. 

At smaller scattering angles the reciprocal lattice rod shown in 

Figure 9 tends to be more closely tangent to the reflection sphere. 

Extraneous Diffuse Scattering 

Diffuse scattering from the air surrounding the apparatus 

causes a general darkening on the diffraction pattern. An x -ray 

scattering curve of air has no sharp maxima and the scattering inten- 

sity decreases as the scattering angle increases. Therefore, 

pattern darkening from air scattering is most intense near the center 

of the pattern. K- fluorescent radiation from the specimen also 

causes general pattern darkening. The K- fluorescent radiation is 

weak and is emitted from the specimen in all directions. Since the 
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K- fluorescent is weak the specimen partially shields the film, With 

the transmission method the distance the K- fluorescent radiation 

must travel through the specimen and through the air to the film 

increases as the scattering angle increases. Thus K- fluorescent 

scattering decreases as the scattering angle increases. 

It has been noted that the specimen acts as a shield to K- 

fluorescent radiation. If the specimen is too thick, the scattering 

due to structural disorder would be absorbed. On the other hand, 

the specimen must not be too thin or the diffracted intensity will be 

too low (6, p. 143). According to Guinier (13, p. 177) the optimum 

specimen thickness for the transmission method is of the order of 

1 /p, where µ is the linear x -ray absorption coefficient. Since N., 

varies with wavelength the optimum specimen thickness depends on 

the wavelength. The 0.015 to 0.019 inch thick specimens were 

approximately optimum for the transmission of 0. 711 A wavelength 

radiation. 

Compton modified scattering (6, p. 107) results from the 

interaction of the incident x -rays with the loosely bound electrons 

of the crystal atoms, The Compton modified scattering is diffuse 

and causes a general darkening on the patterns. The intensity of 

the Compton scattering increases as the scattering angle increases. 
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RESULTS AND DISCUSSION 

Table III, appendix, lists all the transmission exposures 

obtained for the investigation. Figures 10, 11, 12, and 13 are prints 

of some of the patterns. It should be pointed out that black coloring 

on the actual patterns appears as white coloring on the prints. 

Extraneous Diffuse Scattering Affects 

For the purposes of discussion consider the patterns shown 

in Figure 10. The round dark area at the center of the patterns, 

Figure 10, represents the area of the film shielded from the inci- 

dent x -ray beam and diffuse scattering by the beam stop. Super- 

imposed over the round dark area is the shadow of the specimen. 

The darkened areas in the lower half of the prints are the shadows 

of the goniometer and specimen holder. The goniometer, specimen, 

and specimen holder shadows were caused by extraneous diffuse 

radiation which was not intense enough to be transmitted. The speci- 

men shadow was larger than the actual specimen because of the 

magnification of the divergent extraneous x -rays. 

The extraneous radiation which produced the shadows was 

not emitted directly from the x -ray tube. For some exposures a 

lead shield with a small hole for the passage of the incident beam was 

placed between the specimen and tube, adjacent to the exit end of the 
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Figure 10 Prints of Laue Transmission Patterns, [001] 
Parallel to Beam, [110] Vertical W Radiation, 
45 KV, 18 ma, 3. 4 cm Film to Specimen Distance, 
Collimator A, 1 -1. 3 Hours Exposure 
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Figure 10b Aged 11 Hours at 220°C 

Figure 10c Aged 60 Hours at 220° C 
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collimator, The presence of the shield did not change the shadow 

intensity, thus indicating that the extraneous scattering was not 

originating directly from the x -ray tube. The appearance of the 

shadows was a consequence of a diffuse scattering source between 

the x -ray tube and the specimen, Since Compton modified scattering 

and K -fluorescent radiation were emitted at the specimen, the only 

other source of diffuse radiation capable of producing the shadows 

was the air scattering, Because of the prominence of the shadows, 

it was concluded that the air scattering was the primary component 

of the extraneous diffuse scattering, 

Because the structural disorder scattering was quite weak, as 

discussed later, the diffuse scattering interfered with the detection 

of structural disorder scattering. Measures should have been taken 

to reduce the intensity of the extraneous radiation. For instance, 

the air scattering could have been reduced by evacuating the appara- 

tus or by operating in an atmosphere of helium. The air scattering 

from the x -ray tube side of the specimen could have been shielded 

from the film. For instance, a shield with a hole for the incident 

beam to pass through could have been placed adjacent to the speci- 

men. Consideration was given to placing a filter in front of the film. 

It was feared, however, that a filter would have absorbed the 

scattering due to structural disorder. 
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Examination of all the patterns indicated that the extraneous 

diffuse scattering had the same affect on all the patterns. This 

was expected since the same experimental set up was used for all 

exposures. Examination of all the patterns also indicated that the 

relative diffuse scattering intensity varied. This variation was a 

function of the exposure time. Constant exposure times were not 

used. The exposure time which gave the best resolution for a 

particular pattern was determined by trial and error. 

No Laue spots which could be attributed to the iron impurities 

were found on the patterns from solution heat treated specimens. 

Because the iron impurities were almost completely insoluble in 

the aluminum solid solution, there was the possibility of detecting 

Laue spots from these impurities. The patterns from solution heat 

treated specimens with the crystal [001] and [110] direction parallel 

to the incident beam displayed four -fold and two -fold symmetry 

respectively. The symmetry was not disturbed by foreign Laue 

spots from the iron impurities. 

A photomicrograph by Wong (25, p. 29) at 100 diameters 

showed that the iron impurities in a single crystal of the annealed 

alloy were small. From the micrograph the maximum size of the 

impurities was estimated to be of the order of 10 -4 centimeters. 

According to Cullity (6, p. 261), diffraction from particles of the 

order of 10 -4 centimeters, does not produce distinguishable Laue 
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spots. Further, because the specimens were given several 

annealing treatments and a long solution heat treatment prior to 

exposure, it would be expected that the iron impurities were ran- 

domly oriented relative to the aluminum lattice. Consequently the 

direction of the diffracted scattering from iron impurities was 

random. Since the diffracted scattering was not distinct and in no 

specific direction, it was concluded that the iron impurity scattering 

was an addition source of extraneous diffuse radiation. 

In some patterns from solution heat treated specimens pairs 

of Laue spots were observed. Just below each of the normal Laue 

spots, Figure 11, there were needle shaped Laue spots. The 

resolution of the needle shaped spots increased as the scattering 

angle increased. This increased resolution was a consequence of 

the greater film to specimen distance at large scattering angles. 

Because each of the needle shaped spots were displaced from the 

primary Laue spots in the same direction, it was concluded that the 

needle shaped spots were caused by a second crystal slightly mis - 

oriented from the primary crystal. Since the mis- orientation 

was only about two to four degrees, the crystals must have been 

separated by a low angle grain boundary. All specimens which 

contained these low angle grain boundaries were rejected. It was 

feared that preferential precipitation at the low angle grain boundary 

would not have been representative of the precipitation process in 
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Figure 11 Print of Pattern From Solution Heat Treated 
Specimen Exhibiting Pairs of Laue Spots, 
[001] Direction Approximately Parallel to 
Beam, W Radiation, 45 KV, 18 ma, 1. 2 Hour 
Exposure, 3.4 cm. Film to Specimen Distance, 
Collimator B. 
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the undisturbed aluminum solid solution matrix. 

Note that both sets of spots, Figure 11, were radially 

elongated. This elongation indicated that both crystal lattices 

were strained in the vicinity of the low angle grain boundary. The 

general increase of the Laue spot width in Figure 11 as compared to 

Figure 10 was due to a collimator difference. Collimator A was 

used for the patterns shown in Figure 10, while collimator B was 

used for the pattern shown in Figure 11. 

Thermal Scattering Affects 

Radially directed streaks through Laue spots were observed 

on all the patterns. For example, the radial streaks through the 

{311} spots of Figure 10 and through the (110) and (010) spots of 

Figure 12 were quite prominent. The radial streaks observed on the 

patterns were caused by thermal vibrations. The character and 

configuration of the thermal streaks did not change during aging. 

Examination of Figures 10 and 12 illustrates this. 

The patterns shown in Figure 10 were compared with trans- 

mission Laue patterns from pure aluminum crystals (24). Both the 

Figure 10 and pure aluminum patterns were oriented such that the 

[001] direction was parallel to the incident beam. The thermal 

streaking on the patterns from pure aluminum was the same as the 

thermal streaking seen in Figure 10, thus confirming that the radial 
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steaks were caused by thermal vibration. 

The radial streaks close to the center of the patterns shown 

in Figure 13 did not pass through Laue spots. The position of these 

streaks is shown in Figure 13d. These streaks were due to recipro- 

cal lattice rods, refer to Figure 9, which were so nearly tangent 

to the reflection sphere that the rod axis did not intersect the 

reflection sphere. These same streaks were observed on patterns 

from pure aluminum (24). 

Precipitation Related Scattering 

The patterns shown in Figures 10, 12, and 13 were from 

specimens which were in the solution heat treated and aged condition. 

All the patterns shown in Figure 10 were in the same orientation 

with the [001] crystal direction parallel to the incident x -ray beam. 

No precipitation related scattering was observed on any of the 

patterns in the latter orientation. Aging did not change the con- 

figuration of the Laue spots or produce any new diffuse scattering. 

Figure 12 exhibits patterns from specimens which were ro- 

tated about the [110] such that the [001] direction was 12 degrees 

from the incident x -ray beam. Examination of the patterns re- 

vealed precipitation related streaking along the [001] zone. Figure 

12h shows the position of the [001] zone streaking. This streaking 

was more distinguishable on the actual patterns than on the prints. 



Figure 12 Prints of Laue Transmission Patterns, [110] vertical, 
[100] rotated 12° from Direction of Beam About [110] , 

W Radiation, 45 KV, 18 ma, 3. 4 cm Film to Specimen 
Distance, Collimator A, 1 -1. 3 Hours Exposure Time. 

Figure 12a Solution Heat Treated 

Figure 12b Aged 1 Hours at 220° C 

Figure 12c Aged 2 Hours at 220° C 
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Figure 12d Aged 3 Hours at 220° C 

Figure 12e Aged 11 Hours at 220° C 

Figure 12 f Aged 60 Hours at 220° C 

Figure 12g Aged 60 Hours at 220° C and 
Then Aged 12 Hours at 390° C 
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Figure 13 Prints of Laue Transmission Patterns, [110] Parallel 
to Beam, [T101 10] Vertical, Cu Radiation, 35 KV, 18 ma, 
5. 6 cm Film to Specimen Distance, Collimator B, 
5.6 -5.8 Hours Exposure 

Figure 13a Solution Heat Treated 
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Figure 13b Aged 11 Hours at 180° C 
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As the aging time increased the degree of streaking increased. 

Prolonged aging, Figures 12f and 12g, caused the streaking to 

diminish slightly. Because the degree and intensity of streaking 

varied with the heat treatment, the streaking was considered a 

consequence of precipitation. 

Patterns from solution heat treated and aged specimens which 

were oriented such that the [110] direction was parallel to the 

x -ray beam are displayed in Figure 13. Extremely weak precipi- 

tation related streaking in the upper half of Figures 13b and 13c 

was detected along the [001] zone. Figure 13d shows the position 

of the streaking along the [001] zone. This streaking was hardly 

discernible on the actual patterns and was partially masked by 

radial thermal streaking. Difficulty was encountered in making 

this streaking distinguishable on the prints. The streaking was not 

detected on the pattern, Figure 13a, from the solution heat treated 

specimens. Since the streaking was found only on patterns from 

aged specimens, the streaking was considered to be precipitation 

related. 

Since planes of a zone are parallel to the zone axis, the Laue 

spots along the [001] zones of Figures 12 and 13 were reflections 

from (hk0) planes. Planes with h, k, 0 indices are represented 

by h, k, 0 reciprocal lattice points which are located on the .Q = 0 

layer of the reciprocal lattice. Because the precipitation related 
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streaking was along the [001] zone, the streaking must have origina- 

ted from reciprocal lattice modifications located on the .Q = 

layer. Figure 14 illustrates this. If, for example, the reciprocal 

lattice modifications were located above the .Q = 0 layer, the scat- 

tering from the modifications would not have been along the [001] 

zone. 

Both the rod and planar area reciprocal lattice modifica- 

tions shown in Figure 14 could have caused the [001] zone streaking. 

Figure 14 also shows that streaks through Laue spots were not 

necessarily caused by modifications which passed through recipro- 

cal lattice points. If it were known that the modifications passed 

through and were symmetrical about matrix reciprocal lattice 

points, then the crystal periodicity loss interpretation of the 

precipitation related scattering would have applied. Since the latter 

was not known, both the crystal periodicity loss and small particle 

interpretations were applicable. 

The interpretation of the precipitation related streaking 

would have been simplified if strictly monochromatic radiation 

had been used. With strictly monochromatic radiation, only the 

modification which passed through reciprocal lattice points would 

have been capable of producing streaks through Laue spots. Further, 

the type of modification causing the streaking could have been 

determined. Rods would have produced only short diffuse streaks 

0 
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if monochromatic radiation had been used, whereas planar areas 

would have produced long diffuse streaks. No equipment was 

available for producing highly monochromatic x -rays. A source of 

crystal monochromated x -rays was needed for the investigation. 

Several exposures were made with filtered incident x -rays (6, p..16). 

This filtering, however, increased only the relative intensity of 

certain wavelengths and did not produce monochromatic x -rays. 

The patterns obtained with filtered and non -filtered x -rays were the 

same, except that there was a slight variation of intensity. 

The only precipitation related streaking observed was along 

the [001] zone. The [001] direction, however, belongs to a family 

of equivalent <100> directions. Therefore, by generalizing, it 

was expected that precipitation related streaking should have been 

detected along all the <100> zones of the patterns from aged speci- 

ments. The fact that precipitation related streaking was not 

detected along all the <100> zone was due to a lack of experimental 

sensitivity. 

The extraneous diffuse radiation and radial thermal scatter- 

ing masked the precipitation related streaking. For instance, the 

extremely light precipitation related streaking on Figure 13c would 

have been more discernible if the intensity of the diffuse extraneous 

radiation had been reduced. Also,the radial thermal scattering 

along the [001] zone of Figure 13c overlapped the precipitation 
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related scattering and interfered with its detection. 

In order to resolve the faint streaking on Figure 13c, a 

5. 6 hour exposure at a 5. 6 cm, film to specimen distance was re- 

quired. The streaking was not detected on a 1. 5 hour exposure at 

a 3. 4 cm, film to specimen distance. Perhaps precipitation 

related streaking would have been detected on the patterns of Figure 

10 if longer exposure times and longer film to specimen distances 

had been used. 

The most discernible streaking was observed on the patterns 

of Figure 12. The orientation of the specimen was such that the 

[001] zone was not radially directed. Consequently,the radial ther- 

mal scattering did not interfere with the detection of weak precipi- 

tation related scattering. Further, the orientation of the specimen 

relative to the reflection sphere was more favorable for the 

detection of reciprocal lattice modifications. All the matrix Laue 

spots along the [001] zone were of low indices, thus indicating that 

the diffraction affects along the [001] zone were from a region close 

to the origin of the reciprocal lattice. According to Guinier (15, 

p. 92), the region close to the origin of the reciprocal lattice 

produces the most intense diffraction effects. 

In terms of a small particle interpretation and planar modi- 

fications, the precipitation related streaking represented precipitate 

stringlets which were parallel to the <100> directions of the matrix 
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(refer to Figure 7). The rods represented precipitate platelets 

which were parallel to two of the <100> directions, or, more 

simply, parallel to { 100} planes. 

Both the stringlet and platelet particles predicted by the small 

particle interpretation had specific orientation relative to the ma- 

trix. This fact tacitly implied that the particles were coherent 

with the matrix during the early stages of aging. It was difficult 

to believe that the orientational relationships would have been 

so definite without the existence of coherency during the early 

stages of aging. 

By the crystal periodicity loss interpretation, the planar 

area modifications represented solute rich regions which were 

linearly coherent with the matrix in the <100> directions. Because 

the conditions for growth are generally more favorable in the 

direction of coherency, the linearly coherent regions were probably 

stringlet shaped. The rods represented solute rich regions which 

were coherent with the matrix in two <100> directions. Since these 

latter regions were coherent in two directions, the regions tended 

to grow in two directions. Therefore, as a first approximation 

the regions would be expected to be platelet shaped. 

Because of the previously mentioned limitations of the 

polychromatic radiation Laue method, further interpretation was 

not possible. Other investigators (12, 16, 19, 25), however, using 
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monochromatic x -rays and pure Al -Mg -Si alloys all reported 

finding linearly coherent stringlet or needle shaped particles in 

the <100> directions of the matrix. None of the other investigators 

conclusively substantiated the existence of coherent precipitate 

platelets. However, incoherent platelets of equilibrium Mg2Si 

have been detected in overaged alloys. The experimental evidence 

and the results of other investigations, therefore, favors the con- 

clusion that coherent precipitate stringlets formed along the <100> 

directions of the single crystal specimens during the early stages 

of aging. 

None of the patterns from aged specimens indicated that the 

crystals were plastically strained as a result of aging. No frag- 

mented or radially elongated Laue spots were observed which could 

be attributed to plastic straining. If the Laue spots had been 

elongated in the radial direction by plastic straining, the affect 

probably would have been masked by the radial thermal streaking. 

Therefore, the experimental method was incapable of detecting 

slight amounts of plastic strain and no gross straining was detected. 

According to Geisler and Hill (12) arid also Thomas (25), 

equilibrium Mg2Si platelets form in Al -Mg -Si alloys which are 

given a prolonged aging treatment. Further, these platelets form 

parallel to { 100} planes such that the <110> Mg2Si directions are 

parallel to <100> aluminum directions. Figure 15 shows the 



possible equilibrium Mg2Si Laue spot positions along the [001] 

zone of Figure 12 for the reported equilibrium Mg2Si platelet c - 
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tations. Figure 15 shows the f = 0 layer of the aluminum recipro- 

cal lattice. Coplanar with the aluminum lattice is a layer of the 

Mg2Si lattice. By applying the construction of Figure 6 the possible 

positions of Mg2Si Laue spots along the [001] zone of Figure 12 

were determined. It should be noted that Figure 15 does not give 

a true perspective of the Laue spot positions. The incident x -ray 

beam was rotated 12 degrees from the [001] direction about the [110] 

direction. The reflection sphere section shown in Figure 15 would 

have appeared as an ellipse if viewed along the incident x -ray beam. 

Further, it should be noted that the upper half of the reflection 

sphere section was symmetrical with the lower half. 

For the Mg2Si orientation shown in Figure 15a it was evi- 

dent that the (hk0) Mg2Si and (hk0) aluminum Laue spots coincided. 

However, in the other two possible orientations, Figures 15b and 

15c, the matrix and precipitate Laue spots did not coincide. 

comparing Figures 15b and 15e with Figures 12f and 12g it was 

observed that the most intense portions of the streaks were 

approximately located at the predicted Mg2Si Laue spot positions (Figure 

15). For example, no intense streaking was detected between the 

(120) and (110) Laue spots of Figures 12f and 12g. However, the 

diffuse nature of the streaking made it impossible to verify that 

By 
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Mg2Si had formed in the alloy with the <110> Mg2Si directions 

parallel to the <100> aluminum directions. The fact that no sharp 

spots were observed indicated that the precipitate particles in the 

overaged specimens were too small to produce distinct Laue dif- 

fraction spots. 

Sequence of Precipitation 

The patterns of Figure 12 displayed a sequence of precipi- 

tation. The first faint diffuse streaks during the early stages of 

aging were caused by the clustering of solute atoms. These clusters 

of atoms were linearly coherent with the matrix in the <100> 

directions and were stringlet shaped. Because the clusters were 

small, the disruption of the crystal lattice periodicity was slight 

and only weak diffuse streaking was observed. As the stringlets 

shaped clusters grew in size, the degree of crystal periodicity 

loss increased. Since the stringlets were coherent in the long 

direction, the increased periodicity loss must have been caused by 

stringlet diameter or length increase. 

The point during the aging process at which the small 

equilibrium precipitate particles formed was indefinite. Both the 

clusters and the small equilibrium particles were capable of pro- 

ducing diffuse scattering. Further, because the particles were not 

all at the same stage of growth simultaneously, the streaking could 
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have been caused by both coherent clusters and small equilibrium 

particles. 

In general the results of the investigation were consistent 

with the results of investigation of precipitation from pure Al -Mg- 

Si alloys. No inconsistencies were found. This indicated that the 

mechanism and sequence of precipitation were not appreciably 

affected by the iron bearing impurities. 

Since coherent particles formed, the alloy was coherency 

strengthened. The degree of strengthening due to coherency, 

however, depended on the intensity of the coherency strains. The 

investigation did not yield any information about the extent of the 

coherency strains. The fact that no plastic straining was detected 

during aging, did not indicate that coherency strains were small. 

The rate of recovery may have been sufficiently rapid such that no 

precipitation induced plastic straining occurred. 
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CONCLUSIONS 

1. During the early stages of aging stringlet shaped coherent 

particles formed in the alloy solid solution. 

2. The particles were coherent with the matrix in the 

<100> directions and the long direction of the particles was 

parallel to the <100> matrix directions. 

3. During the early stages of aging the alloy was coherency 

strengthened. 

4. The degree of strengthening due to coherency was not 

determined. 

5. The experimental method was incapable of detecting slight 

amounts of precipitation induced plastic straining and no gross 

plastic straining was detected. 

6. The precipitate particles in overaged specimens were too small . 

to produce distinct Laue spots. 

7. The mechanism of precipitation in the alloy was essentially the 

same as the mechanism of precipitation in pure Al -Mg -Si 

alloys. 
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APPENDIX 



ORIENTATIONS 
001 - Crystal 
110 - Crystal 

12 °001 - Crystal 
20° 001 - Crystal 

TABLE III LIST OF LAUE TRANSMISSION PATTERN 

001 direction parallel to incident x -ray beam 
110 direction parallel to incident x -ray beam 

Rotated such that [001 direction was 12° from incident x -ray beam 
Rotated such that 10011 direction was 20° from incident x -ray beam 

AGING SPECIMEN TO 
C° ORIENTATION RADIATION FILM DIST. , cm COLLIMATOR COMMENTS SPECIMEN RUN 

AGING 

TIME, HR. TEMPERATURE, 

A 1 0 001 W 3.4 A 
0 12° 001 W 

0 20° 001 W 
0 001 Cu 
0 12° 001 Cu 
0 -- 20° 001 Cu 
1 180 001 W 
1 180 12° 001 W 

1 180 20° 001 W 

1 180 001 Cu 
1 180 12° 001 Cu 
1 180 20° 001 Cu 

1 & 2 180 & 290 001 W 

1 & 2 180 & 290 12° 001 W Precipitation related streaking 
1 & 2 180 & 290 20° 001 W 
1 & 2 180 G 290 001 Cu 
1 & 2 180 & 290 12° 001 Cu 

1 1 & 2 180 8.290 20° 001 Cu 
2 0 001 W 

2 0 -- 12° 001 W 
2 1 220 001 W 

1 220 12° 001 W 

2 220 001 W 
A 2 220 12° 001 W 3.4 A Precipitation related streaking 

-- 

-- 



TABLE III - Continued 

SPECIMEN RUN 

AGING 
TIME, HR. TEMPERATURE, C° ORIENTATION RADIATION 

SPECIMEN TO 

FILM DIST. , cm COLLIMATOR COMMENTS 

A 2 3 220 001 W 3.4 A Precipitation related scattering 
3 220 12° 001 W 

11 220 001 W 

11 220 12° 001 W Precipitation related scattering 
60 220 001 W 

60 220 12° 001 W Precipitation related scattering 
60 & 12 220 & 390 001 W 

A 2 60 & 12 220 & 390 12° 001 W 3.4 A 

B 1 0 110 Cu S.6 B 

0 -- 3.4 
5 180 6.5 
5 180 5. 6 Precipitation related scattering 
5 180 3.4 

30 180 6.5 
30 180 5. 6 Precipitation related scattering 

B 1 30 180 110 3.4 B 

C 1 0 unknown W 3.4 A Rejected, small crystal impurity 
D 1 0 unknown W 3.4 A Rejected, small crystal impurity 
E 1 0 -- 001 Cu 3.4 B 

E 1 2 180 001 Cu 3.4 B Specimen damaged 
F 1 0 -- W 3.4 B Could not orient 
G 1 0 W 3.4 A Could not orient 

-- 

-- 
-- 

- -- 
- -- 


