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Abstract

The strength and fatigue resistance of a precipitate strengthened Cu-1.6-2.5 wt% Ni-
0.4-0.8 wt% Si alloy has been investigated. The ageing behaviour and static tensile
properties of the material have been determined. In conjunction with this an
intensive investigation of the strengthening precipitate has also been carried out.
High and Low cycle fatigue tests have been performed at constant applied stress
amplitude and constant total applied strain amplitude respectively. The crack
growth resistance of the material was determined in the Paris Law regime and close
to the threshold.

The results of investigation of the precipitate revealed that it forms and grows as
discs and its structure corresponds to that of 8-NiySi , with an orthorhombic unit
cell with a=7.13 A , b=5.06 & ¢=3.67 A. The habit plane of the precipitate was found
to be (110) its orientation relationship with the matrix was found to be;

ppt
The precipitate structure and shape did not change for ageing times between 1 and
1000 hours though coarsening occurred and the aspect ratio of the discs increased.
No intermediate precipitates were observed , presumably a consequence of the small
misfit involved when 8—N1281 forms on {110}, planes. Ring patterns obtained from
foils and replicas confirmed that the precipitate was 8-NigSi but compositional
analysis indicated that the precipitate composition was on the Si rich side of the
stoichiometric composition - tending towards NiySi with ageing.

It was found that ageing at 450°C for 25 hours gave a peak tensile stress of 716 MPa ,
ageing at 475°C resulted in similar strength being achieved after only 5 hours. In the
commercial AR material the strength achieved after cold work and 2 hours ageing
was 756 MPa. The work hardening characteristics indicated by stress-strain curves
obtained from the lightly aged material suggested that the precipitates at this stage
were being cut by dislocations. At larger sizes the precipitates are impenetrable and
an Orowan mechanism is operative.

High cycle fatigue tests revealed that the AR material had the best fatigue resistance
while the ST/A[2] was better than the other aged conditions. In terms of fatigue ratio
the ST material was the best and the AR and ST/A[2] conditions were similar but
inferior to the ST material and the ST/A[25] and ST/A[800] conditions showed the
poorest behaviour. Crack growth rate measurements were made on material in the
AR , ST and ST/AJ2] conditions. For a given stress intensity range there was little
difference between the three conditions. Threshold determinations were also made.
The AR showed the highest value , while the ST and ST/A[2] were basically similar.
Measurements of the cyclic hardening and softening behaviour were made on the
AR , ST and ST/A[2] conditions. The results indicated that the ST/A[2] material
first hardened and then softened. Its behaviour is attributed to precipitate
resolution in persistent slip bands.
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Chapter 1. Introduction
1.0 Introduction

Precipitate strengthened materials are extensively used in many applications. One
of the main benefits of this method of strengthening are that the material can be
formed in its fully softened , solution treated condition and the required strength
can be obtained by ageing the material to induce precipitation and obtain the
required strength towards the end of the manufacturing process. There are many
precipitate strengthened materials , the most notable being the Al- and Ni-base
alloys which are widespread in the aerospace industry. Al-base alloys are
particularly useful because of their strength and lightness; the Ni-base alloys are
used in high temperature application such as turbine blades because of their ability
to retain their strength at elevated temperatures.

Precipitation hardening is exploited in copper base alloys also , but the density and
cost of these materials means that the number of applications for them is far more
limited. Chief amongst these which have found specific applications is Cu-Be. This
material possesses exceptional strength in its strongest (solution treated , cold
worked and aged) condition - a 0.1% proof stress of 1080 MPa and a UTS of 1400
MPa in comparison to pure Cu with a 0.1% proof stress of 30 MPa and a UTS of 155
MPa. Cu-Be alloys find applications where their high strength and electrical
conductivity justify the expense and , like Al-Cu alloys , the equilibrium precipitate
is not formed immediately and the peak strength occurs when an intermediate
precipitate is formed. Cu-Co is another well known Cu-base alloy , there are few if
any commercial applications for this material but much work has been done on it
because it provides a model system for precipitation. The precipitates consist of
pure Co with an f.c.c. structure and no intermediate precipitates are involved in the
hardening process. In contrast Cu-Ni-Si has been relatively poorly studied . It does
not have the high strength of the Cu-Be alloy , but does possess good strength (a 0.2%
proof stress of 610 MPa) together with a higher electrical conductivity and good heat
conduction. This material finds applications that exploit these properties such as
circuit breakers , electrical contacts , switch gear , relays , etc. This material has
still , however , not been exploited to the extent of other precipitate strengthened
materials and there is a need to understand the behaviour of the material more fully
if its potential is to be realised. For example there is little or no data on its fatigue
resistance. Since precipitate hardened alloys are notorious for not providing the
fatigue resistance which their static strength appears to promise , this is an area
clearly in need of investigation. It also appears that understanding fatigue
behaviour requires a more complete characterisation of the precipitation process
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Chapter 1. Introduction

than has hitherto existed.

In assessing the fatigue characteristics of a material a number of approaches can be
adopted. In applications involving a large number of cycles at a fairly low stress
level the most appropriate data to obtain fatigue data is an S-N curve , in which the
lifetime of the component (usually >104 cycles) is measured as a function of stress
amplitude. This type of test is appropriate to cases in which initiation of fatigue
cracks is the lifetime determining factor and the endurance limit is taken as the
stress required to accomplish this. Alternatively in other applications , thermal
fatigue for example , high strains are intermittently encountered and fatigue occurs
in a short number of cycles (< 10%). The response of precipitate hardened alloys to
this type of behaviour is important since the presence of precipitates modifies the
cyclic hardening of the material and this depending on the precipitate size , type and
distribution. Materials which contain coherent underaged or peak aged precipitates
are found to exhibit initial hardening followed by softening. This is believed to be a
result of the precipitates within the material being damaged during fatigue. This
damage to the precipitates occurs within the persistent slip bands which form on or
near the surface of the material during fatigue. Several different theories have been
proposed to account for this behaviour; although all are based on the precipitate’s
strengthening effect being locally removed in the persistent slip bands - either by
cutting or solute diffusion from the precipitates. The removal of the precipitates
within persistent slip bands leads to easier nucleation and growth of the stage I
fatigue cracks which subsequently shortens the fatigue lives resulting in the fatigue
strength of these materials being lower than anticipated.

It is also important to establish whether or not the treatments used to enhance
static strength are equally effective (or detrimental) as far as fatigue crack growth
resistance is concerned. In general at intermediate growth rates microstructural
effects are small but at low growth rates , close to the threshold , this is not always
the case. It was the absence of any of these data - on high cycle fatigue , low cycle
fatigue or crack growth resistance - for this particular alloy that the present work
was undertaken - not simply to obtain the data but to add to the body of knowledge
on the fatigue behaviour of precipitation hardened systems from the perspective
peculiar to this system.
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Chapter 2. Literature Review

20 Literature Review
21 Age Hardening
2.1.1 Age Hardening Phenomenon

The ability of alloys to increase their strength by ageing after quenching from an
elevated temperature was first discovered by Wilm (1) in 1906 in an aluminium 3.5%
Cu and 0.5% Mg alloy. He found that age hardening occurred at room temperature
and that maximum strength developed after five days. Ageing at higher
temperatures not only decreased the time required , up to a critical temperature , but
increased the final hardness and strength. After Wilm's discovery numerous alloy
systems were investigated to see if they too possessed age hardening characteristics.
At the present time the number of such systems is vast , ranging from the complex
nickel superalloys through to the relatively simple high conductivity copper base
alloys. The majority of systems do not age at room temperature and have to be

“artificially” aged at elevated temperature to allow the strengthening phase to come
out of solution.

Despite the relatively early discovery of age hardening behaviour the reason for the
increase in strength was not fully understood until the mid-1950's. It had been
known previously that the phase CuAl, was formed when Cu was present in Al , that
the Cu had greater solubility at higher temperatures, and that in Al-Cu alloys it was
the decomposition of the supersaturated solid solution formed upon quenching that
caused the hardening. But it was Wasserman and Weerts (2) who showed that the
strength increase was associated with the formation of intermediate phases and
that transition to the equilibrium CuAly () precipitate actually resulted in a
reduction in strength/hardness.

The existence and nature of the intermediate precipitates was established by
Guinier and Preston and in recognition of this they are called (G.P.) zones. As ageing
continues the structure of the precipitate gradually changes to the equilibrium
CuAly phase but only after a number of intermediate steps involving metastable
structures , the ageing sequence of which is shown below;

G.P.zones - 06" (G.P.2zones) - 6'- 0

The identification of the age hardening process with the decomposition of the
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supersaturated solid solution implies that the system must show a decreasing solid
solubility with temperature , so that when the alloy is quenched from an elevated
temperature where the solubility is high, the solute atoms are retained in solid
solution. This solid solution is unstable and will decompose at temperatures at
which the solute atoms are able to diffuse to form a fine dispersion of a second
phase. It was noted by Jagodzinski & Laves (3) that the rate of formation of G.P.
zones requires a diffusion coefficient of the order of 107greater than that found by
extrapolation of high temperature measurements. De Sorbo et al (4) accounted for
this anomaly by proposing that the large numbers of vacancies present at the
solution treatment temperature are retained upon quenching and that these
vacancies are then available to assist in the diffusion of solute atoms when the
alloy is aged. The reason that transition phases form initially is because the
activation energy for their formation is lower than the activation energy of the
equilibrium phase , despite the fact that the latter possesses the lowest free energy.

It has been found that the precipitation behaviour can be modified by cold working
the alloy between the solution treatment and ageing stages. In general the maximum
strength/hardness of the alloy is increased , the increase being caused by the large
number of extra heterogeneous nucleation sites available to the precipitates. These
extra sites are the dislocations that form as the alloy is deformed and this method
of producing extra strength is often used in commercial alloys. Tonda et al (5) noted
that deformation prior to the ageing of a Cu-Ni-Si alloy lowered the resistivity and
related this to the increased precipitation removing more solute atoms from
solution. Lei & Wang (6) found that deformation prior to and after solution
treatment increased the aged strength of an Al-Cu-Mg-Mn alloy. They deduced that
this was a result of strain induced precipitation and polygonisation of the
dislocation network. These effects contribute approximately 12% and 8% to the
strength respectively , so that the total increase in strength was approximately 20%
for a 40% drawing operation. Xiaoxin & Martin (7) noted that stretching prior to
ageing increased the strength of an Al-Li-Cu-Mg-Zr alloy which they attributed to
the introduction of dislocation networks and the heterogeneous nucleation of S
phase on the dislocations (the precipitates that occur in Al-Li alloys are discussed in
section 2.1.3). A 4% stretch provides the greatest strength because the S phase
precipitates are much finer than those in 7% stretched alloy. The increase in fatigue
strength due to thermo-mechanical treatments (TMT) is discussed in section 2.2.3.6.

Precipitates formed by ageing usually have a well defined geometric shape (spheres,
rods or discs) and in the latter case may form upon a specific crystallographic plane

Page 4



Chapter 2. Literature Review

in the matrix - the habit plane. The choice of habit plane may be determined by
anisotropy in the elasticity of the matrix; if the precipitate forms on planes with
low stiffness the strain energy generated by the mismatch in volume between
precipitate and matrix can be reduced. For example, in Al-Cu the plane of lowest
elastic modulus is {100} and precipitates forn as discs on this plane. Precipitate
shape can also govern the orientation relationship - most disc shaped precipitates
form on {100} planes , whereas highly strained rods will tend to sit in specific
directions within the matrix, for example, the rod precipitates in Al-Mg lie on
<110>.

When a second phase precipitates within a matrix it will at first adopt the matrix
structure because there is little or no strain energy to be accommodated, ie. the
solute atoms singly cluster together to form small solute rich zones. As the size of
these zones increases they adopt a crystal structure which is distinct from that of
the matrix but with lattice matching between the two structures of precipitate and
matrix. The degree of lattice matching is referred to as the state of coherency.
Martin (8) has defined that a fully coherent interface as one in which the planes of
the two structures are common in both and any strain is stored elastically. A semi-
coherent interface is one where misfit is present which can only be accommodated
by dislocations in the interface and an incoherent interface is one where no lattice
matching exists between the matrix and precipitate. Therefore , a coherent
precipitate has all interfaces with the matrix coherent , a semi-coherent precipitate
has at least one coherent interface and an incoherent precipitate has no coherent
interface. The precipitates remain coherent up until the maximum strength. As the

precipitates continue to grow they tend towards their equilibrium structure which is
usually very different from the matrix structure so that the precipitates in general
become firstly semi-coherent and finally incoherent after overageing.

2.1.2

The strength that a precipitation hardened alloy possesses is a result of the
difficulty that dislocations find in overcoming the small but strong obstacles that
the precipitates represent. This section details the various mechanisms by which
this strengthening occurs.

The first explanations of strengthening due to precipitates were made on the basis
that the precipitates were impenetrable by dislocations. Orowan (9) proposed that
dislocations would be halted by precipitates until the shear stress on the dislocation
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causes it to bow between the precipitates. When the dislocations have completely
bowed around the precipitates the dislocation line reforms and moves away leaving
dislocation rings surrounding the precipitates. This is shown schematically in
figure 2.1 (10). Orowan proposed the simple equation based on the stress required to
force the dislocation between the precipitates;

To= Gb/l 2.1

where G = the shear modulus , b = the Burgers vector and A= the spacing between the
precipitates.

This equation has been modified by Ashby (11) to account for dislocation line
tension , mean free path and dislocation segment interaction on either side of the
precipitates.

Ac =0.13Gb/; In 1/y, 2.9

If the precipitates are small , coherent and closely packed , dislocations find it
difficult to loop around or cross-slip over them. The stress required for cutting is
lower than the stress needed to loop around the precipitate , so that precipitate
cutting occurs in preference to Orowan looping. As the precipitates grow with
increased ageing time and/or temperature , their spacing increases and cutting will
continue providing the interparticle spacing is small enough to prevent looping or
cross-slip. Not only the spacing affects the mode of dislocation interaction , but the
physical state of the precipitate is also important because for a dislocation to pass
through it the precipitate has to be at least semi-coherent and has to possess a slip
plane which is close to or parallel to that in the matrix (12). Most precipitates will
show a reduction in the degree of coherency as they increase in size and so the two
important parameters which control the mechanism of dislocation interaction are;

i. State of coherency.
ii. Interparticle spacing.

The first can be deduced from examination of the microstructure in the electron
microscope or from study of the ageing curve. The spacing is often included in
equations used to calculate the strength increase due to the presence of precipitates
and can be calculated using the following equation;
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where Nj=number of precipitates per unit area , A=mean precipitate area and
f,=volume fraction of precipitates.

A is usually calculated by assuming that the precipitates are spherical. A more
complex equation based on an array of aligned array of line obstacles was deduced
by Kelly (13) and is shown below ;

U\ =(1+P/L)/, 2.4

where A = average effective particle spacing , P = line obstacle length and L = centre
to centre spacing with L = (N A)'0'5.

Equation 2.4 does not taken into account the thickness of the particles. Kelly
modified this equation by subtracting nt/o to account for the finite thickness
obtaining;

A=At/ = L/(1+P/L) - nt/2 2.5

where A = effective interparticle spacing , t = particle thickness D = particle
diameter and P the equivalent line obstacle length is P= (2D/_-t/5).

Bush & Kelly (14) found that the strength increase was dependent on precipitate
shape. Their work on the strengthening mechanisms in bainitic steels , showed that
elongated carbides provided significantly greater strength increases than spherical
particles. These workers were , however , dealing with Orowan-type strengthening
and the precipitates under consideration were not cut by the action of dislocations
upon them. They found that discs provided the greatest strengthening effect ,
followed by rods and then spheres (for equal volume fractions of precipitates). Upon
further investigation, Kelly (13) noted that the effect of shape on the strengthening
arose in two ways. Firstly it determines the number of precipitates that intersect the
slip plane, and secondly it affects the ease of dislocation bypass.

The majority of commercial alloys are strengthened by ageing to produce either the
peak strength condition or by slightly underageing to produce slightly smaller
precipitates which are closely spaced , coherent and so may be cut by dislocations.
Ardell (15) reviewed the six different mechanisms of strengthening associated with
this type of precipitate/dislocation interaction. These are shown below;
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1. Coherency Strengthening
2. Chemical strengthening

3. Order strengthening
4. Modulus hardening

5. Stacking fault strengthening
6. Effect of particle sizes

It should be noted that usually a combination of all these strengthening effects will
occur; the individual mechanisms do not act singly. Historically , one of the first
factors to be considered was the interaction of a dislocation with the coherency
strains that surround those precipitates due to the matrix and precipitate having
different lattice parameters. When the precipitates are small the resulting strain
across the matrix/precipitate interface can be simply accommodated by an elastic
strain and by this mechanism strains of up to 5% can be accommodated. Larger
precipitates accommodate this strain by the introduction of dislocations at the
matrix/precipitate interface. This occurs because as precipitates increase in size so
they try to adopt their correct lattice parameter and this leads to an increase in the
strain at the interface which cannot be accommodated by elastic strain. Mott &
Nabarro (16) realized that this strain could act as a source of strengthening and
deduced that the resultant increase in strength Ac would be related to the amount of
strain and the number of precipitates in a given volume and obtained the following
equation ;
Ac~2Gef 2.6

or to be more rigorous Ac~ GG(rf/b]O'5 el5 2.7

where G=Shear modulus , e=misfit strain , f=volume fraction of precipitates ,
r=precipitate radius and b=Burgers vector.

Cu-Co is one alloy system in which the effect of coherency strain is believed to be the
main strengthening mechanism (15) , although when the precipitates have grown to
sizes >100 A, deformation is believed to occur via an Orowan type mechanism (17).
This system is discussed in more detail in the following section.

Chemical hardening was considered by Kelly & Nicholson (12). It is the work
required to create a step of width b (the Burgers vector) on either side of the
precipitate as a dislocation traverses through it because of the surface energy of the
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new surfaces so created. The increase in strength is given by ;
Ac~2(6)%-5fy g/nr 2.8

where yg is energy per unit area of the precipitate-matrix interface. This
mechanism is not believed to cause significant effects and only really applies for
very small precipitate sizes.

Order hardening results because some precipitates are intermetallics which possess
ordered structures , so the shearing of the precipitates creates a new interface which
requires the introduction of an anti-phase boundary and the work done in creating
this causes an increase in strength. The following equation was proposed by Brown
& Ham (18);

Ao~ 2/mE)%-5((y 4p)/b) 1.5 0.5¢0.5 2.9
where Yapb is the energy required to disorder the precipitate structure.

The classic alloy system that derives its strength from ordered precipitates is the
Ni-base superalloys where the y'-Nig(AlTi) precipitate is an ordered f.c.c.
superlattice of the CugAu type. This system is considered further in the next section.

Russell & Brown (19) proposed that the different moduli of the precipitate and
matrix could give rise to a strengthening affect as a result of altering the line
tension of the dislocation. This alteration requires additional work to be carried
out as the precipitate is cut thereby increasing the strength of the alloy according to
the following equation ;

Ac~ 0.8Gb(1-E2/E52)0-5/1 2.10

where E; = modulus of soft phase and Eg= modulus of hard phase. This is not a very
significant source of strength as in the majority of alloy systems there is generally
very little difference of moduli between the precipitates and matrix. Melander &
Persson (20) used the Al-Zn-Mg system as an example of an alloy that derives its
strength from this mechanism , but some doubt exists as to whether the results for
this alloy were valid due to the difficulty in measuring the precipitate modulus
within the matrix since it is different from the modulus of the precipitate material
when not constrained within the matrix.
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Stacking fault strengthening is caused by the difference in stacking fault energy
between the matrix and precipitate , with dislocation motion becoming impaired as
a result of the change in separation of partial dislocations necessary for the cutting
to occur. Hirsch & Kelly (21) derived the following equation for strengthening
arising from this source ;

A0~ Cl (Y- Yp)/ D) (BR(@)Inly /Y p)/E) F 11066 2.11

where k(a) is the partial dislocation separating force times the separation distance
and F, is a complex function of stacking fault width and precipitate size. The Al-Ag
alloy system derives the bulk of its strength from this mechanism and its behaviour
was found to fit the theoretical predictions reasonably well.

It has also been proposed (15) that the strengthening associated with a range of
precipitate sizes will be greater than that due to a simple unimodal precipitate
distribution. This is because a bimodal or larger distribution of precipitate sizes
alters the mechanism for dislocation movement since the dislocations not only
have to overcome a fine dispersion of small particles but also a coarser dispersion
of larger precipitates. The problem that the dislocation is confronted by is that it
may have to adopt a certain configuration to cut a small precipitate but to cut a
larger one another configuration is required. The dislocation will have to undergo
such rearrangement on a regular basis and this will require additional work to be
done. So far no formulae have been derived to describe this behaviour and only
experimental observations have been noted to date. This effect is utilised in certain
alloy systems such as the Ni-base superalloys.

As noted previously it is difficult to isolate the predominant mechanism amongst
all the above possibilities and it can be considered that all will play a part in the
process of strengthening the alloy to a larger or smaller degree.

2.1.3

The simplest method to observe the strengthening effect of precipitates on an alloy
is to plot the hardness vs ageing time. In general the hardness rises rapidly to a peak
and then falls off slowly as ageing time is increased. The ageing curve represents a
combination of both cutting and bowing & looping. At short ageing times cutting
predominates and after long ageing times the bowing and looping predominates. At
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peak strength both mechanisms can occur.

The effect of the two different precipitate/dislocation interactions can also be seen
in the stress-strain curves of an alloy. The differences in behaviour have been
summarised by Martin (12). The proof stress of a precipitate strengthened alloy will
be larger than the proof stress of the base metal. If the strengthening precipitates are
underaged ie. fine , closely spaced and coherent , the stress strain curve of the alloy
will be of a similar shape to that obtained from the base metal or the solution
treated alloy except for the much higher yield stress. This is because there is very
little additional strain hardening associated with alloys that contain precipitates
which are shearable. Similarly , single phase alloys do not show large amounts of
work hardening. When the strengthening precipitates are either peak aged or
overaged (so that the precipitates are incoherent and/or widely spaced) ,
dislocations will bypass the precipitates and leave behind dislocation loops which
together with the precipitates cause substantial strain hardening. This strain
hardening can be seen in the stress strain curve as the large gradient of the curve
after yielding has occurred. These features of the alloys can be seen in the schematic
diagram shown in figure 2.2 (10).

If a material is tested at elevated temperatures the mechanical properties of the
material can be adversely affected. Carreker & Hibbard (22) found that in pure Cu as
the test temperature was increased the material became embrittled. The UTS was
reduced dramatically and the % elongation to failure was similarly affected
although the yield stress did not exhibit such a large dependence on test
temperature. These features can be seen in figures 2.3 and 2.4. The cause of this
behaviour was found to be a change in the fracture mode; as the temperature was
increased so the incidence of intergranular fracture increased. This was found to be
related to the grain size with the larger grained material failing via a ductile
mechanism at higher temperatures than the fine grained material. The presence of
precipitates can modify this behaviour; the Ni-base superalloys in particular
exhibit greater strength at elevated temperature as a result of the presence of the
Nig(Al Ti) strengthening precipitate (this alloy system is discussed in further detail
in the following section). Most precipitate strengthened alloys do not show an
increase in tensile strength with increased test temperature , as can be seen from
figure 2.5a-b which shows the high temperature behaviour of two Al alloys , 2024-T6
and 7075-T6 (23). A similar behaviour can also be seen in Figure 2.6a-b for two Cu
alloys , Cu-Al-Si-Co and Cu-Be-Co-Si (23). In general , therefore , an increase in test
temperature causes a deterioration in mechanical properties , although above some
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critical temperature some recovery carn occur.

214 Age Hardening alloy systems

Having reviewed the phenomena underlying the hardening process specific age
hardening systems will be considered in the following section.

Al- 11

The solubility of Cu in Al at room temperature is small (see figure 2.7) and when a
4wt% Cu alloy is quenched from a solution temperature of between 500-550°C the Cu
is retained in solution whereupon it precipitates out to form G-P zones after 4-5 days
of room temperature ageing. If the temperature is raised the reaction is speeded up
and the equilibrium precipitate 0 can form in a matter of hours. The formation of
this and the earlier transition precipitate 6’ results in a loss of strength which is a
direct result of the precipitates losing their coherency and altering the mechanism
by which dislocations will interact with the precipitates during deformation. The
precipitation sequence has been already been described in section 2.1.1.

The formation of G.P. zones occurs during ambient temperature or natural ageing.
The Cu atoms migrate to form a Cu-rich aggregation of atoms on the {100} planes in
the Al matrix and these zones are approximately 2 atom layers thick and 30 atom
layers in diameter. The next precipitate to form is 6". This nucleates by the
transformation of the G.P. zones and the precipitate is said to nucleate onto the
zones. The 0” is still coherent despite a growth in size to 10nm thick and 100nm in
diameter. The state of coherency can deduced from either the ageing curve or from
electron microscopy . The orientation relation for this phase is;

(001)g:+//(001)y, and [100]g:+/ /(100}y,

The strength is at a maximum when the alloy contains 6", as shown in figure 2.8,
which is a plot of hardness versus ageing time. The 0" precipitate has a tetragonal
structure with a=b=0.404nm (the lattice parameter of Al) and ¢=0.768nm , so the Al
matrix in the vicinity of this axis is compressed. As the ageing is continued so the
final transition precipitate ' is formed. This is semicoherent and has the
approximate composition CuAly. The structure is still tetragonal with
a=b=0.404nm , but the c-axis is further compressed to 0.580nm and is incoherent
with the matrix. The (001) precipitate planes correspond to the {100} matrix planes ,
but as the (100) and (010) planes are no longer coherent it is necessary for misfit
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dislocations to be present along these planes to accommodate the excess strain. The
' grows on matrix dislocations of the type a/2<110> and this reduces the misfit in
two <110> matrix directions. The 0’ grows at the expense of the less stable 6" which
is seen to dissolve in the vicinity of the 6. The equilibrium precipitate 6 forms
either at the ©'/matrix interface or on grain boundaries. It also has a tetragonal
structure but is incoherent with a=b=0.607nm and ¢=0.487nm.

Al-Li alloys
The Al-Li alloy system is of considerable interest at the present time because of the

decrease in density and increase in modulus that can be achieved with relatively
small additions of Li (Srivatsan & Place (24)). The commercially available alloys ,
such as 8090 , do not just contain Al and Li but also Cu and/or Mg. This combination
of elements gives rise to a complicated precipitation behaviour and at least three
different precipitates.

Considering first the binary Al-Li system. The precipitate that forms in Al alloys
containing >1.7 wt.% Li is §' and has the composition AlgLi with an L1 4 structure. It
nucleates throughout the matrix and is completely coherent , forming as spheres
with the same orientation as the matrix. An equilibrium precipitate 8 with the
composition AlLi and a b.c.c. structure also forms though in much smaller
amounts. It is the fine dispersion of & which strengthens the alloy , it is produced by
quenching from 500-550°C and then ageing between 120-200°C. There is no evidence
in this system for the formation of G.P. zones prior to the nucleation of & and
intensive TEM investigation only revealed weak superlattice reflections which
corresponded to the &' precipitates.

The Cu and Mg in 8090 affect the precipitation behaviour because they can form
phases which will precipitate out of solution during ageing treatments. These
phases , S and T, , are formed in addition to the &' mentioned above. The S phase
which has the composition Al,CuMg forms initially as S’ (see below) usually on
heterogeneous nucleation sites such as grain boundaries , but if prolonged ageing is
carried out homogeneous nucleation can take place. This occurs at the expense of
the strengthening effect of the & which is severely overaged. The S precipitate grows
in <100>,, directions and has a {012}, habit plane. The orientation relationship is
therefore ;

[100]g//[100] . [010]g//[021];, and [001]g//101%}y,
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The precipitation behaviour can be improved by stretching prior to ageing. This
increases the number of heterogeneous nucleation sites and so a more evenly
distributed dispersion of S' is formed. The transformation of S’ to S only consists of
a slight change in the lattice parameter and in general the precipitate is termed S.
The T1 precipitate has the composition AloCuli and as such competes with the S for
the available Cu atoms. Consequently any treatment which encourages the growth
of T1 will do so at the expense of S. T1 has a hexagonal structure and precipitates at
matrix dislocations. It forms with a plate-like morphology with the orientation
relation ;

(0001)p; //(111) and [1010kp /1 10}y,

{111}, being the habit plane. The composition of the precipitate is AloCuli and this
has a hexagonal structure. Mg may be incorporated into this precipitate which
changes the precipitate morphology from plate-like to rounded lath.

Ni-Al alloys

This group of alloys is of interest because most of their strength is derived from the
order hardening of the NigAl precipitates. Ni-Al alloys are possibly the most well
known of all precipitation strengthened alloys. The composition is not limited to
Ni and Al , large amounts of other elements are added suchas W, Cr, Co, Ti, Fe, etc.
In binary Ni-Al alloys , Ni exhibits a drop of solublility of Al from 18 at% at 1150°C
to 12 at% at 750°C and following ageing the phase y'-NigAl precipitates out of the
supersaturated solid solution if greater than 12.7 at% Al is present. The shape of the
precipitates is determined by the degree of lattice matching. Between 0.0-0.2%
mismatch the precipitates form as spheres , between 0.5-1.0% as cubes , and if
greater than 1.25% , as plates. The degree of mismatch increases as the size of the
precipitates is increased. The presence of other elements can also change the v’
lattice parameter. The matrix and precipitate have a similar f.c.c. structure but in y'
the Ni and Al atoms are ordered to form a superlattice with the Ni atoms at the cube
faces and the Al atoms at the cube corners. Since the precipitate NigAl has such a
similar structure to the matrix it can form easily on the cube faces of matrix with
very little strain needing to be accommodated. In the complex commercial alloys
the presence of other elements will cause changes and if the alloy contains
reasonable amounts of Ti , Ta and Nb , the precipitate n can form which has a
hexagonal close packed structure and the composition NigTi , Ta or Nb. Such alloys
can also contain carbon and , therefore , carbide precipitation can also be used to
strengthen Ni- base alloys.
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Cu-Be alloys

The Cu-Be system is possibly the most well known precipitate strengthened Cu-base
alloy. It was first developed in the early part of this century and has found
widespread use as a high strength electrical conductor. As an example of its high
strength Djuric et al (25) noted that in a Cu-2wt% Be material the peak hardness of
~395 HVN occurred after only 4 hours at 300°C.

Despite numerous investigations the precipitate structure and ageing sequence have
not been fully clarified. All workers on this alloy have found that G.P. zones formed
as Be monolayers on {100} planes shown in diffraction patterns by streaking in the
<100> directions. As ageing is continued the streaks become shorter and more
intense until after long ageing times they split to give spots , corresponding to the
formation of the equilibrium phase. Rioja & Laughlin (26) found a precursor phase
to the G.P. zones in an alloy aged at room temperature , this consisting of “equiaxed
clusters” of spherical Be-rich regions 1.5-3.0nm in diameter aligned in <100> and
<110> directions. The G.P. zones were found to nucleate upon these clusters. The next
stage in the precipitation sequence is the formation of the phase denoted by y", but
different workers have found difficulty in consistently obtaining this precipitate.
Shimizu et Al (27) found y” after 20 hours ageing at 250 C and proposed that it
possessed a body centred tetragonal structure with a=0.253nm and ¢=0.290nm with
the orientation relationship ;

[OOI},Ya//((KJl)m and [100],,»//[1'10[1:1.l

These workers regarded this structure as being similar to a CuAu(1) ordered lattice
with the c-axis contracted from 0.358nm to 0.290nm , but Geisler et al (28)
considered y" to be a body centred monoclinic with B=85.25" , a=b=0.254nm and
¢=0.324nm with the relationship ;

(T11)y»//(TT1)y, and (001}~ /110y,

Rioja & Laughlin only found y" if ageing was carried out at or below 300°C. They
proposed that the absence of y" above this temperature is a result of y' forming
preferentially because the supersaturation is too small above 300°C for y" to form.
These workers proposed that y' has a tetragonal structure with a=0.270nm and
¢=0.256nm and found that the precipitate initially grew with a habit plane of {112} ,
but that this changed with continued ageing to {113}. This precipitate is equivalent
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to y and y' reported by Shimizu et al and Bonfield & Edwards (29). Both of these
groups found that this change of habit plane was accompanied by a rotation of 6.81°
off the [010] , axis and the resultant matching of the [130]7- and (113),, planes. The
following orientation relationships apply to y';

initially (120}7.//(1121,,, and IOOILY.NIT 101,
and finally (130)va/{'[ 13);,, and [001]7'//[1101m

The final stage of the precipitation sequence is the formation of the equilibrium
precipitate y. Bonfield & Edwards found that y did not occur unless ageing was
carried out above 425°C for times in excess of 800 hours and only formed by
discontinuous precipitation , whereas Rioja & Laughlin found that it can occur
either after y' or straight from solution. They noted that it possessed a B2 type
structure and the lattice parameter a=0.270nm. If it formed after y’ a Bain
orientation was observed , such that ;

(100), //(110)y, and [100],//[100}y

But if it is formed directly from the supersaturated solid solution a Kurdjumov-
Sachs relationship occurred ;

(101),//(111), and (11T}, //01T0ly,

As the alloy is only aged for short times to achieve maximum strength , the
precipitate present will either be y” or ¥’ depending on which workers results are to
be believed. The commercial alloy also contains Co in small amounts (~0.25wt%) to
improve its strength and electrical conductivity. The equilibrium composition of
the precipitate is CuBe and this composition occurs when the y” is formed in either
its bet or bem structure and remains unchanged after this.

Cu-Co alloys

The Cu-Co alloy is a model system for the study of precipitate nucleation and
growth. The G.P. zones which form by the clustering of the Co atoms during the
initial stages of ageing are believed not to be pre-precipitates but only the first stage
in a continuous growth process (30). This is unlike the behaviour seen in Al-Cu and
Cu-Be , described above , where the G.P. zones act as precursors to the first transition
precipitate , after which the next transition phase forms separately on matrix
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dislocations at the expense of the primary transition phase. In the Cu-Co alloy
system the precipitates grow from spherical clusters of Co atoms with a diameter of
15 A. The precipitates have a face centred cubic structure and are found after only
short ageing times. The first precipitates that show clear strain field contrast have
sizes between 15 A and 30 A. They are fully coherent and this coherency continues
well past the peak strength. The precipitates do become semi-coherent after
prolonged ageing , sizes of the order of 50nm being the maximum before the onset of
incoherency. Upon becoming incoherent spherical precipitates adopt an octahedral
shape with {111} faces. The adoption of this morphology has been suggested to occur
to relieve the interfacial energy of the dislocation network present at the
matrix/precipitate interface. The presence of dislocations within the matrix
encourages precipitate nucleation and growth , and the spherical particles which
form on dislocations grow until they link up with others to form long elongated
precipitates.

Cu-Ni-Si alloys

The precipitation sequence in age hardening Cu-Ni-Si alloys has been less
intensively studied than those reviewed above. The age hardening characteristics of
Cu-Ni-Si alloys were first discovered by Corson (31,32) who found that the alloys
containing up to 4% Ni and 0.5% Si showed substantial increase in strength if aged
after a quench from elevated temperature. The precipitates that formed were
believed to be NigSi because the compositions mentioned lie on the Cu-NigSi quasi-
binary section present in the ternary phase diagram. The solubility of the 8- NigSi
phase reduces from 3.6 wt.% at 800°C to 0.7 wt.% at 300°C , see figure 2.9 and so by
the appropriate heat treatment precipitation hardening will occur. There has been ,
however , some debate as to whether the precipitate is really 3-Ni,Si. After several
investigations Okamoto (33,34) suggested that NigSi is not precipitated on the
quasi-binary at the compositions that Corson used and that the precipitate was in
fact y-NigSiy. This proposal was made on the basis of the ternary phase diagram
and Debye-Scherrer X-ray analysis. The advent of the electron microscope has not
completely resolved the problem. Robertson et al (35) on the basis of chemical
analysis of undissolved inclusions in extraction replicas found that the structure of
the precipitates corresponded to the NigSi structure - an L19 superlattice similar to
NigAl with Ni occupying the face centred sites and Si at the corners. Support for this
conclusion has also come from Bhargava et al (36) who proposed that the precipitate
possessed the NigSi composition but not in its regular room temperature Llo
structure. Powder diffraction analysis of NigSi in the high and low temperature
modifications was carried out and compared with the results from the precipitate ,
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