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Dependence of fracture toughness on multiscale
second phase particles in high strength Al alloys

G. Liu, G.-J. Zhang, X.-D. Ding, J. Sun and K.-H. Chen

An improved model is described to predict variations in fracture toughness of high strength aluminium alloys with
volume fraction, size, and characteristics of the contained multiscale second phases, i.e. ellipse shaped constituents,
sphere shaped dispersoids, and disc shaped precipitates, in an integrated manner. Results show that predictions are
in broad agreement with values measured experimentally for an aged Al- Cu—Mg alloy. Furthermore, the model
was employed to relate the anisotropic fracture toughness of alloy plate to its orientation. A diagram is presented to

illustrate the relationship between yield strength and fracture toughness of the aged alloy.
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Introduction

The relatively low fracture toughness of high strength
aluminium alloys is a significant limitation to their com-
mercial application. Extensive research has thus been dedi-
cated to examining the dependence of fracture toughness on
metallurgical factors in these alloys, with the aim of modi-
fying the factors to improve fracture resistance.! '! From
these experimental studies, the important metallurgical
factors have been determined as: (1) second phase particles,
including their volume fraction, dimension, and resistance
to cleavage or decohesion; (2) local strain concentration; (3)
grain size and morphology; and (4) precipitate free zones
(PFZ) that promote intergranular fracture. For common
heat treatable aluminium alloys, the latter three factors are
essentially associated with second phase particles, especially
with dispersoids and precipitates. Thus, second phase par-
ticles have traditionally been treated as the dominant factor
controlling the fracture resistance of high strength alumi-
nium alloys.

High strength aluminium alloys normally contain three
types of second phase particles:®’ coarse ellipsoidal con-
stituents, intermediate spherical dispersoids, and fine disc
shaped strengthening precipitates. The coarse constituents,
normally 1 -5 vol.-%, result from the presence of Fe and Si
impurities or excessive amounts of major alloying element
such as Mg, Zn, and Cu. The final size of constituents
depends on the fabrication procedure and may range in
diameter from 5 to 30 um. Dispersoids, with volume frac-
tion 0-05 to 0-2 and having their largest dimension ranging
from 0-02 to 0-5 um, normally precipitate during the ingot
preheat and homogenisation treatment. These particles
come from the addition of elements of Mn, Cr, Zr, and so
on, which are dopants used to control grain size and/or
suppress recrystallisation. Dispersoids directly influence the
fracture toughness of alloys by affecting crack growth and
coalescence. Strengthening precipitates are nanometre sized
and form during the aging treatment. They are the major
contributor to the strength of alloys and therefore largely
control the slip and deformation behaviour and indirectly
influence the fracture toughness of the alloys.

It is well known that brittle constituents are crack
initiators or form preferential crack paths because they are
prone to cleavage or they separate from the matrix.
Accordingly, they are detrimental to the fracture toughness

of aluminium alloys. Many experimental results have shown
that lowering the iron and silicon levels and hence the
volume fraction of constituentsincreases the fracture tough-
ness of high strength aluminium alloys®!'? and this principle
has been employed to assist the development of 2124, 7050,
7175, and 7475 aluminium alloys. As a theoretical aid, some
equations have been proposed for relationships among
fracture toughness and volume fraction, mean diameter,
and interparticle spacing of constituents®!* and these analy-
tical relationships have been partially validated experi-
mentally ®-'* However, the influence of smaller second phase
particles, i.e. dispersoids and precipitates, on fracture
toughness have not been presented in quantitive terms,
although they are also significant. The reason for this is the
distinct difference (~ 100 times) in the dimensions of these
three types of second phase particles, which makes coupling
their influence on fracture toughness into an integrated
model rather difficult.

For alloys containing multiscale microstructure features,
modelling quantitatively the non-linear relationship between
microstructure and macroductility and fracture toughness
has been done, based on major microstructure features and
ignoring partially or completely other scale microstructure
features. This was because of the difficulty of coupling
multiscale microstructure features within a continuous
medium and determining their contribution to macroplastic
and fracture toughness properties. Thus only the major
contributor was considered. Modelling the dependence of
fracture toughness of high strength aluminium alloys on
multiscale second phase particles would fail in this case.

Recently, interest has been focused on the multiscale
modelling of polycrystal plasticity,’”® failure in metal matrix
composites,'® and mechanical response of alloys or com-
posites'”'® using finite element based approachesand adopt-
ing mechanism based strain gradient plasticity theory,'® 2
Green’s function methods’*® and image processing,’®’
jointly or separately. Investigations into the size effect of
second phase particles on plasticity of metals and their alloy
or metal matrix composites has also been undertaken?!

This has motivated the present work, in which we try
to integrate the influences of three kinds of second phase
particles on fracture toughness into an improved analytical
model for high strength aluminium alloys. Subsequently we
use this fracture toughness model together with an esta-
blished precipitation and strengthening model’? to present
an overall description of the yield strength and fracture
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1 Scheme illustrating local fracture behaviour in heat
treatable high strength aluminium alloys

toughness with aging of heat treatable aluminium alloys
containing multiscale second phase particles, and then
validate it experimentally.

Model

TENSILE DUCTILITY MODEL

As observed in practice, brittle constituents will fracture
readily during processing or under service loading, so it is
reasonable to treat them as microcracks directly (Fig. 1).
Assuming these microcracks arrange in a cubic array, the
macroplastic strain of specimens ¢ could be obtained analy-
tically from microplastic strain  as follows*?

1

1 I 1 )"C nt1 E
= |— — —1 - . . . ..
"7 a0 {044057[}1} {2% } 2 M
where /4. and r, are interparticle spacing and radius of

constituents, respectively, &,(0) is the effective value for
normalised coefficient &;(0),’**> and is a constant for 0=0, I

and h are functions of n*¢~38
I=103v0-13+n—4-8n O )

3
h= — 3
2V/1+3n 3)

¢ is critical local strain at the middle of the ligament
connecting two neighbouring microcracks. It is also equi-
valent to the minimum strain required to promote void/
microcrack growth and coalescence up to instability. Those
dispersoids and precipitates distributed in the ligament
dominate this damage evolution process, and morphologi-
cal demonstrationssuch as void sheets and/or slip bands are
readily observed on the fracture surfaces or sectioned pro-
files of broken specimens.

In tensile condition, aluminium matrix will undergo
plastic deformation, while the nearly pure elastic second
phase particles maintain their shape: this incompatibility in
shape change incurs geometrically necessary dislocations
which are introduced to make up for the discrepancy>’ The
densities ps and p, of geometrically necessary dislocations
around dispersoids and precipitates are determined by the
strains exerted on the adjacent matrix bonded with the two
populations of particles, ¢g and ¢, respectively’”*°

ea=1Trgbpy . . . . . . . . . . . . . (4a)
ep=025/pbp, . . . . . . .. (4b)
with ry the radius of the dispersoids, 4, the interparticle

spacing of precipitates, and b Burgers vector of the matrix.
According to Ashby,” the ratio between pg and p, is
associated with the ratio between interparticle spacing of
the two populations of particles /4 and 2, as follows

bl

Pd_p o L6

pp )"d
where k is a scaling factor and set to unity here. Letting p,
be the sum of py and p,, equation (5) can be expressedin the
form

= L. ... ... ... (6a

Pd ot Pe (6a)
Ad

= 6b

b= Tat iy, (6b)

The density p, of geometrically necessary dislocations, plus
the density of statistically stored dislocations p, gives the
total dislocation density of the matrix p,

p=pgtps - - - . . . . . ...

A critical value of p; denoted pf, is assumed to exist and
once p, reaches this ‘dislocation limit’, the material fractures
regardless of what the detailed mechanism is. Neglecting
constraints from second phase particles, p{ should be a
constant if the following engineering mechanical expression
could be applied effectively to the microscale ligament

tm=aGbh\/p¢ . . . . . . . . .. .. .8

in which 1, is the intrinsic shear strength of the matrix, G is
the shear modulus of the matrix, b and o are constants for a
given matrix such as aluminium. At the same time p; could
be considered approximately invariant by reasoning that
the increase in p; is very inappreciable compared with that
in p, under external loading.*! Therefore the criterion for
fracture is further defined as

p§=pf—ps N )]
From the above analyses, equation (4) can be rewritten as
)
¢ =1-Trgh —2 c . 10a
& b i, (10a)
d
°=0-251pb ——— pS 10b
& Ipb N o (10b)

where &5 and ¢f are critical strains at fracture, relevant to the
dispersoids and precipitates, separately.

&in equation (1) is a combination of &5 and s; in the form
of a Pythagorean theorem, not of linear addition, due to the
overlap effect between the two types of strains

E=/(PHE) .

Thus the strain to fracture of aluminium alloys could be
obtained as

1 c\2 c)2
pm— {_’ } T {i_ }""1—(8‘1) ) (12)
&0 040570 |2 2

FRACTURE TOUGHNESS MODEL

Based on the criterion that fracture will occur when the local
strain ahead of the main crack exceeds the critical value ¢,
an expression has been established to relate the fracture
toughness of high strength aluminium alloys to yield
strength o, strain hardening exponent n, Young’s modulus
E, and &"

2CE¢ga n?
Ke=¢/——=2*— . . . . . . ... .q

where Cis a constant &~ 1/40 and v is Poisson’s ratio. As for
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2 Sketch illustrating influence of deformation in proces-
sing on dimensional change of grains and constituents

equation (1), although ¢ is (qualitatively) known to be a
function of the volume fraction f; of void initiating
constituents,’ i.e.

e;=f</l>uuuuuuu(14)

no explicit solution has been put forward, even though only
this one kind of second phase particle is taken into account.
Thus, this current modelling will try to make an improve-
ment to integrate the influences from the three kinds of
second phase particles into the fracture toughness predict-
ing expression.

Earlier we derived the engineering tensile ductility ¢ as
equation (12). It has been suggested*’ that &, in equa-
tion (13), i.e. the critical local strain ahead of main crack,
was probably half of the true strain ¢ in the tensile test, and
some experimental results'’ have supported this as a rea-
sonalble first approximation. According, we can substitute

*

&, =3 ¢ and equation (12) into equation (13) to obtain the

final expression for fracture toughness

——
Kic=A wgnzgy [2;;:—1] [(17radp) + (02525 20)) 2 Gat ) ™" (15)

with

cE
A=,/muluuuuu(16)
B=[(143n)(5390V/013+n—2-53)7 . . . . (17)

For a cubic array, the volume fraction of second phase
particles f; (i=c, d, p) is a function of the mean radius
(i=c, d, p) and the interparticle spacing 4; (i=c, d, p)

3
fi=2nk(?>uuAuuuu(ls)
.

1

where k is the aspect ratio of second phase particles and is 1
for spherical dispersoids. For disc shaped precipitates, & is
defined as the ratio between the radius of the plate plane
and the half height of the disc, and is chosen as 40 in the
present work.

Defining (K;c)r as a reference fracture toughness, yields
the normalised fracture strain Ry by dividing Kj¢ by (Kic)r

_ _Kic (19)

(Kio)r
If we regard the as quenched condition as the reference case,
i.e. the fracture toughness of as quenched specimens is the
reference value, or if we regard the absence of any kind of
second phase particle as the reference case, then the relative
change of fracture toughness of aluminium alloys with
aging as well as with variation of any kind of second phase
particle in size, volume fraction, and morphology, can be

ft

L-T orientation T-L orientation S-L orientation

(thickness direction)

Y -
T (rolling direction) .

(width direction)

- ' constituent

3 Sketch illustrating contribution of constituents to
orientation effect of fracture toughness of aluminium
alloy plate

represented by equation (19). This is done by changing the
parameters of one kind of second phase particle, but
keeping the parameters of the two other kinds of second
phase particles unchanged.

It must be noted that, for constituent particles, the cubic
array assumption for constituentsemployed in equation (18)
falls short of industrial actuality, where the constituents
do not arrange in an equal sided cubic manner. Referring
to Fig. 2, before processing, the constituents in as cast
aluminium alloys are distributed homogeneously and are
spherical in shape due to the minimum surface energy effect
during forming. During processing,deformationfrom rolling
or pressing the cell makes thin plates with the dimension
parallel to the direction of the outside force reduced. At the
same time, the interparticlespacing of constituentschangesin
an analogous fashion. If the deformation is x%, the plate
thickness and vertical interparticle spacing of constituents
will decrease to (1—x%) of their former values. Now the /.
in equation (15) should be replaced by (1—x%)A, for L-T
orientation fracture toughness (Fig. 3). Provided the dimen-
sion along the width is unaltered both for the cell and for
interparticle spacing of constituents in the course of pro-
cessing, the length of the cell and the horizontal interparticle
spacing of constituents will increase by I+% assuming a
constant volume. At the same time, if we regard the cell as
a grain and the bulk plate specimen as being a pile up of
similarly shaped cells, then it can be concluded that the
fraction along the grain boundary is greatest in the direction
perpendicular to the thickness, or the S direction (Fig. 3).
Furthermore, the shape of constituents will change from
spherical to ellipsoidal with axis parallel to the rolling
or pressing direction. These are all contributors to the
orientation effect in the fracture toughness of aluminium
alloy plates and details will be discussed below.

Experimental procedure

The Al-Cu-Mg alloy plate used here was supplied by
Research laboratory of Xi’an Aircraft Industry Ltd, and is
16 mm thick, hot rolled plate with a measured composition
(wt-%) of Al: balance, Cu: 4-62, Mg: 0-65, Mn: 0-22, Si, Fe,
Zn <0-30. A T-6 heat treatment was employed for this
material including solution treatment at 766 K for 2 h then
quenched into flowing water, and subsequently aged at
513 K for various times from 0-25 h to 10 days.

Because the present Al-Cu-Mg alloy plate and the
Al-Cu—Mg alloy rod used for measuring yield strength’?
are from the same ingot, and the former possesses nearly the
same tensile property in the L direction as the latter, the
fracture toughness was determined for the Al-Cu-Mg
alloy plate.

The fracture toughness was characterised with compact
tension (CT) specimens and the R curve method. Both
L-T and T-L orientated specimens were machined for
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comparison, each with a width of 62-5 mm and thickness
6-25 mm. Specimens were fatigue cracked prior to fracture
toughness experiments, at a constant stress ratio (R=K,;,/
K. .,) of 0-1 and under decreasing stress intensity conditions.
Fracture toughness experiments were performed on a servo-
hydraulicInstron-typetesting machine strictly conforming to
ASME 561, using a potential drop methodology to measure
crack length. The measured data were analysed to determine
plane strain fracture toughness at crack initiation.*’

The microstructure of Al-Cu-—Mg alloy plate was
examined using optical microscopy. Metallographic pre-
paration involved normal procedures using a series of
abrasive papers, diamond pastes, and final polishing with a
slurry made of reagent grade MgO and distilled water. The
specimens were etched by immersion into Keller’s etchant.

Constituent volume fraction measurements were made at
a magnification of 400 using a grid containing 900 points.
Six random views on each of three specimens per alloy were
examined. The distribution of the constituents within each
alloy was assumed to be random, therefore the volume
fraction V; is given by P,, which is the fraction of total grid
points that fall on constituent particles. Constituents
smaller than 0-1 um were not measured.

Constituent radius measurements were performed using a
HITACHI S-2700 scanning electron microscope on sec-
tioned profiles of the untested rod shaped specimens. Since
the constituents are irregular in shape, an effective particle
diameter d, was defined as

do=~/didy . . . . . . . . . . . . . .0

where d| and d, are the smallest and largest dimensions of a
constituent, respectively. The average effective constituent
radius 7, of n particles is given by

n
> Vdidy

_ =l

7. 2n.............(21)
To obtain the value of 7, for each alloy, at least 50
constituents were measured in each of three sectioned
specimens.

Dispersoid radius was determined by the same methods
using a JEOL Ltd. JEM —200CX transition electron micro-
scope operating at 100 kV. The preparation of foils for
TEM examination has been described elsewhere.’? The
volume fraction of dispersoids is related to the average
effective radius by**

4(nF3) -
Vd=$Nd............(2z)
The particle density N4 is defined as*
N,
Ny=——7+— . . . . . . . . . . . . . (23
T 2rg) @3)

where 7 is the foil thickness and is easily obtained utilising
convergent beam electron diffraction patterns,*® Ny is the
number of dispersoids per unit area of projected image.

Observations of fracture surfaces of broken specimens
were carried out using SEM in order to examine the
evolution of void sheets with aging, especially the evolution
of of the radius of little dimples in void sheets, which can
indicate a decohesion condition in the dispersoid.

Measurement of precipitates has been addressed in detail
elsewhere,’? and is not repeated here.

Results and discussion

INFLUENCES OF CONSTITUENTS ON
FRACTURE TOUGHNESS

Typical triplanar optical micrographs of the Al-Cu-Mg
plate are shown in Fig. 4. The quantitative metallography

a L-T plane; b L-S plane; ¢ T-S plane

4 Triplane of AlI-Cu-Mg alloy exhibiting the three
microstructures

measurements for both size and volume fraction of
constituents and dispersoids are listed in Table 1.

It is well known that brittle constituents are initiators for
voids. On the one hand, they break easily when bulk

Table 1 Volume fraction and radius of constituents and
dispersoids in this present experiment

Constituents Dispersoids
Alloy Ve (%) re (um) Vg (%) rg (um)
Al-Cu-Mg 4-83 4-1 0-18 0-08
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5 SEM micrographs illustrating fracture or decohesion of
constituents in test Al-Cu-Mg alloys

material is subjected to large strains during processing.
On the other hand, they fracture readily under service
loading. If we consider the aluminium alloys as composites
consisting of only the ‘equivalent’ aluminium matrix and
constituents, we can express the tensile stress (o;) of the
composite as

0=Veoet(1=V)om - « o o (24

where o, and o, are stresses undergone by constituents and
matrix, respectively, V, is the volume fraction of constitu-
ents. Due to the small value of V, (~0-05), even if o, reaches
the fracture strength of constituents (¢}), its contribution to
g, 1S not prominent. In contrast, exerting a stress oy, which is
much smaller than ¢, on a specimen can cause most of the
constituents to be cleaved or separated from the matrix due
to high levels of stress triaxiality or hydrostaticstress,*’>" as
shown in Fig. 5. It is therefore concluded that lower purity,
or more constituents will degrade the fracture toughness of
aluminium alloys, as depicted in Fig. 6. Thus, purification is
an effective approach to improve the deformation capacity
and fracture resistance. In addition, smaller constituents are
less prone to crack because a greater value is required for
the critical fracture stress 6% to trigger cracking’'

. 6'VE 1/2

where d, E, and y are the diameter, Young’s modulus, and
surface energy of the constituents, respectively, and ¢ is the
stress concentration factor at the particles. For example, o
of constituents in AA 2024 increases from 540 to 740 MPa
with decreasing particle diameter.’>

1.2

1.0

0.8

0.6

Normalized fracture toughness

o 1 2 3 4 5
Volume fraction of constituents / %

6 Modelled dependence of fracture toughness on
volume fraction and aspect ratio of constituents

2014-T6 aluminum alloy
2024-T851 aluminum alloy
2124-T851 aluminum alioy
7075-T6 aluminum alloy
7079-T651 aluminum altoy

o ro4asn

'0.01 0.1 1 10
volume fraction of constituents /%

7 Influence of volume fraction of constituents on frac-
ture toughness of high strength aluminium alloys

In a pioneering model, an equation has been proposed to
relate the fracture toughness to the volume fraction of void
initiating constituents £, for aluminium alloys®

6

Equation (26) was generally accepted for accurately pre-
dicting the relationship KIC/./oyEocf['/G, which was in
good agreement with experiments, as shown in Fig. 7.°
Nevertheless, the shortcomings of equation (26), showing
truth disobedient unidirectional change trends between Kjc
with g, and radius of constituents r., restricted its reliability.
Subsequently, a model was suggested to ameliorate these
shortcomings to some extent by incorporating z, which is in
inverse variation with ¢y, into the model and to establishe
an experiment consistent expression for Kjcocn,/Gy. This
failed to take into account the effects of second phase
particles directly (refer to equation (13)).'"° The proposed
model, improved from the earlier model, not only inherits
its merits, but also is essentially identical with that of Hahn
and Rosenfield in its advantages,as proved in the following.
From equation (26), a simplified form is obtained

3 1/2
chz{zayE (%) rc} VS 6)

Kic  [Ze
24,

by

T
1} N 1))

Oy

Substituting equation (18) into equation (27) leads to

KTC (27[k> 1/3 R
—_— —1 N (22
—=| (T (28)

Because the value of n is small (~0-15), the superscript in
equation (28) can be taken as 1/2. If the loading direction is
parallel to the long axial direction, as when testing the L-T
orientation plain strain fracture toughness for plate speci-
mens (Fig. 3), k is large enough to make the second part
inside the square brackets in equation (28) negligible, hence
giving the same conclusion as obtained in equation (26). If
the loading direction is parallel to the short radial direction,
as when testing the T-L and S-L orientation plain strain
fracture toughness of plate specimens, k is much less than
unity and the same conclusion is not obtained. Obviously,
it can be inferred that the K;c of T-L and S-L orientated
specimens are less than the counterpart of an L-T orientated
specimen because the former have greater values of k, which
is in accordance with experimental results.’>>*>* These con-
clusions are clearly revealed in Fig. 8, which presents the
dependence of fracture toughness on volume fraction and
shape factor of constituents for aluminium alloys from
previous®® and present measured values, and modelling

Materials Science and Technology July 2003 Vol. 19
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Normalized fracture toughness
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8 Contribution of aspect ratio of constituents to orienta-
tion effect of fracture toughness of aluminium alloy
plate

using equation (26), and the current modelling. It is shown
that a similar change trend exists for both the modelled
results and experimental results and the essential features of
equation (26) are embodied in the current model.

In addition, the S-L orientation fracture toughness is less
than the T-L case.’>*>® This is associated with the propagat-
ing path of a crack. It is well known that the fracture of
aluminium alloys arises from intragranular fracture and
intergranular fracture’®~°® and fracture toughness is
expressed as a linear sum of the two parts®”-®

KIC = AinterKIiger + Aintra K;gra . (29)

where Kier and K are the fracture toughness for
intergranular and intragranular fracture, respectively, A;,c;
and A;,,, are the fraction of intergranular and intragra-
nular fractures respectively. Intergranular fracture con-
sumes less energy than intragranular fracture so K"I“Cter is
significantly less than K’I“CtraS9 The inference is then that the
geater is A, .., the less is K;¢. Earlier it was concluded that,
among L-T, T-L, and S-L orientated specimens, S-L speci-
mens had the greatest fraction of grain boundary perpendi-
cular to the applied loading. Therefore, the fraction of
intergranular fracture in S-L specimens is the highest, and
S-L oriented specimens possess the least fracture toughness.

As shown in Fig. 9, level of strain or deformation induced
during processing deteriorates the fracture resistance of
aluminium alloys by pushing the constituents closer for L-T
specimens (Fig. 2), although the influence is less than that

1.0

08}

06F

04}

02 " 1 L 1 ) " -
1

0 2 3 4 5
Volume fraction of constituents / %

Normalized fracture toughness

9 Influence of deformation in processing on fracture
toughness of aluminium alloys

9
0.00

0.05

0.10

0.15

0.20

Volume fraction of dispersoids / %

10 Modelled dependence of fracture toughness on
volume fraction and size of dispersoids

due to the presence of constituents. This may be responsible
for the lower fracture toughness of work hardened metals
that fail by dimpled rupture.

From the above discussions, less, smaller and equiaxed
constituents are concluded to be preferable for improving
the fracture toughness of aluminium alloys plates, and the L
direction of the plates should be designed to endure the
maximum principal external stress.

INFLUENCE OF DISPERSOIDS ON FRACTURE
TOUGHNESS

Dispersoids provide insignificant dispersion strengthening
but can influence mechanical properties indirectly because
of their ability to suppress recrystallisation during product
fabrication. Owing to the complicated effect, the explicit
influence of dispersoids on fracture toughness is difficult to
assess. Some conflicts exist among previous experimental
results.' =% For instance, it is commonly believed that the
void sheets, which come from decohesion of the dispersoids,
truncate primary void growth and preclude large accumula-
tions of strain, resulting in lower ductility and fracture
toughness®':%> However, the presence of dispersoids has
been shown to improve the fracture toughness of Al-Mg—
Si alloys.®> Although smaller dispersoids have been found
favourable for modifying the deformation and fracture
resistance of Al—Zn—Mg-Cu alloys,** larger dispersoids
were also found to help to enhance the ductility of Al- Mg
alloys.®® Thus previous research seems to suggest that dis-
persoids are detrimental to fracture toughness of predomi-
nantly intragranular fracture aluminium alloys, whereas
they are advantageousto predominantly intergranular frac-
ture aluminium alloys.

Figure 10 delineates the presently modelled dependences
of fracture toughness on the volume fraction and size of
dispersoids on the assumption that they are arranged in
a periodical cubic array. From Fig. 10 one may deduce
that the influence of dispersoids on fracture toughness is
not conspicuous in the industrial range of volume fraction
~0-2% and radius ~120 nm. However, increasing the
volume fraction and enlarging dispersoid size are inclined to
improve the ability to resist deformation and fracture. The
improvement in fracture toughness by introducing more
dispersoids is due to the homogenising effect of dispersoids
on slip®!%¢ and the inhibiting effect of dispersoids on grain
growth and recrystallisation, which induces a fine matrix
grain and furthermore a greater fraction of intragranular
fracture. The reason that fracture toughness is improved by
larger dispersoids may be attributed to the characteristic
effect of dispersoids on fracture evolution.
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(e}

11 Micromodel of void formed by interfacial decohesion
at dispersoid®’

As mentioned above, increasing the ductility/fracture of
aluminium alloys by both increasing and decreasing the size
of dispersoids has been observed in experiments'*%> the
two conflicting trends are associated with the fracture
nature of aluminium alloys. On the one hand, for alumi-
nium fractured in a predominantly intragranular manner,
the dispersoids are initiators for second voids, where void
sheets are induced to promote coalescence of the primary
void. Thus here the population of dispersoids is a negative
factor for ductility/fracture toughness (the effect of dis-
persoids on controlling grain growth and recrystallisation is
not considered) and the possibility of decohesion of dis-
persoids from the matrix determines degree of negativity. It
is known that dispersoid/matrix interface decohesion occurs
once the interfacial strength (o7) exceeds a critical interfacial
strength (o7) that depends on particle and matrix proper-
ties.*’ The term o is the sum of maximum principal stress
of" and stress (g4) that arises from incompatility between a
rigid, non-deforming particle and a flexible plastic matrix.
The value of ¢ is given by*®

oa=420Gb\/pg . . . . . . . . . . . . (30

where « is 1/2n, G is shear modulus, b is the value of
Burger’s vector, and pq has been defined earlier. ] can be
calculated using®’

L1 En+Eq\ (1—cos ¢y)nlw
Ur—z\/( 2 ) ra(l—07) Lo(¢o) - - (D

where E,, and E; are the modulus of matrix and dispersoids
respectively, rq is the mean radius of dispersoids, ¢, is the
half angle of incipient decohesion as sketched out in Fig. 11,
and Ly(¢,) is a function of ¢,

Tw=T4+Tm—Tqm . . . . « « . . . . . (3

with I'y, T',, and Ty, being the surface energy of
dispersoids, matrix, and interface between dispersoids
and matrix. Equation (31) clearly indicates that ¢} varies
inversely with the radius of dispersoids, and larger dis-
persiods make it easier for decohesion to take place
(Fig. 12), reducing fracture toughness in aluminium alloys.

On the other hand, for aluminium fractured in a
predominantly intergranular manner, suitable addition of
dispersoids, through decreasing the required energy for
intragranular fracture, promotes intragranular fracture thus
boosting the fracture toughness. This is analogous to the
microcrack toughening of ceramics. In this case, limited
expansion of dispersoids is favourable for intragranular
fracture, so enhancing the fracture toughness by, to some
extent, preventing intergranular fracture. It is noteworthy
that the size of dispersoids being discussed here is in the range

12 TEM photograph demonstrating typical decohesion
resistance of dispersoids of different sizes

ofindustrial practice and the upperlimit of radiusis chosen as
120 nm in this model.

However, in the present experiment, dispersoids were
found to enhance fracture toughness even though the frac-
ture of specimen was predominantly intragranular. In the
underaged condition, both the size and interparticle spacing
of precipitates are less, so pg in equation (30) follows
more closely that in equation (6), which results in more
dispersoids being separated from the matrix, as shown in
Fig. 13a. In the peak aged condition, fewer dispersoids
are separated from the matrix (Fig. 13b) because of the
lower pg and the more dense precipitates that consume more
movable dislocations. Observing Fig. 13, it appears that the
underaged specimen, having easily formed void sheets, may
possess inferior fracture toughness to the peak aged speci-
men, in which void sheets are formed only with some
difficulty. In fact, the underaged specimen possesses super-
ior fracture toughness the increased void sheets incur
a homogenous deformation that spreads over the bulk

13 Fracture surface SEM micrographs showing morpho-
logical evolution from (a) underaged condition to (b)
peak aged condition
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1.2

Normalized fracture toughness

0.4 . L 1 N 1 " 1 "
0 1 2 3 4 5

Volume fraction of precipitates / %

14 Modelled dependence of fracture toughness on
volume fraction and size of precipitates

specimen. Contrarily, in the peak aged specimen under
service loading, impinging of primary voids is apt to cause
necking or local fracture of the specimen, resulting in a
lower fracture toughness.

Besides the size of dispersoids, the nature of dispersoids,
which is represented by E; in equation (31), significantly
affects fracture toughness. Although it is commonly
accepted that the major reason for the gradual increase in
fracture toughness of AA7075 containing Mn rich dis-
persoids, then Cr rich dispersoids, and finally Zr rich
dispersoids, is the gradual decrease in size of the three
dispersoids,®® the influence of the characteristics of the
dispersoids may be more significant. Taking the Al based
binary intermetallic phase as reference, the melting tem-
peratures of Al-Mn system dispersoids, Al-Cr system
dispersoids, and Al-Zr system dispersoids, are ~820°C,
~940°C, and ~2790°C, respectively.*® Because Young’s
modulus Ey of intermetallics is approximately linear with
melting temperature,®® it increases in the three kinds of
dispersoids in the order Al-Mn, Al-Cr, and Al-Z, and
therefore the same oder of increase results for o7 and Kjc. It
is thus concluded that the effect of dispersoid size on
fracture toughness is entangled with other effects and may
sometimes be swamped; therefore it is difficult to define
independently and explicitly.

INFLUENCE OF PRECIPITATES ON FRACTURE
TOUGHNESS

Figure 14 details the dependence of fracture toughness on
volume fraction and size of precipitates on the assumption
that they are arranged in a periodical cubic array. It is seen
that greater fracture resistance will be attained by enlarging
the radius of the plate plane of precipitates d, and specially
by reducing the volume fraction of precipitates, which is the
same as saying that materials possessing less strength
commonly exhibit greater fracture toughness.

Although the introduction of precipitates is detrimental
to fracture toughness, precipitates should not be sacrificed
from the viewpoint of obtaining comprehensive mechanical
properties because they provide the most significant
contribution to the strength of aluminium alloys. Therefore
the most effective approaches to reinforcing the fracture
resistance of aluminium alloys are to decrease volume
fraction and modify the shape of constituents.

It must be noted that, with changes to both volume
fraction and size of precipitates, the yield strength of alloys,
i.e. g, in equation (13), varies correspondingly, so that the
effect of precipitates on fracture toughness is somewhat
different from the effect on tensile ductility.

1.2
» modeled lines . 516 E‘,"
8 -— Ag!ng temper.= 463 K 8
£ 10 ——Aging temper.= 493 K 430 3
[« I B N Aging temper.= 513 K —_
2 o
2 c
o 98 134.4 ‘g_
L.
2 1 2
[S] /e »
© 06} d425.8 »
o S~
9 =
Q ~-- )
N 0.4 ] presently measured values 172 o
© o L-T —_
£ o TL 3
(o) 0.2 L 1 L 1 86 "ﬁ
Z g0t 102 100 10t 100 10°

Aging time / sec

15 Variation of fracture toughness with aging time at
different aging temperatures for aged Al-Cu-Mg
alloy (lines are model predictions; scatters are experi-
mentally measured values)

FRACTURE TOUGHNESS AND YIELD
STRENGTH VERSUS AGING PROCESS
VARIABLES

With the advance of aging, the measured value of fracture
toughness varies downwards through underaging to peaka-
ging, and subsequently upwards during overaging. This is
in approximate conformity with the predicted trend given
by combining this model with the formerly constructed
precipitation model of disc shaped strengthening second
phases’? in which the evolution of the dimensionsand volume
fracture of precipitates with aging as well as the variation
of the corresponding strengthening effect with aging are
satisfactorily simulated and could be substituted into the
present model, as shown in Fig. 15. However, in the over-
aging case, the modelled values are much higher than
measured values. This could be brought about by over-
estimation of the dimensions of precipitates in our kinetic
modelling, as discussed in detail in Ref. 32. This resultsin an
overestimation of 4,, subsequently &, and finally ¢ and K¢
(equations (10),(11), (12)and (15)). In Fig. 16, modelled and
measured variations of the most important mechanical
properties, i.e. yield strength’? and fracture toughness, with
aging are integrated for the specimen Al-Cu—Mg alloys.
Although the variation of yield strength and fracture
toughness with aging for aged aluminium alloys are
essentially known from previous research,®'""7%7! Fig. 16

n2.0

B+ modeled lines . 364.0

c 1.8} —fracture toughness  measured values [32]4327.6

'g) ----- yield strength .. =<
316} LI 4291.2 o
o . ] pLY
w14} . " 4254.8 o
1. . 8w
E [ .. ... 1 g
012} K $1218.4

© .. AN =
i ! AL 243 Q
e 10k -rmeermn 4182.0 o
o | =
No.g 11456 S
s | S
Eos 1109.2

(o] |

20.4 - |2 |3 Ll 72 8

10 10 10 10° 10° 10°

Aging time / sec

16 Variation of yield strength and fracture toughness
with aging time at aging temperature of 513 K for
aged Al-Cu-Mg alloy (lines are model predictions;
scatters are experimentally measured values®?)
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is the first quantitatively modelled diagram (to the authors’
knowledge), in spite of some discrepancy existing between
modelled values and measured results. This diagram,
together with some ongoing work, should be helpful for
designers in understanding the conjunction of mechanical
properties of aged aluminium alloys, and then in developing
new aluminium alloys with optimised service ability.

Conclusions

1. This improved model not only inherits the merits of
some generally accepted fracture toughness predicting
models, but also presents for the first time, a quantitative
diagram illustrating the relationship between fracture
toughness and yield strength during the aging of high
strength aluminium alloys.

2. For fracture toughness of heat treatable aluminium
alloys, the three types of second phase particles, constitu-
ents, dispersoids, and precipitates, exert seriously detri-
mental, less seriously detrimental, and generally beneficial
influences, respectively. The key method to determine the
fracture resistance is to control the constituents both in
number and morphology.

3. In general, constituents and distorted grains induce
the orientation effect on fracture toughness of aluminium
alloys plate. Also, deformation induced during processing
degrades fracture resistance.
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