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This paper presents a detailed investigation on the effect of small amount of Nb and Zr
additions to 2219 Al alloy coupled with a novel three-stage heat treatment process. The main
aim of the work is to increase the high temperature strength of 2219 alloy by introducing
thermally stable L12 type ordered precipitates in the matrix as well as by reducing the coarsening
of metastable strengthening h¢¢ and h¢ precipitates. To achieve this, small amounts of Nb and Zr
are added to 2219 alloy melt and retained in solid solution by suction casting in a water-cooled
copper mould having a cooling rate of 102 to 103 K/s. The suction cast alloy is directly aged at
673 K (400 �C) to form L12 type ordered coherent Al3Zr precipitates. Subsequently, the alloy is
solution treated at 808 K (535 �C) for 30 minutes to get supersaturation of Cu in the matrix
without significantly affecting the Al3Zr precipitates. Finally, the alloy is aged at 473 K
(200 �C), which results in the precipitation of h¢¢ and h¢. Microstructural characterization reveals
that h¢¢ and h¢ are heterogeneously precipitated on pre-existing uniformly distributed Al3Zr
precipitates, which leads to a higher number density of these precipitates. This results in a
significant increase in strength at room temperature as well as at 473 K (200 �C) as compared to
the 2219 alloy. Furthermore, the alloy remains thermally stable after prolonged exposure at
473 K (200 �C), which is attributed to the elastic strain energy minimization by the conjoint
Al3Zr/h¢ or Al3Zr/h¢¢ precipitates, and the high Zr and Nb solute-vacancy binding energy,
retarding the growth and coarsening of h¢¢ and h¢ precipitates.
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I. INTRODUCTION

HEAT-TREATABLE AL alloys have drawn a great
deal of attention due to their advantages for structural
applications in the automobile and aerospace indus-
tries.[1] The 2XXX series Al alloys, which are strength-
ened by the formation of precipitates, are some of the
most studied age-hardenable alloy systems. The precip-
itation sequence of this alloy is accepted to occur as
follows: Supersaturated solid solution
(SSSS) fi Guinier–Preston (GP) zones fi h¢¢ (GPII
zones) fi h¢ fi equilibrium h.[2] The strength of the
alloy is controlled by the metastable h¢¢ and h¢ precip-
itates. Therefore, it is necessary to introduce new
precipitates in the Al matrix or modify the precipitation
kinetics of the existing precipitates for further

improvement of strength of the alloy at room temper-
ature as well as at elevated temperature.
The addition of small amounts of transition metals,

such as Sc, Zr, Nb, Hf, V, Ti etc., as micro alloying
elements to age-hardenable Al alloys can form stable or
metastable L12 type trialuminides, which makes a
distinct positive effect on room temperature as well as
high temperature strength of the alloy.[3–8] Moreover,
the addition of these elements in Al-Cu- and Al-Mg-
based alloys can refine the grain size and morphology,
and improve recrystallization resistance.[9–16]

In the present investigation, Zr and Nb are added to
the commercial 2219 alloy to improve its high temper-
ature mechanical properties. Zr has solid solubility of
about 0.29 wt pct in Al at the peritectic temperature of
933.8 K (660.8 �C).[17] In Al-Zr binary alloy, nanome-
tre-sized Al3Zr precipitates with metastable L12 struc-
ture form during aging in the temperature range of
648 K to 698 K (375 �C to 425 �C).[18,19] These L12
precipitates transform to the equilibrium DO23 phase
after prolonged aging at a temperature above 698 K
(425 �C).[19–22] Although these precipitates have a larger
size, they are stable and remain coherent due to the
small lattice mismatch with Al (+ 0.75 pct).[23–25] Sta-
bility of these L12 precipitates arises from slower
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diffusivity of Zr in Al and coherency due to small lattice
parameter mismatch of Al3Zr with Al.[3,18,26] Moreover,
the addition of Zr improves creep resistance and thermal
stability of Al alloys at elevated temperatures.[3,4,27]

The solid solubility of Nb in Al is 0.22 wt pct at the
peritectic temperature of 913 K (640 �C), decreasing to
less than 0.1 wt pct at 573 K (300 �C). The diffusivity of
Nb in Al is also very low.[3,28] Addition of Nb to Al or
Al alloy forms equilibrium DO22 type Al3Nb inter-
metallic. This DO22 crystal structure is stable at high
temperature but is very brittle in nature. A few studies
have reported the formation of metastable Ll2 structure
in Al-Nb alloy.[3,29] L12 type Al3Nb dispersoids can be
obtained by applying controlled cooling with a cooling
rate greater than 103 K/s.[30,31]

The L12 type Al3Zr particles are known to precipitate
discontinuously in Al-Zr alloys.[32] This discontinuous
precipitation can be suppressed by tuning the lattice
misfit through suitable alloying additions such as Ti, V,
Nb etc.[33–36] Chuang and Tu reported that the addition
of Nb to an Al-Cr-Zr alloy lowered the misfit strain and
interfacial energy, and resulted in uniform precipitation
of L12 type Al3Zr particles in Al matrix.[33] They also
reported that the addition of Nb improves the thermal
stability of the alloy due to the partitioning of Nb in the
L12 type Al3Zr particles resulting in the formation of
L12 type Al3(Zr, Nb) particles.[33] Additionally, with Nb
addition in the order of 0.10 wt pct or more, a
significant grain refinement can be achieved.[9]

It has been established by our research group that the
trace amount of alloying additions and a new heat
treatment process can cause a significant increase in
room temperature and elevated temperature strength of
a binary Al-Cu alloy.[37,38] A part of that work included
preparing an Al-4.5 wt pct Cu-0.33 wt pct Nb-0.48
wt pct Zr alloy by suction casting in a water-cooled
copper mold at a cooling rate in the range of 102 to 103

K/s. The cast alloy was subsequently processed using a
novel three-stage heat treatment process. The process
route followed was Arc melting fi chilled copper mould
casting fi aging at 673 K (400 �C), 10 hours fi solu-
tionising at 808 K (535 �C), 30 minutes fi aging at
463 K (190 �C). It was observed that 0.2 pct proof
stress (PS) was 460 ± 18 MPa at room temperature and
250 ± 16 MPa at 523 K (250 �C) after peak aging at
463 K (190 �C), which is extremely good and has been
patented and published.[38,39] Microstructural analysis
revealed that the significant improvement of yield
strength at room temperature as well as at elevated
temperature was due to the formation of stable coherent
L12 type Al3Zr precipitates and h¢¢ precipitates, where
the heterogeneous nucleation of h¢¢ precipitates on Al3Zr
precipitates led to slower growth and coarsening kinetics
of the precipitates and better high temperature
properties.

This paper focuses on studying the effect of the similar
addition of Zr and Nb to the commercial 2219 alloy
(designated henceforth as 2219NbZr alloy) using a
similar three-stage heat treatment route. The impact of
this novel three-stage heat treatment process on the
microstructural modification and mechanical properties
of 2219NbZr alloy are evaluated through extensive

microstructural and mechanical characterization, and
by correlating the microstructural characteristics after
each stage of processing with the tensile properties.

II. EXPERIMENTAL PROCEDURE

For the present investigation, 0.33 wt pct Nb (99.9
wt pct) and 0.33 wt pct Zr (99.9 wt pct) are added to the
commercial 2219 alloy, since 2219 alloy already contains
0.15 wt pct Zr. The chemical composition in wt pct of
the commercial 2219 alloy and 2219NbZr alloy is given
in Table I. The alloy is prepared in the form of 10 g
buttons by arc melting. These are melted several times to
obtain compositional homogeneity. Subsequently, the
buttons are suction cast in a water-cooled copper mold
in the form of strips having 3 mm thickness and 10 mm
width. The cooling rate for this process is in the range of
102 to 103 K/s.
The suction cast alloy is aged at 673 K (400 �C) to

form Al3Zr precipitates. Subsequently, the alloy is
solution treated at 808 K (535 �C) for 30 minutes to
increase the Cu concentration in solid solution without
significantly affecting the already formed Al3Zr precip-
itates. This is followed by a second-stage aging treat-
ment at 473 K (200 �C) to precipitate h¢¢ and h¢
precipitates.
The grain morphology is studied using scanning

electron microscopes (SEM) and the grain size is
measured by electron backscatter diffraction (EBSD)
mapping. The precipitation behavior is characterized by
transmission electron microscope (TEM). Bulk compo-
sition analysis is performed using electron probe
micro-analyzer (EPMA) and composition of the
nanometer-sized precipitates is analyzed using
TEM-EDS. TEM observations are conducted on a
JEOL 2000FX microscope operated at 200 kV and an
FEI TEM system fitted with energy dispersive X-ray
spectroscopy (EDS) analysis operating at 300 kV.
After each processing step, hardness is measured and

tensile properties at room temperature as well as at
473 K (200 �C) are measured after peak aging of the
alloy. Vickers hardness measurements are made on a
Zwick Roell ZHV1-A Vickers micro-hardness tester.
The tensile tests are conducted on Instron 5967 at a
strain rate of 10�3 s�1. Micro-tensile samples of 6 mm
gauge length and 0.5 mm thickness are used for the
experiments. For each condition, minimum four samples
are tested and the average values are reported.

III. RESULTS AND DISCUSSION

A. Suction Casting

After casting of the 2219NbZr alloy, the Vickers
micro-hardness of the cast structure is found to be
844 ± 29 MPa along the longitudinal section as well as
the transverse section. SEM micrographs of the suction
cast samples are shown in Figure 1(a). It is observed
that the as-cast microstructure of the alloy exhibits
equiaxed grains. Grain size is measured using EBSD
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analysis (Figure 1(b)) and is found to be 30 ± 10 lm.
The grain size of the commercial 2219 alloy processed in
the similar manner is found to be 66 ± 7 lm. Thus, the
presence of Nb and Zr in the alloy helps to refine grain
size. It has also been reported in the literature that the
peritectic-forming solutes, such as, Nb, Zr, V, Ti, have
remarkable effect on the refinement of grain size of Al
alloys.[9] In our alloy, few petal-shaped particles could
also be observed inside the grains, as shown in the inset
of Figure 1(a). The compositional analysis of these
particles and the distribution of Nb and Zr are

determined by EDS and WDS elemental mapping using
EPMA. The composition of the petal-like particles is
found to be close to Al3Zr and the composition of the
grain boundary phase is close to h (Al2Cu) phase. It is
found that the matrix contains 1.6 ± 0.3 wt pct Cu. Zr
concentration is 0.32 ± 0.1 wt pct in the matrix and
0.17 ± 0.1 wt pct in the grain boundary phase. The
concentration of Nb is 0.4 ± 0.1 wt pct in the matrix
and less than 0.1 wt pct in the grain boundary phase.
Elemental mapping of 2219NbZr alloy is shown in

Table I. Chemical Composition of the Alloys (Weight Percent)

Al Cu Zr Nb Mn V Ti Si Fe

2219 (Base Alloy) bal. 6.5 0.15 — 0.32 0.06 0.03 0.05 0.13
2219NbZr bal. 6.5 0.48 0.33 0.32 0.06 0.03 0.05 0.13

Fig. 1—Suction cast 2219NbZr alloy (a) SEM micrograph exhibiting equiaxed grains and a petal-like primary Al3Zr particle inside a grain
shown in the inset, (b) EBSD image showing the grain size distribution, and (c) WDS elemental mapping showing the elemental distribution.
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Figure 1(c). It reveals uniform dispersion of Nb and Zr
in the matrix.

B. Artificial Aging at 673 K (400 �C)
After casting, the first stage of aging of the 2219NbZr

alloy is carried out at 673 K (400 �C) followed by water
quenching. The aging curve is shown in Figure 2. The
hardness of the alloy increases with time up to 10 hours
of aging after which it reaches a plateau. The peak aged
sample (10 hours) exhibits a hardness value of
1101 ± 23 MPa. Thus, peak aging at 673 K (400 �C)
leads to an increase in the hardness of 267 MPa.

To understand the cause of the increase of hardness,
TEM analysis is performed for the peak aged sample.
SAD patterns along [001]Al, [011]Al, and [112]Al zone
axes are shown in Figures 3(a) through (c). It is
observed that the superlattice spots are present in all
the diffraction patterns. These superlattice reflections
confirm the formation of L12 type ordered precipitates.
The dark-field image corresponding to the encircled
superlattice spot along [001]Al zone axis is shown in
Figure 3(d). Very fine, uniformly distributed and closely
spaced precipitates are observed in the dark-field image.
The size distribution curve for these precipitates is
presented in the inset of the dark-field image. The
precipitates have a narrow size distribution in the range
1.5 to 4 nm with an average size of 2.3 ± 0.5 nm
(radius). To provide a clearer picture a HRTEM image
of L12 precipitates is shown in Figure 3(e). In order to
get a qualitative idea about the chemistry of L12
precipitates, STEM mapping image is shown in
Figure 3(f), which reveals that the precipitates are
enriched in Zr. Furthermore, EDS analysis using STEM
nanoprobe reveals that the composition of the L12
precipitates is Al-23.6Zr-2.4Cu-0.15Nb (in at. pct),
which is close to Al3Zr. The results do not reveal much
Nb partitioning in Al3Zr precipitates. The previous
study of Al-Cu-Nb-Zr alloy by Makineni et al. in our
group has also reported the composition of these L12
type ordered precipitates through Atom Probe Tomog-
raphy analysis as Al-22Zr-2.03Cu-0.5Nb (in at. pct),
which is close to the stoichiometry of Al3Zr with minor
amounts of Cu and Nb replacing Zr.[38] Thus, any
significant Nb partitioning in Al3Zr precipitates as

observed by Chuang and Tu[33] was not observed in
the experiments conducted in our group. It could be due
to the much higher amount of
Nb in the alloy and much higher cooling rate

employed in their work. Thus, the main role of Nb in
our work is to prevent discontinuous precipitation of
Al3Zr precipitates. The strength increase after first stage
of aging originates from these L12 type ordered Al3Zr
precipitates.

C. Solution Treatment at 808 K (535 �C)
Solution treatment time at 808 K (535 �C) was

optimized by measuring hardness value of the alloy for
different solution treatment times by our group.[37] The
hardness vs time plot at this temperature for the
Al-4.5Cu-0.33Nb-0.48Zr (wt pct) alloy is shown in
Figure 4(a). This graph indicates that the hardness of
the alloy drastically decreases after 30 minutes of
solution heat treatment due to rapid coarsening of
Al3Zr precipitates. Therefore, after aging at 673 K
(400 �C), the 2219NbZr alloy is solution treated at
808 K (535 �C) for 30 minutes. It is found that this leads
to an increase in Cu concentration in the matrix to
4.1 ± 0.5 wt pct. Figure 4(b) shows the elemental map-
ping for the solution-treated alloy. It is observed that a
part of the grain boundary phase (h) remains undis-
solved, and Nb and Zr are present inside the grain. The
presence of Nb and Zr probably restricts the diffusion of
Cu in the matrix, hence less enrichment of Cu in the
matrix takes place and some undissolved h phase
remains at the grain boundary.
The dark-field image and SAD pattern along [001]Al

zone axis is shown in Figure 4(c). Superlattice spots
corresponding to L12 type ordered structure are
observed in the SAD pattern. From the SAD pattern
it can be confirmed that after solution treatment Al3Zr
precipitates do not undergo structural transformation.
The dark-field image shows these to be Al3Zr precipi-
tates, which remain unaffected by solution treatment.
Size distribution analysis of these precipitates has been
carried out after peak aging at 473 K (200 �C) as it is
assumed that 473 K (200 �C) is a too low a temperature
for any change in the size and distribution of Al3Zr
precipitates. The solution-treated alloy results in a
hardness of 1076 ± 23 MPa, which is very close to the
peak hardness value obtained after 673 K (400 �C)
aging.

D. Artificial Aging at 473 K (200 �C)
The solution-treated samples are kept at 473 K

(200 �C) for second-stage aging. The variation of
micro-hardness with time is shown in Figure 5. The
hardness increases rapidly up to 10 hours of aging and
yields a maximum value of 1445 MPa. Following this,
the hardness drops gradually up to 25 hours and reaches
a plateau.
TEM analysis has been carried out to study the

precipitation behavior of the alloy after 10 hours peak
aging at 473 K (200 �C). SAD pattern along [001]Al

zone axis is shown in Figure 6(a) and a schematicFig. 2—Aging curve of 2219NbZr alloy at 673 K (400 �C).
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diagram of the marked area of the SAD pattern is
shown in Figure 6(b) for clarity. The SAD pattern
exhibits streaks, characteristic of coherent h¢¢ precipi-
tates with intensity maxima at ¼, ½, and � of the
reciprocal lattice position of the {200} reflections, as well
as reflections at {100} and {110} positions that corre-
spond to the L12 ordered structure. Reflections corre-
sponding to h¢ precipitates are also observed in the SAD
pattern, as marked in Figure 6(b). Figure 6(c) shows the
dark-field micrograph corresponding to the encircled
reflection in the SAD pattern. The dark-field image
reveals that the microstructure consists of L12 ordered
Al3Zr, h¢¢ and h¢ precipitates. The nature of distribution

and size of h¢¢ and h¢ precipitates are determined from
several bright-field, dark-field, and HRTEM images.
The Al3Zr precipitates are spherical in nature with

faceted interface. However, presence of faceted interface
is not clearly observed for all the Al3Zr precipitates. It is
found that the precipitates with larger radii are faceted
along {100} and {110} planes. As an example, an inverse
FFT image of an Al3Zr precipitate along [100]Al zone
axis is shown in Figure 7(a). It is observed that this
precipitate has octagonal shape with {100}ppt and
{110}ppt faceting planes, as exhibited in the schematic
diagram shown in the same figure. The size distribution
curve, shown in Figure 7(b), reveals that the variation in

Fig. 3—2219NbZr alloy aged at 673 K (400 �C) for 10 h (a) SAD patterns along [001]Al, (b) [011]Al, (c) [112]Al, and (d) dark-field image taken
near to [001]Al zone axis with �110 superlattice ordered spot reflecting Al3Zr precipitates with inset showing precipitate size distribution
histogram, (e) HRTEM image and (f) STEM EDS mapping of Al3Zr precipitates.
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size of the precipitates is larger compared to that of the
precipitates after first stage of aging shown in
Figure 3(d). These precipitates have a size range of 2.1
to 7 nm with an average size of 4.7 ± 1.4 nm (radius)
and are homogenously distributed throughout the
matrix.
A representative HRTEM image along [100]Al zone

axis and the FFT corresponding to the plate-like
precipitates are shown in Figure 7(c). The characteristic
reflections of h¢ precipitates observed in the FFT
confirm that the plate-like precipitates are h¢. It is
observed that h¢ precipitates nucleate on Al3Zr precip-
itates. The orientation relationship between the precip-
itates is established to be: ð100Þh0==f100gAl3Zr

:: ½001�h0==
h001iAl3Zr

:

Fig. 4—Solution treatment at 808 K (535 �C). (a) Vickers hardness vs solution treatment time for Al-Cu-Nb-Zr alloy, (b) WDS elemental
mapping showing the distribution of Al, Cu, Nb, and Zr for 2219NbZr alloy after 30 min of solution treatment, and (c) dark-field image taken
near to [001]Al zone axis using a superlattice ordered 100 spot and the corresponding SAD pattern shown as an inset for 2219NbZr alloy after
30 min of solution treatment.

Fig. 5—Aging curve of 2219NbZr alloy at 473 K (200 �C).
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Fig. 6—2219NbZr alloy after peak aging at 473 K (200 �C). (a) SAD pattern along [001]Al zone axis, (b) schematic diagram of SAD pattern of
enclosed area in (a), and (c) dark-field image corresponding to encircled superlattice ordered 010 spot.

Fig. 7—2219NbZr alloy after peak aging at 473 K (200 �C). (a) inverse FFT image along [100]Al zone axis and schematic diagram of the
precipitate, (b) size distribution curve of the Al3Zr precipitates, (c) HRTEM image showing h¢ precipitate nucleating on Al3Zr, and (d) HRTEM
image showing h¢¢ precipitates nucleating on Al3Zr.
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Figure 7(d) presents the HRTEM image near [100]Al

zone axis, which shows h¢¢ precipitates along with Al3Zr
precipitates. The corresponding FFT in the inset shows
that the streaks through the {200}Al reflection break up
and give rise to distinct intensity maxima at {100}Al,

which confirms that these precipitates are h¢¢. The
micrograph shows that Al3Zr precipitates accompany
one variant of h¢¢, which lies on (100) plane. Interest-
ingly, the second kind of heterogeneous precipitation is
only observed for Al3Zr precipitates with smaller radius
and without distinct facets. Figures 8(a) and (b) show
the STEM images of the precipitates. Figure 8(a) shows
h¢¢ precipitates along with Al3Zr more clearly, whereas
Figure 8(b) shows the overall microstructure. These
micrographs corroborate the HRTEM results.
Figure 8(c) shows a STEM mapping image of h¢¢ and
the Al3Zr precipitates. It confirms that the plate-like
precipitates are Cu rich while the spherical precipitates
are Zr rich.

Detailed analysis based on a large number of micro-
graphs showed that h¢¢ and h¢ precipitates nucleate on
Al3Zr/matrix interface. There are a few studies that
report nucleation of h¢ precipitate on pre-existing Al3Zr
particles. Galbraith et al.[40] reported heterogeneous
nucleation of h¢ on Al3Zr particles in their study on
Al-Cu-Li-Zr alloy. They rationalized that this kind of
nucleation occurs when cch0=Al3Zr

� ca=Al3Zr þ ca=h0 ; where

cch0=Al3Zr
is the interfacial energy of h¢/Al3Zr facet, ca=Al3Zr

is the energy of the curved a/Al3Zr interface, and ca=h0 is

the energy of the curved a/h¢ interface. It was observed
that faceting influences the precipitation kinetics of
plate-like precipitates on Al3Zr by reducing the interfa-
cial energy.[40] Heterogeneous nucleation of plate-like
precipitates has also been reported by Kanno and Ou,
and Itoh et al. for Al-Cu-Zr and Al-Cu-Zr-Li
alloys,[41,42] and more recently by Chen et al.[8]

Length of h¢¢ and h¢ precipitates were measured from a
number of bright-field and STEM images and the
thickness of the precipitates was measured from the
HRTEM images. It was found that the h¢¢ precipitates
have an average length of 21 ± 6.5 nm and an average
thickness of 2.2 ± 0.5 nm. The average length of the h¢
precipitates is 133 ± 60.3 nm and an average thickness
is 4.2 ± 2.1 nm. It is observed that there is a distinct size
difference between h¢¢ and h¢ precipitates. The number
density of h¢¢ and h¢ precipitates are measured to be
1.2 9 1021 and 1.1 9 1021 m�3. For 2219 alloy, solution
treated at 808 K (535 �C) for 30 minutes and peak aged
at 473 K (200 �C) for 20 hours, only h¢ precipitates were
observed. The average length of h¢ precipitates is
127 ± 34 nm, average thickness is 5.1 ± 1.1 nm, and
the number density is 1.01 9 1021 m�3. Thus, the
heterogeneous nucleation in 2219NbZr alloy leads to a
finer average size and a higher number density of
plate-shaped precipitates.
In Figure 5, it was observed that the alloy remains

stable after 160 hours of aging. It implies that the
coarsening kinetics of this alloy is very slow at 473 K

Fig. 8—2219NbZr alloy after peak aging at 473 K (200 �C). (a) and (b) STEM images of h¢¢ and h¢ along with Al3Zr precipitates, (c)
representative STEM elemental mapping of h¢¢ along with Al3Zr precipitates.
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(200 �C). The slower growth and coarsening kinetics is
attributed to the elastic strain energy minimization of
the precipitates, which is demonstrated by the phase
field simulation in the previous paper from our group.[38]

The atom probe data in the previous paper also showed
that some amount of Zr and Nb remained in the solid
solution in the matrix.[38] The higher Zr and Nb
solute-vacancy binding energy slows down the diffusion
of Cu atoms in the matrix retarding the growth and
coarsening of h¢¢ and h¢ precipitates.

E. Tensile Properties

Tensile tests are performed after 10 hours of aging at
473 K (200 �C), i.e., for the peak aged 2219NbZr alloy.
The tensile properties at room temperature and 473 K
(200 �C) are summarized in Table II. For a comparison,
the tensile properties of the commercial 2219 alloy in the
standard T851 temper at room temperature and 473 K
(200 �C) are also presented in the same table. It is
observed that the 2219NbZr alloy exhibits about
40 MPa higher 0.2 pct PS at room temperature as well
as at 473 K (200 �C), though a lower elongation to
fracture than the commercial 2219 alloy.

F. Strengthening Mechanisms

For the present study, the main contributors to
strength for the 2219NbZr alloy are precipitation hard-
ening and grain boundary strengthening. Precipitation
strengthening is governed by Orowan bypassing or
shearing mechanisms. The final microstructure consists
of h¢¢, h¢ and Al3Zr precipitates. Coherent h¢¢ precipitates
follow shearing mechanism, whereas h¢ and Al3Zr pre-
cipitates are bypassed by Orowan looping. For shearing
mechanism, the factors that contribute to the increase in
yield strength are coherency strengthening, modulus
mismatch strengthening and order strengthening.

According to Brown and Ham,[43] the contribution
due to modulus mismatch and order strengthening is
negligible as compared to coherency strengthening. So,
the strength increment due to h¢¢ precipitates is calcu-
lated using the following relation for coherency
strengthening:

sShear ¼ 4:1 � G � je3=2j � Vvdh00

2b

� �1=2
; ½1�

where, sshear is the critical resolved shear stress (CRSS)

to shear h¢¢ precipitates, volume fraction Vv ¼
Nvpd2h00 th00

4 ;

and lattice strain e ¼ 1
3

1þv
1�v

� �
d: The meaning of different

symbols, the values used for the calculations and the
values obtained from the calculations are given in
Tables III and IV.
For the spherical L12 type Al3Zr precipitates, CRSS

for Orowan bypassing sL12 is calculated from the
following equation[44]:

sL12 ¼
Gb

2p
ffiffiffiffiffiffiffiffiffiffiffi
1� v

p � 1
k
� ln pdL12

4b
; ½2�

where, inter-particle spacing k ¼ 1:075ffiffiffiffiffiffiffiffiffiffiffi
NvdL12

p � pdL12
4 and dL12

is the diameter of the L12 type Al3Zr precipitates.
To account for h¢ precipitates, the modified Orowan

model for precipitate thickness of 0.6–8 nm with
random precipitate distribution, given by Nie and
Muddle,[45] is used. The model states that the CRSS
due to Orowan bypassing of h¢ precipitates, sh¢, is given
by:

sh0 ¼
Gb

2p
ffiffiffiffiffiffiffiffiffiffiffi
1� v

p 1

1:23 1:030ffiffiffiffiffiffiffiffi
Nvdh0

p � pdh0
s � 1:061th0

0
B@

1
CA

ln
0:981

ffiffiffiffiffiffiffiffiffiffi
dh0th0

p
b

:

½3�

Total strength increment due to the presence of all the
precipitates is determined using the following ad hoc
superposition law[46]:

s1:4ppt ¼ s1:4shear þ s2L12 þ s2
h
0

� �0:5
� �1:4

; ½4�

where sppt is the total critical resolved shear stress
(CRSS) due to all the precipitates observed in the
microstructure. The calculated values are listed in
Table IV.
Grain boundary strengthening is calculated using the

Hall–Petch equation.[47]

rgb ¼ ri þ Kid
�m; ½5�

where rgb denotes the yield strength due to grain
boundaries, ri denotes the yield strength for pure Al
with infinite grain size, d is the average grain size for
the alloy, and m is the exponent for grain boundary
strengthening. After evaluating the strength contribu-
tion due to the precipitates and grain boundaries, the
total theoretical yield strength, rtotal, can be calculated
as follows[48]:

Table II. Tensile Properties of the 2219NbZr Alloy Peak Aged at 200 �C and 2219-T851 Alloy

0.2 Pct Proof Stress (MPa) UTS (MPa) Pct Elongation

2219NbZr 2219-T851 2219NbZr 2219-T851 2219NbZr 2219-T851

RT 409 ± 10 352 ± 18 530 ± 32 440 ± 21 2 ± 0.2 9 ± 1
200 �C 252 ± 22 217 ± 28 306 ± 12 245 ± 23 5.3 ± 0.4 19 ± 2
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rtotal ¼ rgb þM � sppt: ½6�

The calculated strength values are reported in Table V.
Based on the theoretical calculation, the theoretical total
strength comes out to be 474 MPa, whereas the exper-
imentally obtained value is 409 MPa.

IV. CONCLUSIONS

A small amount of Zr and Nb are added to 2219 alloy
and the alloy is processed by a novel three-stage heat
treatment developed by our group. During the first stage
of aging, homogeneously dispersed nanometer-sized L12
ordered Al3Zr precipitates are formed. These precipi-
tates are spherical in nature and their average radius is
about 2.3 ± 0.5 nm. Subsequently, solution treatment
at 808 K (535 �C) for 30 minutes leads to a change in
size distribution of Al3Zr precipitates. At this temper-
ature the average size (radius) of the precipitates
increases to 4.7 ± 1.4 nm. A distinct facet formation is
observed on {100} and {110} planes of the Al3Zr
precipitates depending on the size. Faceted morphology
of the Al3Zr particles facilitates heterogeneous nucle-
ation of h¢¢ or h¢ precipitates on them. Room

temperature and 473 K (200 �C), 0.2 pct proof stress is
improved by about 40 MPa as compared to the com-
mercial 2219-T851 alloy, though ductility is lowered. A
theoretical estimate of different strength contributions is
made. The strength essentially comes from h¢¢, h¢, and
Al3Zr precipitates, and, to a smaller extent, from fine
grain size.
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