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It is well known that nonlinear ultrasound is sensitive to some microstructural characteristics in material.
This paper investigates the dependence of the nonlinear ultrasonic characteristic on Al-Cu precipitation in
heat-treated 2219-T6 aluminum alloy specimens. The specimens were heat-treated at a constant temperature
155○C for different exposure times up to 1800 min. The nonlinearity parameter and the changes of precipitates
phase were measured for each of the artificially aged specimens. The experimental results show fluctuations in
the fractional change in nonlinear parameter (∆β/β0) and the changes of precipitated phase over the aging
time, but with an interesting correlation between the fractional change in nonlinear parameter (∆β/β0) and
the change of precipitate phase over the aging time. Through the experimental data results, the fractional
change in nonlinear parameter (∆β/β0) and the change of precipitate phase over the aging time were fitted
curve. Microstructural observations confirmed that those fluctuations are due to the formation and evolution of
precipitates that occur in a unique precipitation sequence in this alloy. These results suggest that the nonlinear
ultrasonic measurement can be useful for monitoring second phase precipitation in the 2219-T6 aluminum alloy.
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1. Introduction

The 2219 aluminum alloy has numerous advan-
tages as compared to other aluminum alloys including
medium strength, low specific strength, low cost, high
formability, good weldability, and high corrosion re-
sistance (Demir, Gündüz, 2009; Troeger, Starke,
2000; Ozturk et al., 2010) and has been widely
used in construction, automotive industry (e.g. wheels,
panels, and vehicle structure), aircraft (e.g. fuselage
skins), and marine engineering (Ozturk et al., 2010).
The 2219 aluminum alloy is a precipitation-hardened

alloy which mechanical properties can be manipu-
lated by the heat treatment (Edwards, 1998) at room
temperature (natural aging) or at a certain desig-
nated temperature. The T6 heat treatment is most
common and can largely improve the mechanical pro-
perties (Edwards et al., 1998; Buha et al., 2007; Ra-
jasekaran et al., 2012).

Microscopy using optical microscope (OM), scan-
ning electron microscope (SEM) (Benal et al., 2007;
Siddiqui et al., 2000) and transmission electron micro-
scope (TEM) (Yassar et al., 2011; Miao, Laughlin,
1999; Fang et al., 2010) has been conventionally em-
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ployed to evaluate heat-treatment induced microstruc-
tural changes. The microscopy is extremely powerful
in general but it is a sample-based laboratory charac-
terization method. In the meantime, there is a huge
demand in different industries for nondestructive eva-
luation (NDE) techniques which can enable an in situ
monitoring/evaluation of the material states of field
structures. Among others, ultrasonic NDE techniques
are probably most attractive.

In particular, nonlinear ultrasonic techniques have
been considered as a potential NDE tool for the assess-
ment of microstructural changes in materials. These
techniques are based on the fact that nonlinear ultra-
sound interacts highly sensitively with material mi-
crostructures such as dislocations and precipitates.
Therefore, from measured nonlinear ultrasonic charac-
teristics it may be possible to evaluate the changes
in microstructures during different thermal processes.
One of the typical nonlinear ultrasonic phenomena is
the second harmonic generation where a finite ampli-
tude monochromatic ultrasonic wave propagating in
the material is distorted and a second harmonic wave
is generated.

In the case of thermal aging, the precipitates pro-
duce local strain fields, may also produce dislocations
around them (Xiang et al., 2014), and interact with
dislocations (Cantrell, Yost, 2000; Metya et al.,
2008), and all of these lead to changes in the ultrasonic
nonlinearity parameter. There are some investigations
on the precipitate dependent nonlinear ultrasonic char-
acteristics in heat-treated alloys.

However, no accurate research has been performed
on the variations of the ultrasonic nonlinearity para-
meter and the changes of precipitates phase and pos-
sible correlation between these parameters during ar-
tificial aging of 2219-T6 aluminum alloy. Furthermore,
the morphology of the precipitates phase is closely
associated with the strength of the material. If the
growth rate of the precipitates phase can be detected
by nonlinear ultrasound and the morphological char-
acteristics of the precipitates phase can be predicted,
it will be of great help to calculate the strength
of the material, which will also greatly reduce the
other workload. Most studies have been limited to
the measurement of the relative parameter, which is
defined by the amplitude of harmonic signals instead
of those of the displacements (Kim et al., 2016). How-
ever, they have not analyzed the microstructural evo-
lution to verify the nonlinear ultrasonic results and
the experimental results were limited to showing the
relative change in the ultrasonic nonlinearity para-
meter.

In this study, we investigate the correlation be-
tween the changes of ultrasonic nonlinearity parameter
and the precipitates phase varied due to the thermal
aging in 2219-T6 aluminum alloy. The specific experi-
mental procedure is shown in Fig. 1.

Fig. 1. Experimental procedure.

Firstly, a scanning electron microscopy (SEM) was
used to observe the microstructure of the specimens
and obtain the distribution of the precipitates phase.
A RITEC SNAP RAM-5000 high power ultrasonic sys-
tem was used for ultrasonic measurements. The ac-
curate ultrasonic measurements were conducted us-
ing the contact piezoelectric detection method (Dace
et al., 1991) to determine the ultrasonic nonlinearity
parameter β. After the ultrasonic measurements, heat
treatment experiments were carried out to observe the
changes of precipitate phase at different aging times.
The heat treatment process is as follows: the 2219-
T6 aluminum alloy specimens were heat-treated at
a constant temperature of 155○C for different expo-
sure times: 0, 20, 40, 60, 120, 600, and 1800 min. Next,
the first and second steps of the experiment were re-
peated to compare the change of the nonlinear parame-
ter and the change of the precipitate phase before and
after the heat treatment. Furthermore, after experi-
ment data processing, the relation between fractional
change in nonlinear parameter and the variation of the
precipitate phase was established, and the correspond-
ing curve was fitted.

2. Theoretical consideration

A finite amplitude monochromatic ultrasonic signal
is excited on one side of the material specimen and the
transmitted signal is detected on the other side. The
propagating ultrasonic wave gets distorted through
its nonlinear interaction with nonlinearity sources in
the material, which leads to the generation of second-
order harmonic component in the initially monochro-
matic wave. Thus, detected ultrasonic signals con-
tain not only the fundamental, i.e. the excitation fre-
quency, but also its second harmonic frequency. The
ultrasonic nonlinearity parameter, having the physical
meaning of the efficiency of the second harmonic gen-
eration, is defined as follows (Kim, Jhang, 2012; Bal-
asubramaniam et al., 2011; Cantrell, Yost, 1997;
Li et al., 1985; Cantrell, Zhang, 1998; Viswanath
et al., 2011; Park et al., 2013; Kim, Jhang, 2013;
Ren et al., 2015; You et al., 2019): the Hooke law of
linear stress-strain relationship is valid for a homoge-
nous and isotropic medium when the applied stress am-
plitude is infinitesimal. However, materials in nature
exhibit nonlinear stress-strain relationship and this can
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be represented by first two terms of a power series ex-
pansion of strain as given by

σ = Aε +
1

2
Bε2

+ ..., (1)

where σ is stress, ε is displacement gradient ∂u/∂x,
A is the coefficient of second order term and B is the
coefficient of third order term in ∂u/∂x. B is a combi-
nation of second and third order elastic constants. The
equation of motion of a solid element in the absence of
body forces is given by Eq. (2),

ρ
∂2u

∂t2
=
∂σ

∂x
, (2)

where is ρ the density of material, x is the propaga-
tion distance of sound wave, and u is the displace-
ment in the x direction. Using the relationship between
strain and displacement, i.e. ε(x, t) = ∂u(x, t)/∂x for
a propagating one-dimensional longitudinal wave (u =
A1 sinωt, A1 is amplitude and ω is angular frequency)
through the isotropic material and substituting the
Eq. (1) in Eq. (2), one gets

ρ
∂2u

∂2t
= A

∂2u

∂x2
+B

∂u

∂x

∂2u

∂x2
. (3)

A perturbation solution is assumed to solve Eq. (3)
and the solution after two iterations is given by

u(x, t) = A1 sin (kx − ωt)

+
1

8

B

A
A2

1k
2x cos (2kx − 2ωt) + ..., (4)

where k is the wave number. From Eq. (4), the ex-
pression for the second harmonic amplitude A2 can be
expressed as

A2 =
1

8
(
B

A
)k2A2

1x. (5)

In Eq. (5), B/A term represents the nonlinear param-
eter β and upon rearranging this can be expressed as

β =
8A2

k2xA2
1

, (6)

where β is the second harmonic based nonlinear pa-
rameter, A1 and A2 are the fundamental and second-
order harmonic particle displacement amplitudes and
x is the propagation distance (specimen thickness). k is
the wave number.

However, the nonlinear parameters β are not sig-
nificantly related to the changes of precipitate phase.
Formula (1) expresses the relationship between non-
linear parameters and the first and second harmonics,
the correlation between precipitation phase and non-
linear parameters is not obtained from formula (1).
Granato and Lüke (1956), Hikata et al. (1965), and
Cantrell and Yost (2000) have conductued a very

detailed research on the nonlinear ultrasound. Accord-
ing to their research, the corresponding nonlinear pa-
rameter variation of medium can be expressed as:

∆β

β0
=

1536ΩR3ΛL4C2
11 ∣δ∣ r3

1

√
n

5πβ0µ2b2d3
, (7)

∆β = (β−β0) is the change in the nonlinearity parame-
ter, β0 is the initial value of nonlinearity parameter,
Ω is the conversion factor from the shear strain to lon-
gitudinal strain, R is the Schmid factor, Λ is the dis-
location density, L is the pinned dislocation segment
length, C11 is the second order elastic coefficient of
isotropic materials, r1 is the radius of precipitate, δ is
the precipitate-matrix lattice misfit parameter, µ is the
shear modulus of the material, and b is the Burgers
vector. On the dislocation line of the whole L length,
there are n ≈ L/d precipitated weak obstacles, and d
is the distance between each precipitated phase

fn =
4πr3

crit

3d3
, (8)

where fn is the volume fraction of the precipitated
phase, rcrit is the radius of critical nucleus of the pre-
cipitate.

According to the formulas (2) and (3), the following
equation can be obtained:

∆β

β0
= (

230.4ΩR3ΛL4C2
11 ∣δ∣ r3

1

√
n

π2β0µ2b2r3
crit

) fn. (9)

Further quantitative analysis requires determina-
tion of L, n, and d. Present alloy system contains mix-
ture of coherent and semicoherent precipitates, and the
determination of these parameters is difficult as it re-
quires an estimation of distribution function for spe-
cific type of precipitate in the mixture. After the de-
termination the relation between ∆β/β0 and fn, and
obtaining the change of volume fraction of precipitated
phase fn, the change of precipitated phase of material
after heat treatment can be effectively measured.

3. Experimental procedure

3.1. Material and heat treatments

Seven 2219-T6 aluminium alloy specimens with di-
mensions 40× 20× 20 mm were prepared by cutting
from an aluminum plate. Prior to testing, eight hun-
dred mesh and one thousand object sandpaper were
used to grind the surface of all the specimens. Figure 2
shows the heat treatment procedure.

3.2. Nonlinear ultrasonic measurement

A RITEC SNAP RAM-5000 high power ultrasonic
system was used for ultrasonic measurements. A com-
puter controlled transmitter-receiver capable of gener-
ating sinusoidal waveform in the tone burst mode with
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Fig. 2. Aging process diagram.

selectable number of cycles was used to drive the trans-
ducer. The RITEC system is fully computer controlled
and contains two gated amplifiers of different frequency
ranges, a superheterodyne receiver having capabilities
of filtering, reversing phase and frequency sweeping of
fundamental, second and third harmonics. The system
incorporates an RF gated amplifier module to deliver
very high power RF tone bursts that are needed for
extracting higher harmonics and also capable of gen-
erating long bursts with numerous cycles for materials
with high attenuation characteristics (Mondal et al.,
2010). The experimental setup is shown in Fig. 3.

Fig. 3. Block diagram of experimental set up for measuring
the nonlinear ultrasonic parameter.

4. Results and discussion

The changes in precipitated phase induced by solu-
tion aging heat treatment were evaluated by scanning
electron microscopy (SEM). As shown in Fig. 4, we
can observe the distribution of micro-structure in each
specimen. From the percentage of the second phase in

Fig. 4. Scanning electron micrographs showing fraction and
distribution of precipitate phases.

the SEM figure, the change of the second phase in each
specimen before and after heat treatment is seen. Be-
fore the heat treatment, the proportion of precipitated
phase of each specimen was almost the same. After the
heat treatment, the precipitated phase of each speci-
men increased significantly. A spectral analysis dia-
gram shows the components of the precipitated phase
in the SEM, and it can be seen that the precipitated
phase is aluminum-copper phase.

In order to track the fractional change in the non-
linear parameter in the heat treatment, nonlinear ul-
trasonic measurements were carried out in the same
point of each specimen and an attempt was made to
correlate changes in the microstructural parameters
causing such variations. Based on the experimental
data, the relationship between the change in the vari-
ation of the fractional change in nonlinear parameter
and the relative variation of the microstructure is ob-
tained. Figure 5 shows the variation of the fractional
change in nonlinear parameter and the relative varia-
tion of the microstructure during the heat treatment
process.

Fig. 5. Experimental results of ∆β/β0 and the relative va-
riation of the microstructure as a function of aging time.

As shown in Fig. 5, the marked points are measured
data, the measured data are connected to show the
trend of the variation of the fractional change in non-
linear parameter (∆β/β0) and the relative variation of
the microstructure as a function of aging time. The
variation of the fractional change in nonlinear param-
eter (∆β/β0) decreases slightly and the precipitated
phase increases during the first 20 min. In the fol-
lowing aging time, both ∆β/β0 and the precipitated
phase have the same changes. They all hit the mi-
nimum at 40 minutes, and then increase. At around
60 min, ∆β/β0 and the precipitated phase reaches
a positive peak. For the rest of the aging time, they
slowly descended and then rose. Overall, the frac-
tional change in nonlinear parameter (∆β/β0) and
the precipitated phase showed a good correlation over
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the aging time. The variations are due to the nucle-
ation and growth of the precipitates, which can be
well described by the precipitation sequence (Demir,
Gündüz, 2009; Troeger, Starke, 2000; Ozturk
et al., 2010; Mrówka-Nowotnik, 2010; Edwards,
1998; Buha et al., 2007; Rajasekaran et al., 2012).

5. Conclusion

The dependence of the nonlinear ultrasonic charac-
teristic on the second phase precipitation in the heat-
treated 2219-T6 aluminum alloy was investigated for
varying thermal aging time. The 2219-T6 aluminum
alloy specimens were heat-treated at a constant tem-
perature of 155○C for aging times, 0, 20, 40, 60, 120,
600, and 1800 min. The ultrasonic nonlinearity param-
eter of each specimen was measured and compared
with the precipitate phase obtained from SEM, and fit
the relationship of them. The expression of the fitting
curve is Y = −1531 + 3270∗X + (−1739)∗X∧2. The ex-
perimental results show the variation of the fractional
change in nonlinear parameter (∆β/β0) and the rela-
tive variation of the microstructure show an interesting
correlation. The variations were explained by the preci-
pitation sequence in the 2219-T6 aluminum alloy. Ac-
cording to the correlation obtained by fitting, the pre-
cipitation phase of 2219-T6 aluminum alloy can be ac-
curately calculated by monitoring the variation of the
nonlinearity parameter. This is a great help to judge
the state of the material. Moreover, the nonlinearity
parameter is also useful for evaluating the change of
the elastic properties caused by thermal degradation
and fatigue damage in industrial application.
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