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Abstract: Because the mechanical performance of precipitation-hardened alloys can be significantly
altered with temperature changes, understanding and predicting the effects of temperatures on
various mechanical properties for these alloys are important. In the present work, an analytical
model has been developed to predict the elastic modulus, the yield stress, the failure stress, and
the failure strain taking into consideration the effect of temperatures for precipitation-hardenable
Al-Mg-Cu-Si Alloys (Al-A319 alloys). In addition, other important mechanical properties of Al-A319
alloys including the strain hardening exponent, the strength coefficient, and the ductility parameter
can be estimated using the current model. It is demonstrated that the prediction results based on the
proposed model are in good agreement with those obtained experimentally in Al-A319 alloys in the
as-cast condition and after W and T7 heat treatments.

Keywords: precipitation-hardened alloys; Al alloys; tensile properties; temperature effects;
property modeling

1. Introduction

Precipitation-hardened alloys or age-hardened alloys based on Al, Mg, Ni, and/or Ti are widely
used in structural applications due to the enhanced strength that can be achieved by heat treating [1–3].
The mechanical properties of these types of alloys are deeply influenced by (i) the thermodynamic
stability of the precipitates in the alloys; and (ii) the concentration of impurity elements that influence
which precipitates ultimately evolve in the alloy microstructure. Because differing heat treatment
procedures are employed to control the quantity, size, and composition of the intermetallics that
form in the alloys, it is possible to develop different combinations of room temperature strength and
ductility. However, these alloys are frequently used in applications well above room temperature,
where the effect of heat treatment/precipitation condition is not well-described in general. Al alloy
A319 (Al-A319) is a good example of this type of alloy. Al-A319 cast alloys have been increasingly used
in the manufacture of engine blocks due to a combination of good abrasive properties and mechanical
strength [1–3]. The microstructural constituents present in this alloy are typically complex multiphases
comprising eutectic (acicular) Si as well as numerous intermetallic phases. Al-A319 alloys nominally
contain several percents of Si. Other elements such as Cu and Mg are typically incorporated in Al-A319
alloys to improve the room and high temperature strength [4,5].

Because yield strength, failure stress, strain-to-failure, and strain hardening coefficient that can
be varied depending on different service temperatures are key factors to determine the performance
of precipitation-hardened alloys, it would be advantageous to have a prediction model to describe
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the temperature-dependent behavior of these types of alloys. However, despite the long history of
developing these precipitation-hardened alloys in the metallurgy field, there are no tools to estimate the
temperature dependence of the mechanical properties of the alloys. In the present study, therefore, an
analytical model involving an empirical fitting approach has been developed to predict the dependence
of temperature on strength, ductility, and strain hardening coefficient of precipitation-hardened alloys.
We previously developed an analytical model to predict the tensile and compressive properties of
bimodal metallic materials at room temperature [6]. The model showed how the properties of true
yield stress, true failure stress, strain hardening exponent, strain-to-failure, and a newly defined
ductility parameter are interrelated. The interrelatedness of these parameters need not be limited to
only bimodal materials. In this work, an extended version of the model is proposed to account for the
effect of temperature on Young’s modulus, true yield stress, true failure stress, and strain-to-failure for
precipitation-hardened alloys. We will show that, from these basic parameters, all other mechanical
parameters of interest including strength coefficient, ductility parameter (which will be described
later), and strain hardening exponent can be calculated. The prediction results of these combined
models were compared to experimental data from tensile tests of Al-A319 alloys in the as-cast, W
(solutionized for 4.5 h at 450 ˝C), and T7 (W treatment + age-hardened for 4.67 h at 230 ˝C) heat
treatment conditions. Specimens with W and T7 heat treatment conditions were selected in this
work because solutionization (i.e., W condition) and subsequent age-hardening (i.e., T7 condition) are
commonly applied to Al-A319 alloys to reduce the residual stress accumulated during the casting
process and to improve homogeneity in the microstructure of materials. Because of the relatively short
time intervals between the W heat treatment and the tensile testing, the effect of natural aging was not
considered in the current work.

2. Analytical Model Development

2.1. Temperature-Dependent Model

Based on the evaluation of experimental data, the empirical relationships of Equations (1) to (5)
are proposed to account for the temperature-dependent properties of Young’s modulus (Y), true yield
stress (σt´y), true failure stress (σt´fail), and strain-to-failure (εt´fail).

Previous research has shown that the Young’s modulus of pure Al decreases linearly with
temperature from some initial maximum value, Y0 [7]. However, in alloy systems, the behavior
is more complicated and often shows a more marked non-linear decrease. We assume that the behavior
of the Young’s modulus can be adequately described by a transitional function such as the logistic
function to account for such non-linearity. This is based on an assumption that the Young’s modulus of
Al alloys would not be much influenced by the temperature changes at extreme temperatures, which
is true near the melting temperature and at very low temperature. The logistic function requires the
use of a low temperature Young’s modulus value, YLT, as well as a high temperature value, YHT.
The subscripts LT and HT denote low temperature and high temperature, respectively. It would be
reasonable to consider these LT and HT are the temperatures that are applicable as the lower and
upper bound of the logistic function. Therefore, we set the initial maximum value of modulus, Y0, as
the YLT. Based on this, in this work, Equation (1) is used to describe the Young’s modulus (Y) as a
function of temperature (T) using suitable choices of empirical constants.

Y “ Yo ´
∆Y
∆T

T´
YLT ´YHT

1` epT˚´Tq{Ψ
“ YLT ´

∆Y
∆T

T´
YLT ´YHT

1` epT˚´Tq{Ψ
(1)

In Equation (1), T* is the alloy softening temperature at which Young’s modulus with temperature

shows the highest rate of change (i.e., the highest
dY
dT

) [8]. Here, Ψ represents another experimentally
determined transition parameter to govern the rapidity with which the transition takes place. As will

be demonstrated in the “Results and Discussion” section, the linear dependence term (
∆Y
∆T

T) in
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Equation (1) does not considerably affect the variations of the Young’s modulus with temperature
changes for the Al-A319 systems considered in this work.

The temperature dependence of true yield stress (σt´y) is determined by adjusting the low
temperature true yield stress (σt´yLT ) for the loss of stiffness that accompanies the increase in
temperature. We approximate that this adjustment would be proportional to the elastic portion
of the true yield strain, i.e., εt´yLT “ σt´yLT{YLT , and the elastic modulus difference, i.e., (YLY ´ Y), as
given in Equation (2), where Cy is an empirically determined proportionality constant. This implies
that the decrease in the σt´yLT could be linearly approximated by the change in the Young modulus
with temperature, (YLY ´ Y). Here, note that we do not claim that the loss of true yield strength is the
same as the product of the elastic portion of the true yield strain and the elastic modulus difference.
Instead, we attempted to describe the true yield stress behaviors using the simplest approach.

σt´y “ σt´yLT ´ Cy

ˆ

σt´yLT

YLT

˙

pYLT ´Yq “ σt´yLT

„

1´ Cy

ˆ

YLT ´Y
YLT

˙

(2)

Now, the temperature dependence of the true failure stress (σt´fail) can be determined in the same
manner, where the adjustment is likewise proportional to the elastic portion of the true failure strain,
εt´ f ailLT “ σt´ f ailLT{YLT , and the elastic modulus difference, (YLY ´ Y).

σt´ f ail “ σt´ f ailLT ´ C f ail

ˆ

σt´ f ailLT

YLT

˙

pYLT ´Yq “ σt´ f ailLT

„

1´ C f ail

ˆ

YLT ´Y
YLT

˙

(3)

In Equation (3), Cfail is a proportionality constant that can be empirically determined. Note that
Cy and Cfail values would be varied by the material systems of interest. In the case of Al-A319 for all
heat treatment conditions, it was found that Cy = Cfail, which indicates that the decreasing rates of
σt´y and σt´fail are same from their LT values (Cy = Cfail).

For the representation of the true failure strain (εt´fail), it is proposed that εt´fail can be described
by the Arrhenius-like Equation (4) in which true failure strain (εt´fail) increases as temperature
increases up to the solidus temperature of the metal (Tsolidus).

ln
εt´ f ail

ε˚t´ f ail
“

´Q f ail

R pT´ Tsolidusq
(4)

εt´ f ail “ ε
˚
t´ f ailexp

ˆ

´Q f ail

R pT´ Tsolidusq

˙

(5)

where Qfail is the activation energy change for failure and R is the gas constant, respectively. In
Equations (4) and (5), mathematically, ε˚t´ f ail corresponds to the failure strain of alloys at infinitely low
temperature (i.e., T « ´8). Physically, it would be reasonable to approximate as ε˚t´ f ail “ YLT{σt´ f ail
at LY. The parameter Qfail can be determined using linear regression analysis. Here, lnε˚t´ f ail and Qfail

can be graphically interpreted as the y-intercept value and the slope of lnεt´fail vs.
´1

RpT´ Tsolidusq
plot,

respectively.

2.2. Interrelated Mechanical Properties

There are advanced models to describe the evolution of dislocation densities upon processing and
the subsequent hardening behavior of alloys. These models include the Kocks-Mecking model [9–11],
the Alflow model [12], and Myhr et al.’s model [13]. Although these sophisticated models may
include the effects of stacking fault energy, grain size, impurity element content, precipitation particle
sizes/contents, etc., on the hardening behavior of alloys, we elected to use a simpler Hollomon
equation (σt = Kεt

n, where σt, εt, K, and n are true stress, true strain, strength coefficient, and strain
hardening exponent, respectively) to represent the hardening behavior of Al-A319 alloys. When the
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work hardening phenomena of the material can be described by the Hollomon relationship, then
Equations (6) and (7) can be used to determine n and K [6].

n “
ln

´

σt´ f ail{σt´y

¯

ln
´

εt´ f ail{εt´y

¯ (6)

K “
σt´y

εn
t´y

(7)

The ductility parameter (A) is defined as the area under the (lnσt vs. lnεt) curve between the yield
stress and maximum (i.e., failure) stress [6]. This parameter is considered to govern the ductility of the
material and is defined by Equation (8).

A “
ln

´

σt´yσt´ f ail

¯

2
ln

´

εt´ f ail{εt´y

¯

(8)

3. Experimental Section

To compare the results based on the analytical models developed in the previous section, Al-A319
alloy was supplied in the form of sectioned chilled blocks of 100 mm ˆ 15 mm ˆ 15 mm having
a dendrite arm spacing (DAS) ranging from 20 to 50 µm. In this alloy, Si modification and grain
refinement were achieved by employing an Al-10% Sr master alloy, and a commercial Ti-B (5%
Ti-1% B) alloy. Final composition of the alloy was Al-8.6 Si-3.8 Cu-0.36 Mg-0.5 Fe-0.3 Mn-0.012
Sr-0.05 Cr-0.023 Ni-0.015 Pb. From the chilled as-cast blocks, square bars were cut and heat-treated
resulting in the following material conditions: (a) as-cast, (b) W—solutionized (4.5 h at 450 ˝C) and
(c) T7—age-hardened (W treatment + 4.67 h at 230 ˝C). Figure 1 shows the micrographs for (a) as-cast
and (b) W specimens obtained using optical microscope (Olympus model Mx50, Olympus Corp.,
Center Valley, PA, USA). In the micrographs, light and dark contrasts generally represent the α-Al
and modified Si particles in Al-A319 alloys, respectively. As can be seen in Figure 1, after W heat
treatments, the general microstructures did not exhibit much difference from the microstructure of
original as-cast specimen. Micrographs from T7 conditions also displayed similar microstructures to
those from the as-cast and W conditions.
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Figure 1. Optical micrographs from the (a) as-cast; and (b) W specimens. Light and dark contrasts
generally represent the α-Al phase and the modified Si particles in the Al-A319 alloys, respectively.

Tensile specimens of the as-cast and heat treated bars were then machined into samples 9 mm
in diameter and 80 mm in length according to the ASTM standards E21-921998 and B557-02. Tensile
testing was carried out on an MTS 810 machine (MTS Systems Corp., Eden Prairie, MN, USA) at a
strain rate of 10´4 s´1. The tensile testing machine was instrumented with an ambient chamber to
maintain the testing temperatures within ˘2 ˝C. Tensile testing was carried out at ´90, ´60, ´30,
0, 150, 180, 210, 240, 270, 320, 370, and 400 ˝C. Prior to tensile testing, the specimens were heated
to the desired temperature and held for approximately 10 min to achieve temperature stability. Up
to four samples were tested at each test temperature to obtain statistically reliable tensile testing
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results. An extensometer (axial extensometer Epsilon 3542, Epsilon Technology Corp., Jackson, WY,
USA) was placed on the gage length and total elongation values were measured to the points of
fracture. Figure 2 shows the examples of stress-strain curves at ´90, 0, 150, 270, and 400 ˝C measured
using these (a) as-cast, (b) W, and (c) T7 specimens, respectively. Experimental Young’s modulus (Y),
true yield stress (σt´y), true failure stress (σt´fail), true failure strain (εt´fail), strength coefficient (K),
ductility parameter (A), and strain hardening exponent (n) data were extracted based on these tensile
testing results.
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Figure 2. Examples of tensile stress-strain curves at various temperatures (´90, 0, 150, 270, and 400 ˝C)
from (a) as-cast; (b) W; and (c) T7 specimens.

4. Results and Discussion

Using the property prediction model developed above and the experimentally/empirically
determined values of parameters contained in Table 1, Figures 3–7 present the predicted property
values in comparison to the results obtained from the tensile tests of Al-A319 alloys. In Table 1, the
parameters (Ψ, Cy, Cfail, and Qfail) in the shaded boxes were empirically-determined and all other
parameters were experimentally determined.

Table 1. Experimental and empirical model parameters for Al-A319 alloys in various heat
treatment conditions.

Property Parameters As-Cast W T7

Y (MPa)

∆Y/∆T (MPa¨ K´1) 0
Y0 = YLT (MPa) 74,000

YHT (MPa) 30,000
T* (˝C) 300
Ψ (˝C) 55

σt´y (MPa)
σt´yLT (MPa) 141.0 240.0 262.0

Cy 1.6

σt´fail (MPa)
σt´ f ailLT (MPa) 211.0 279.0 292.0

Cfail 1.6

εt´fail (%)

ε˚
t´ f ail (%) 0.2851 0.3770 0.3946

Qfail (J¨ mol´1) 5269.6 3906.4 3932.1

Tsolidus (˝C) 515
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It is important to note that the Al-A319 chemical composition is such that many different types of
intermetallics are evolved during solidification, some of which can be dissolved by a solutionizing
heat treatment and others (especially Fe-containing species) that cannot [8,14]. Rincon et al. [8,14] have
shown that these brittle intermetallics can be large and significantly degrade tensile properties due to
their tendency to initiate and propagate cracks. In Al-A319 in particular, and precipitation-hardenable
alloys in general, the as-cast condition is likely to have a variety of intermetallics that are non-uniformly
distributed throughout the material. This is due to differences in cooling rates in various parts of the
casting, which causes differing degrees of concentration gradients during the solidification. Differences
in cooling rate will also result in variability in grain size and grain morphology. Both of these factors
will affect the mechanical properties. Therefore, it is to be expected that the material properties of the
as-cast metal will possess the most variability. Material in the W condition would be expected to show
less variability due to the homogenizing effect of the solutionizing treatment, where some intermetallics
are dissolved, and differences in grain sizes are to a certain extent evened out. The material in the T7
condition would be expected to show the least variability in mechanical properties, because (i) it has
undergone the solutionizing heat treatment to form more homogenous microstructure; and (ii) it
derives its strength primarily from the Orowan strengthening mechanism [15], which depends on
concentration, size, and distribution of nanoscopic precipitates—making it relatively insensitive to
grain size effects on the yield stress of alloys.

Figure 3 shows the temperature-dependence of Young’s modulus for Al-A319 alloys in various
heat treatment conditions. In the figure, the symbols and dashed curve represent experimental data
and the prediction of the model using Equation (1), respectively. It should be noted that in the case of
the Young’s modulus of Al-A319, the scatter in the data does not allow for the adequate determination
of the slight linear decrease in Young’s modulus (∆Y/∆T = 0). Therefore, to include a more marked
non-linearity in Equation (1), ∆Y/∆T was set to 0 for all heat treatment conditions. Also, because
the modulus did not decrease with decreasing temperature below room temperatures, we selected
Y0 (=YLT) as the nominal modulus of Al-319, i.e., 74 GPa. The Young’s modulus at HT was assumed
as the YHT at Tsolidus and was asymptotically extrapolated based on the experimental measurement
data (i.e., YHT « 30 GPa). The alloy softening temperature (T*) was set as 300 ˝C for all of the Al-A319
alloy systems tested in the present study [8]. The transition parameter (Ψ) of the logistic function
is the only empirical parameter to describe the temperature-dependent behaviors of the Young’s
modulus. As shown in Figure 3, the experimental measurements exhibit considerable scatter in the
Young’s modulus. In particular, the Young’s moduli of the as-cast sample show large variations, and
the measured values sometimes display a decreasing trend with decreasing temperatures, which can
be explained by the inhomogeneous non-uniform distributions of intermetallics as addressed in the
previous paragraph. Though there is considerable scatter in the modulus data, Figure 3 shows that
Equation (1) with the empirically determined transition parameter (Ψ) value of 55 ˝C provides an
adequate description of the temperature-dependent behavior of the material. Due to the scatter, it was
not feasible to determine if Young’s modulus depends significantly on the heat treatment conditions.
A significant difference in the modulus would only be expected if (i) the various intermetallic or
dispersed phases in the different heat treated materials are substantially more or less stiff than the
metallic phase; and (ii) the intermetallics are present in sufficient concentrations that they have a
non-negligible effect. Examination of microstructures with different heat treatment conditions did not
show such difference. Further, from Figure 3, it is clear that any obvious trend is not observed among
the as-cast, W, and, T7 samples. In addition, because the Young’s modulus used in Equations (2) and (3)
to predict the yield (σt´y) and failures stresses (σt´fail) will demonstrate below that these predictions
are seemingly accurate, the assumption that Young’s modulus is roughly independent of the heat
treatment conditions seems justified as a first approximation, at least in the case of Al-A319 alloys
considered in the present work.



Metals 2016, 6, 43 7 of 12
Metals 2016, 6, 43  7 of 12 

 

 

Figure  3.  Temperature‐dependence  of  Young’s modulus  for  Al‐A319  in  various  heat  treatment 

conditions. Symbols represent experimental data and the dashed curve is the prediction of the model, 

respectively. 

In Figure 4, using Equations (2) and (3), the temperature dependence of (a) true yield stress (σt−y) 

and (b) true failure stress (σt−fail) for Al‐A319 alloys in various heat treatment conditions is plotted. 

Again,  symbols  represent  experimental  data  and  the  curves  are  the  prediction  of  the  model, 

respectively. The  σ
L Tt y
  and  σ

L Tt fa i l
  values were determined by the averages of σt−y and σt−fail in 

the temperature ranges of −90 °C and 30 °C, because it was observed that these properties are not 

affected by the temperature below the room temperature for Al‐A319 alloys [8]. In determining the 

experimental σt−y values, we used the 0.2% offset method from the measured stress‐strain curves. By 

the  regression  analysis, we  identified  that  the  proportionality  constant Cy  and Cfail  values  of  1.6 

produce the best‐fit to the experimental observations. This implies that the loss of σt−y and σt−fail from 

LT due to the temperature increase can be successfully expressed by the multiples of elastic true strain 

of  LT  and  the  loss  conversion  constants  for  both  cases  are  1.6.  Also,  this  validates  that  the 

approximation of Equations (2) and (3) could be applied to the estimation of true yield stress and true 

failure strain in Al‐A319 systems considered in this work. From the figure, it is seen that the analytical 

prediction  shows  good  agreements with  the  experimental  observations. As  expected,  Figure  4a 

clearly  shows  that  true yield  stress  (σt−y) depends  significantly on  the heat  treatment  conditions. 

Figure 4b indicates that in general the as‐cast material fails at much lower stresses compared with the 

W  and  T7  materials.  Low  failure  stress  is  likely  the  result  of  higher  concentrations  of  brittle 

intermetallics in grain boundary regions of the as‐cast material. It is, however, notable that, at a given 

temperature, there is little difference between the failure stresses (σt−fail) of the W and T7 conditions, 

though age‐hardening (i.e., T7) induces slightly higher yield stress (σt−y). It is known from Al‐5083 

bimodal materials  that  the grain size has a significant effect on  the  failure stress  [6], but  it would 

appear that in homogenized Al‐A319 (i.e., W and T7 samples), the failure stress is influenced by alloy 

composition  (i.e.,  chemical  composition)  rather  than  the  concentration,  size,  and  distribution  of 

precipitates. This  indicates  it  is  likely  that grain  size and  chemical  composition primarily  control 

failure stress in homogenized Al‐A319. An analysis of failure stress data from Talamantes‐Silva et al. 

[16] for Al‐206 in W and T7 heat treat conditions over a range of grain sizes has shown that there is 

also little difference in true failure stress between W and T7 conditions if the samples have the same 

grain size. It is, however, thought that further investigation would be necessary to determine if this 

is  the  case  for alloys other  than Al‐A319 and Al‐206. At  temperatures of 210  °C and 270  °C,  the 

behavior of  the  as‐cast material  significantly departs  from  its general behavior  and  takes on  the 

attributes of the T7 material. However, at a temperature of 240 °C, the behavior exhibits its predicted 

behavior. The W material also seems to take on the attributes of the T7 material in the temperature 

range of 210 °C to 240 °C. The abrupt changes in behavior are likely due to the dissolution and/or 

precipitation  of  various  intermetallic  phases.  At  temperatures  of  300  °C  (i.e.,  alloy  softening 

temperature) and above, there appears to be little difference between the materials. 

Figure 3. Temperature-dependence of Young’s modulus for Al-A319 in various heat treatment
conditions. Symbols represent experimental data and the dashed curve is the prediction of the
model, respectively.

In Figure 4, using Equations (2) and (3), the temperature dependence of (a) true yield stress
(σt´y) and (b) true failure stress (σt´fail) for Al-A319 alloys in various heat treatment conditions is
plotted. Again, symbols represent experimental data and the curves are the prediction of the model,
respectively. The σt´yLT and σt´ f ailLT values were determined by the averages of σt´y and σt´fail in
the temperature ranges of ´90 ˝C and 30 ˝C, because it was observed that these properties are not
affected by the temperature below the room temperature for Al-A319 alloys [8]. In determining the
experimental σt´y values, we used the 0.2% offset method from the measured stress-strain curves.
By the regression analysis, we identified that the proportionality constant Cy and Cfail values of 1.6
produce the best-fit to the experimental observations. This implies that the loss of σt´y and σt´fail
from LT due to the temperature increase can be successfully expressed by the multiples of elastic
true strain of LT and the loss conversion constants for both cases are 1.6. Also, this validates that the
approximation of Equations (2) and (3) could be applied to the estimation of true yield stress and true
failure strain in Al-A319 systems considered in this work. From the figure, it is seen that the analytical
prediction shows good agreements with the experimental observations. As expected, Figure 4a clearly
shows that true yield stress (σt´y) depends significantly on the heat treatment conditions. Figure 4b
indicates that in general the as-cast material fails at much lower stresses compared with the W and T7
materials. Low failure stress is likely the result of higher concentrations of brittle intermetallics in grain
boundary regions of the as-cast material. It is, however, notable that, at a given temperature, there is
little difference between the failure stresses (σt´fail) of the W and T7 conditions, though age-hardening
(i.e., T7) induces slightly higher yield stress (σt´y). It is known from Al-5083 bimodal materials that
the grain size has a significant effect on the failure stress [6], but it would appear that in homogenized
Al-A319 (i.e., W and T7 samples), the failure stress is influenced by alloy composition (i.e., chemical
composition) rather than the concentration, size, and distribution of precipitates. This indicates it
is likely that grain size and chemical composition primarily control failure stress in homogenized
Al-A319. An analysis of failure stress data from Talamantes-Silva et al. [16] for Al-206 in W and T7
heat treat conditions over a range of grain sizes has shown that there is also little difference in true
failure stress between W and T7 conditions if the samples have the same grain size. It is, however,
thought that further investigation would be necessary to determine if this is the case for alloys other
than Al-A319 and Al-206. At temperatures of 210 ˝C and 270 ˝C, the behavior of the as-cast material
significantly departs from its general behavior and takes on the attributes of the T7 material. However,
at a temperature of 240 ˝C, the behavior exhibits its predicted behavior. The W material also seems
to take on the attributes of the T7 material in the temperature range of 210 ˝C to 240 ˝C. The abrupt
changes in behavior are likely due to the dissolution and/or precipitation of various intermetallic
phases. At temperatures of 300 ˝C (i.e., alloy softening temperature) and above, there appears to be
little difference between the materials.
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Figure 4. Temperature-dependence of (a) true yield stress (σt´y); and (b) true failure stress (σt´fail) for
Al-A319 alloys in various heat treatment conditions. Symbols represent experimental data and the
curves are the prediction of the model, respectively.

Figure 5 shows the Arrhenius-like dependence of true failure strain (εt´fail) for Al-A319 alloys
using the expression given in Equations (4) and (5) in (a) as-cast, (b) W, and (c) T7 heat treatment
conditions. Again, the symbols represent experimental data and the lines are the prediction of the
model, respectively. ε˚t´ f ail values were calculated using ε˚t´ f ail “ YLT{σt´ f ail for each heat treatment
condition. After obtaining the y-intercept values (ε˚t´ f ail), the linear regression was used to predict the

slopes shown in Figure 5. R-squared values (R2) of the linear regression are also provided in the figure.
The data in the figure evidently exhibit a higher true failure strain (εt´fail) with higher temperature

(i.e., higher
´1

RpT´ Tsolidusq
). From the figures, it is clearly seen that the predictions from the proposed

Equation (4) provide a reasonably accurate estimate of the true failure strain (εt´fail), although there
are instances in the as-cast and W data where there is some departure from the general trend. The
slopes of the prediction lines in Figure 5 can be used to understand the temperature effects on the
changes of the true failure strain (εt´fail). From the figure, it is seen that the true failure strain (εt´fail)
of the as-cast sample shows the highest failure activation energy (i.e., high Qfail value in Equations
(4) and (5)), while the heat treated samples (W and T7) show a lower failure activation energy (i.e.,
smaller Qfail value in Equations (4) and (5)). This can be explained from the different microstructural
homogeneity of as-cast and heat treatment samples. As-cast materials possess a large variation
in intermetallic phase size, shape, and composition, and therefore, possess many inhomogeneous
microstructural features that could lead to failure. Hence, the as-cast samples likely show more
temperature-sensitive behavior for the strain failure. On the other hand, W and T7 materials are more
refined and homogenous and thus the types/degrees of defects that can cause failure are less in these
solutionized and age-hardened materials, which will exhibit less sensitivity to the temperature changes
with regards to the temperature changes.

Metals 2016, 6, 43  8 of 12 

 

 

Figure 4. Temperature‐dependence of (a) true yield stress (σt−y); and (b) true failure stress (σt−fail) for 

Al‐A319 alloys  in various heat treatment conditions. Symbols represent experimental data and the 

curves are the prediction of the model, respectively. 

Figure 5 shows  the Arrhenius‐like dependence of  true failure strain  (εt−fail)  for Al‐A319 alloys 

using the expression given in Equations (4) and (5) in (a) as‐cast, (b) W, and (c) T7 heat treatment 

conditions. Again, the symbols represent experimental data and the lines are the prediction of the 

model, respectively. 
*εt fail   values were calculated using 

*ε /σt fail LT t failY    for each heat treatment 

condition. After obtaining the y‐intercept values (
*εt fail ), the linear regression was used to predict the 

slopes shown  in Figure 5. R‐squared values  (R2) of  the  linear  regression are also provided  in  the 

figure.  The  data  in  the  figure  evidently  exhibit  a  higher  true  failure  strain  (εt−fail)  with  higher 

temperature (i.e., higher 
1

( )solidusR T T




). From the figures, it is clearly seen that the predictions from the 

proposed  Equation  (4)  provide  a  reasonably  accurate  estimate  of  the  true  failure  strain  (εt−fail), 

although there are instances in the as‐cast and W data where there is some departure from the general 

trend. The slopes of the prediction lines in Figure 5 can be used to understand the temperature effects 

on the changes of the true failure strain (εt−fail). From the figure, it is seen that the true failure strain 

(εt−fail)  of  the  as‐cast  sample  shows  the  highest  failure  activation  energy  (i.e.,  high Qfail  value  in 

Equations (4) and (5)), while the heat treated samples (W and T7) show a  lower failure activation 

energy  (i.e.,  smaller Qfail value  in Equations  (4) and  (5)). This can be explained  from  the different 

microstructural homogeneity of as‐cast and heat treatment samples. As‐cast materials possess a large 

variation  in  intermetallic  phase  size,  shape,  and  composition,  and  therefore,  possess  many 

inhomogeneous microstructural features that could lead to failure. Hence, the as‐cast samples likely 

show more  temperature‐sensitive  behavior  for  the  strain  failure. On  the  other  hand, W  and  T7 

materials are more refined and homogenous and  thus  the  types/degrees of defects  that can cause 

failure are less in these solutionized and age‐hardened materials, which will exhibit less sensitivity 

to the temperature changes with regards to the temperature changes.   

 

Figure 5. Cont.



Metals 2016, 6, 43 9 of 12
Metals 2016, 6, 43  9 of 12 

 

 

Figure 5. Arrhenius‐like dependence of true failure strain (εt−fail) for Al‐A319 alloys in (a) as‐cast; (b) 

W; and (c) T7 heat treatment conditions. Symbols represent experimental data and the lines are the 

prediction of the model, respectively. 

In addition  to yield  stress  (σt−y),  failure  stress  (σt−fail), and  failure‐to‐strain  (εt−fail) of alloys,  in 

Figure 6, the predictions of other mechanical parameters of interest including the strain hardening 

exponent  (n),  strength  coefficient  (K),  and  ductility  parameter  (A)  are  compared  with  values 

calculated  based  on  the Holloman  equation  ( σ ε n
t tK ) with  the  experimental data.  Figure  6a,b 

shows  that  there  is  good  agreement  between  the predicted  and  experimental  values  of  strength 

coefficient (K) and ductility parameter (A) with the same some deviations at 210 C and 240 C for 
the as‐cast condition and the W condition from 240 C to 320 C. From these figures, it is seen that the 
strength  coefficient  (K)  increases  and  the  ductility  parameter  (A)  decreases  with  W/T7  heat 

treatments, respectively, which indicates that the heat treatment will increase the strength coefficient 

(K) (~48%) as well as the true yield stress (σt−y) and the true failure stress (σt−fail) as shown in Figure 4, 

and it will decrease the ductility of alloys. Further, it is observed that the general trend of these two 

parameters (i.e., K and A) for the W and T7 samples are similar, although the K and A parameters of 

W condition are slightly lower and higher, respectively, compared with those from T7 specimen. On 

the other hand, Figure 6c shows that there  is considerable scatter in the experimental data for the 

strain hardening exponent (n) and the agreement is relatively poor between the experimental values 

and  the predicted  trend, especially at  temperatures above 180  °C, which  indicates  that either  the 

growth or dissolution of precipitates can abruptly affect the mechanical properties.   

 

Figure 5. Arrhenius-like dependence of true failure strain (εt´fail) for Al-A319 alloys in (a) as-cast;
(b) W; and (c) T7 heat treatment conditions. Symbols represent experimental data and the lines are the
prediction of the model, respectively.

In addition to yield stress (σt´y), failure stress (σt´fail), and failure-to-strain (εt´fail) of alloys, in
Figure 6, the predictions of other mechanical parameters of interest including the strain hardening
exponent (n), strength coefficient (K), and ductility parameter (A) are compared with values calculated
based on the Holloman equation (σt “ Kεn

t ) with the experimental data. Figure 6a,b shows that there is
good agreement between the predicted and experimental values of strength coefficient (K) and ductility
parameter (A) with the same some deviations at 210 ˝C and 240 ˝C for the as-cast condition and the W
condition from 240 ˝C to 320 ˝C. From these figures, it is seen that the strength coefficient (K) increases
and the ductility parameter (A) decreases with W/T7 heat treatments, respectively, which indicates
that the heat treatment will increase the strength coefficient (K) (~48%) as well as the true yield stress
(σt´y) and the true failure stress (σt´fail) as shown in Figure 4, and it will decrease the ductility of
alloys. Further, it is observed that the general trend of these two parameters (i.e., K and A) for the W
and T7 samples are similar, although the K and A parameters of W condition are slightly lower and
higher, respectively, compared with those from T7 specimen. On the other hand, Figure 6c shows that
there is considerable scatter in the experimental data for the strain hardening exponent (n) and the
agreement is relatively poor between the experimental values and the predicted trend, especially at
temperatures above 180 ˝C, which indicates that either the growth or dissolution of precipitates can
abruptly affect the mechanical properties.
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Figure 6. Temperature-dependence of (a) strength coefficient (K); (b) ductility parameter (A); and
(c) strain hardening exponent (n), for Al-A319 alloys in various heat treatment conditions. Symbols
represent experimental data and the curves are the prediction of the model, respectively.

In Figure 7, the relationships between the ductility parameter (A) and the strain hardening
exponent (n) are displayed for the (a) as-cast, (b) W, and (c) T7 specimens. The symbols and curve
lines represent the experimental and prediction data, respectively. From the figures, it is clear that, in
general, the A and n parameters exhibit an inverse relationship; that is, A decreases and n increases as
the temperature decreases. Further, the experimental data in Figure 7 show that there is a complicated
temperature-dependent behavior of n and A, which can account for the relative inconsistency between
experimental and predicted values in Figure 6c, and again shows that either the growth or dissolution
of precipitates can abruptly affect the mechanical properties. Although there are some deviations from
the experimental measurement data, the analytical predictions show reasonable averaged behavior
over a wide range of temperatures for as-cast and heat treated specimens.
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Across Figures 3–7 we have shown that the developed analytical model can predict various
mechanical properties such as Young’s modulus (Y), true yield stress (σt´y), true failure stress (σt´fail),
true failure strain (εt´fail), strength coefficient (K), ductility parameter (A), and strain hardening
exponent (n) of Al-A319 alloys at different temperatures. Although we have only demonstrated that
the model can be applied to the Al-A319 material systems at various temperatures with different heat
treatment conditions in the current study, it is generally expected that the presented analytical model
approach can be applied to predict the mechanical behaviors of precipitation-hardened alloys where
the stress-strain curves are described by the Hollomon equation under various temperatures.

5. Conclusions

In this work, an analytical model using some empirical parameters was proposed to describe the
temperature dependence of Young’s modulus (Y), true yield stress (σt´y), true failure stress (σt´fail),
and true failure strain (εt´fail) of precipitation-hardened alloys majorly strengthened by the Orowan
strengthening mechanism. Strain hardening exponent (n) and strength coefficient (K) of the Hollomon
relation are derivable from these properties, as is the ductility parameter (A). The analytical model is
majorly based on the experimentally measured data at a reference temperature (i.e., LT in our work)
and three empirical parameters (Ψ, Cy = Cfail, and Qfail). The predictions of the model have been found
to provide consistent descriptions with experimental observations for the temperature-dependent
tensile mechanical behavior of Al-A319, except in the cases where high temperature results in either
dissolution or precipitation of intermetallic phases. In general, it was demonstrated that the model
adequately describes the true yield stress (σt´y), the true failure stress (σt´fail), and the true failure
strain (εt´fail) of the Al-A319 material. It is expected that the developed model can be applied to predict
the mechanical behaviors of precipitation-hardened alloys strengthened by the Orowan mechanism
under various temperatures. Other than the reliability of the prediction of the developed model, the
following lists the finding attained through this work.

‚ The temperature-dependent behavior of Young’s modulus (Y) of Al-A319 alloys does not
significantly depend on heat treatment conditions of the material. Such temperature-dependent
behavior of modulus can be described by adopting the logistic function.

‚ The loss of stiffness that accompanies with temperature increase can be proportional to the
elastic portion of the true yield strain (εt´yLT “ σt´yLT{YLT) at the reference temperature (LT) and
the elastic modulus difference (YLT ´ Y) from the reference temperature (LT). In homogenized
materials (i.e., W and T7 heat treatment conditions in Al-A319), the failure stress (σt´fail) is
relatively insensitive to heat treatment condition—meaning that for materials of the same grain
size, the overall chemical composition of the alloy determines the failure stress.

‚ The tensile properties of strength coefficient (K) and ductility parameter (A) as calculated from
the predicted Young’s modulus (Y), true yield stress (σt´y), true failure stress (σt´fail) and true
failure strain (εt´fail) agree with the values estimated from the experimental data.
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