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Abstract

The effect of heating-rate and its history on the thermomechanical behavior of aluminum alloy LY12 is investigated
with a Gleeble 1500 thermal–mechanical material testing system. It was found that the material experiencing higher heat-
ing-rate histories possesses lower rupture strength, and the pre-stressed material fails at a lower temperature when it is
heated at a higher heating-rate. The SEM observation shows that, in general, there are more defects in the material sub-
jected to higher heating-rates or higher heating-rate histories. The concept of local thermal inconsistency is introduced to
account for the effect of heating-rate on mechanical properties, such as hardening and damage. A constitutive model is
proposed for the description of the behavior of the materials subjected to thermomechanical loading incorporating fast
heating, which can take into account the effect of plastic deformation, temperature and its rate, and recrystallization on
the mechanical property, hardening and damage of the material. The constitutive behavior of LY12 subjected to uniaxial
thermomechanical loading incorporating fast heating is described, and the comparison with the experimental results dem-
onstrates the validity of the proposed model.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The failure of materials and structures caused by the deposition of highly concentrated energy is receiving
increasing attention (Chen et al., 1992, 1995; Chen and Li, 1992; Li and Chen, 1994; Chen, 1997; Liu et al.,
1995, 1996; Wang et al., 1995; Han et al., 1999; Peng et al., 2003). A significant phenomenon is that the high
and rapid increasing temperature may result in remarkable changes in the mechanical properties as well as the
microstructure of materials. It may cause the failure of a preloaded structure due to the degradation of the
mechanical properties (e.g., the strength is reduced to below the applied stress), or the invalidation of
the designed functions due to redistribution of stress or intolerant changes of configuration. The study of
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the material degradation at high and rapid increasing temperature may, on one hand, help avoiding such kind
of failure, and on the other hand, provide available information for making use of fast-heating technology.
The effect of elevated temperature on the mechanical properties of materials has been studied extensively,
but less attention has been paid to the effect of heating-rate.

It was found that fast heating could cause distinct changes in the mechanical properties of aluminum alloy
LY12 (Liu et al., 1995; Wang et al., 1995). When investigating the non-linear softening of aluminum alloy and
brass subjected to fast heating, it was found that different heating-rate histories may result in differences in
both the grain size and the macroscopic mechanical properties, which was accounted for with the dynamics
of recrystallization (Liu et al., 1995). The tensile testing of low-alloy steel 30CrMnSi subjected to fast heating
histories with different heating-rates showed distinct difference in both the rupture strength and the metallo-
graph of the material (Wang et al., 1995). The experimental investigation to the effect of heating-rate on the
mechanical properties of preloaded brass H62 indicated that the failure temperature is reduced with the
increase of heating-rate, which was attributed to the increase of microdefects due to strong local thermal
inconsistency (LTI) at high heating-rate (Chen et al., 2001). An experiment was conducted to investigate
the effect of heating-rate history on the rupture strength of aluminum alloy LY12, and the effect of heat-
ing-rate on the failure temperature of pre-loaded LY12 specimens, which confirmed the degradation of the
mechanical properties of the material at high heating-rates (Peng et al., 2003). A numerical simulation, which
is based on the inhomogeneous nature of the material, showed marked additional stress at high heating-rates,
indicating that, at a high heating-rate, LTI may play an important role in the damage and failure of the mate-
rial (Peng et al., 2003).

In the work reported in this paper, the effects of heating-rate and its history on the mechanical properties of
aluminum alloy LY12 are experimentally investigated with a Gleeble 1500 thermal–mechanical material test-
ing system. The microstructure of the tested material is observed with an Amray KYKY-1000B SEM to inves-
tigate the mechanisms of the heating-rate effect. It is found that high heating-rate may cause marked changes
in both the mechanical properties and the microstructure of the material. It involves temperature-induced soft-
ening, hardening, damage, phase transformation, recrystallization, grain growth, etc., and their interactions. A
phenomenological model is proposed, taking into account temperature induced variation of material proper-
ties, hardening and damage induced by both plastic deformation and LTI, recovery of hardening due to
recrystallization. The effect of heating-rate and its history on the thermomechanical behavior of LY12 is
described. The satisfactory agreement between the experimental and computed results demonstrates the valid-
ity of the proposed model.

2. Experiment

Three classes of experiments are performed with a Gleeble 1500 thermal–mechanical material testing sys-
tem. The specimens are heated by applying a direct electrical voltage drop between their two ends. The tem-
perature is measured with a chromel–alumel thermocouple welded directly on the surface of the working
section and controlled with a computer. The prescribed heating-rate can be realized through the variation
of temperature against time. The elongation of a specimen, the tensile traction and the temperature are
recorded synchronously with the data acquisition element of the testing system. The material used is alumi-
num alloy LY12 at age-hardening state (corresponding to aluminum alloy 2024 in USA), with the composition
listed in Table 1. The solidus and the melting temperatures of LY12 are about 530 �C and 650 �C, respectively.
The geometry of the specimen is shown in Fig. 1, where a reedy working section is used for larger electric resis-
tance to meet the requirement of high heating-rate and a uniform distribution of temperature in the working
section. The finite element simulation for the temperature in the aluminum specimen generated by different
electrical voltage drops shows sufficiently uniform distributions of the temperature in the working section
Table 1
Composition of the aluminum alloy LY12 (%)

Cu Mg Mn Fe Si Al

4.59 1.54 0.75 0.32 0.33 Rest
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Fig. 1. Geometry of specimen.
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of the specimen during the working intervals, provided the diameter of the working section keeps uniform.
Three specimens are used for each testing condition, and the results shown below is their average.

In the first class of experiment, the effect of heating-rate history on the rupture strength rf of LY12 is inves-
tigated. It includes three steps: heating a specimen at a constant heating-rate to a prescribed temperature;
keeping the temperature unchanged for 0.5 s, followed by stretching the specimen until fracture. The strain
rate is fixed as 0.5 s�1, so that the total time interval of this step is less than 0.1 s.

Three final working temperatures, 210, 350 and 465 �C (483, 623 and 738 K), are prescribed and three heat-
ing-rates 200, 650 and 1100 K/s are adopted for each working temperature, respectively. The maximum work-
ing temperature is less than solidus temperature. The maximum heating-rate is limited by the capability of the
testing system, the geometry of specimen and the properties of the used material. Some experimental T–t (tem-
perature vs. time) curves are shown in Fig. 2, where the maximum temperature is prescribed as 465 �C. It can
be seen that during heating processes, the slope of the curves is satisfactorily linear, indicating the heating-rate
is almost constant. The average heating rates calculated from the curves are shown in the figure, which shows
satisfactory agreement with the prescribed ones.

The rupture strength rf against heating-rate at different temperatures is shown in Fig. 3. It can be seen that,
in general, rf decreases with the increase of heating-rate. But at T = 350 �C (623 K) rf slightly increases as
heating-rate increases, which can be accounted for with the concept of LTI (Peng et al., 2003). At lower tem-
perature, the hardening induced by LTI may be less significant compared with the inelastic deformation
induced damage. At T = 350 �C the hardening induced by LTI becomes prominent, because the rapid recrys-
tallization at this temperature may eliminate some microdefects and increase the deformability of the material.
At T = 465 �C, the damage induced by LTI may becomes dominant again because of the growth of grain and
the temperature induced softening of the material may counteract the effect of hardening and the improvement
induced by recrystallization.

The second class of experiment is also to investigate the effect of heating-rate history on rf of LY12. It
includes the following steps: heating a specimen at a constant heating-rate to the prescribed temperature, keep-
ing the temperature unchanged for 0.5 s and then cooling freely to room temperature, followed by stretching the
specimen until fracture. Two maximum temperatures, 210 and 350 �C (483 and 623 K), are prescribed and three
heating-rates 200, 650 and 1100 K/s are adopted for each, respectively. Fig. 4 shows the effect of heating-rate on
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Fig. 2. Experimental T–t curves.



400

450

500

550

600

200 500 800 1100

σ f
/ M

Pa  483 K  623 K 

dT/dt (K/s)

Fig. 4. The effect of heating-rate on rf (tension at cooled state).
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Fig. 5. Variation of failure temperature against heating rate.
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rf, where it can be seen that the material subjected to the history of higher heating-rate has lower rupture
strength. Besides, the history of higher temperature also results in a reduction of rf, which may be attributed
to the temperature induced softening, recrystallization or the change in the microstructure of the material.

In the third class of experiment, the effect of heating-rate on the failure temperature Tf of preloaded LY12
specimens is to be investigated. It contains two steps: (1) stretching a specimen to a prescribed tensile stress;
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and (2) keeping the preloaded stress unchanged and heating the specimen at a prescribed heating-rate until
fracture. It could be imagined that, with the increase of temperature, the specimen might gradually lose the
capability of bearing the preloaded stress because of softening at elevated temperature. The failure tempera-
ture should, therefore, be defined as the temperature at which the prescribed preloaded stress can no longer be
held (or falls distinctly), i.e., the specimen loses the capability of bearing the prescribed preloaded stress. Four
levels of preloaded stress, 100, 150, 200 and 250 MPa, are prescribed, for each of which three different heating-
rates, 200, 600 and 1000 K/s, are assigned. The variation of the failure temperature, Tf, of specimens subjected
to different levels of preloaded stress against heating-rate is shown in Fig. 5, where it can be seen that, in gen-
eral, the increase of either preloaded stress or heating-rate may reduce the failure temperature.

3. SEM observation and analysis

It is known that, when subjected to thermomechanical loading, the change of the mechanical properties of a
material is closely related to the microstructure of the material and its variation. For example, dislocation sub-
structure, damage, phase transformation, recrystallization, growth of grains, etc., may strongly influence the
mechanical properties as well as the failure mode of the material. In order to make clear the mechanisms of the
effect of heating-rate and its history on the mechanical properties of LY12, the metallographs of the fracture
surfaces are observed with a SEM and analyzed.

The SEM metallographs of the fracture surfaces of the tested specimens subjected to different heating-rate
histories are shown in Fig. 6. Fig. 6(a) and (c) correspond respectively to the specimens heated at _T ¼ 200 K=s
to 210 �C and 465 �C followed by tension until fracture, and Fig. 6(b) and (d) correspond respectively to the
specimens heated at _T ¼ 1100 K=s to 210 �C and 465 �C and then stretched until fracture. Comparison shows
that heating-rate strongly affects the morphology of the fracture sections: at lower heating-rate, the fracture is
mostly ductile; while at a higher heating-rate, the fracture is more brittle. On the other hand, it can be seen that
the fracture surfaces corresponding to the lower heating-rate are dimply and mostly ductile, and those corre-
sponding to the higher heating-rate look more brittle and contain more defects.
Fig. 6. Metallographs of fracture surfaces of tensile specimens subjected to different heating-rate histories (a) T = 210 �C, _T ¼ 200 �C=s
(·1000), (b) T = 210 �C, _T ¼ 1100 �C=s (·1000), (c) T = 465 �C, _T ¼ 200 �C=s (·2000) and (d) T = 465 �C, _T ¼ 1100�C=s (·2000).
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Fig. 7 shows the SEM metallographs of the fracture surfaces of the tested specimens subjected to preloaded
stress r0 = 250 MPa and heated at different heating-rates. Fig. 7(a) corresponds to _T ¼ 200 K=s, where dim-
pled morphology can be observed, indicating fracture is mainly ductile. The metallographs shown in Fig. 7(b)
correspond to the test with r0 = 250 MPa and _T ¼ 1000 K=s, where it can be seen that the fracture is more
brittle with more defects.

Comparing the results shown in Fig. 3 through Fig. 7, it can be seen that heating-rate plays a significant role
in both the macroscopic behavior and the microstructure of the material. In general, higher heating-rate
results in severer degradation of the mechanical properties of the material and more microdefects in the
material.

In order to provide more microstructural information for the establishment of the corresponding constitu-
tive model, it is worthwhile to repeat some remarks related to the observation of the microstructure with a
light microscope (Peng et al., 2003). The observation near the fracture portion of the tensile specimens sub-
jected to different heating-rate histories shows that, for a fixed working temperature Tf, more defects can
be found in the specimens undergoing higher heating-rate histories. The observation near the fracture portion
of the tensile specimens, which were preloaded to different level of stress and then heated at different heating-
rate until fracture, shows that, with the increase of heating-rate, microdefects increase in both density and size.
On the other hand, distinct recrystallization can be observed in the specimen subjected to higher preloaded
stress and heated with lower heating-rate (or longer heating time interval).

The effect of heating-rate on the mechanical properties of the material can be accounted for with the con-
cept of local thermal inconsistency (LTI). It is known that most engineering materials are, in nature, hetero-
geneous. The inhomogeneous nature of the microstructure, such as heterogeneity, grains with different
orientations, grain boundaries and phase boundaries, dislocations and dislocation substructures, inclusions,
etc., may give rise to the difference in the physical, thermal and mechanical properties in different material ele-
ments. It may cause LTI, i.e., non-uniform distribution of local temperature, as well as local residual stress
distribution during a fast heating process. For example, when a material is heated with large electrical current,
the difference in the electrical and thermal properties between local elements may result in a non-uniform dis-
tribution of local temperature. It, in turn, results in additional local residual stress, besides the conventional
macroscopic residual thermal stress (Peng et al., 2003). Moderate local residual stress may cause hardening,
Fig. 7. SEM metallographs of fracture surfaces of tensile specimens subjected to different preloaded stress and heated at different heating-
rates (a) r0 = 250 MPa, _T ¼ 200 K=s (b) r0 = 250 MPa, _T ¼ 1000 K=s.
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contributing to an improvement of the mechanical property. At a sufficiently large heating-rate, the induced
severe LTI may result in very high local temperature and local residual stress. The former may induce local
softening, and the latter may cause local damage, which may degrade the mechanical properties of material
and make the material fail even at a low level of preloaded stress.

4. Constitutive model

4.1. Constitutive formulation

In a series of papers (Fan and Peng, 1991; Peng and Ponter, 1994; Peng et al., 1997) a thermomechanically
consistent constitutive formulation was proposed for dissipative materials, based on a simple mechanical
model. Assuming the material to be initially homogeneous and isotropic, the inelastic behavior can be repre-
sented with the model shown in Fig. 8. It consists of n Maxwell-type models arranged in parallel together with
one spring element in series. The elastic response of a material is represented with the spring E (with macro-
scopic elastic shear modulus �G and the inelastic response by the various parallel elements. The rth dissipative
mechanism is described with the spring Cr (with stiffness �Cr) and the dashpot-like block ar (with plastic damp-
ing coefficient �ar). The energy stored in Cr during an inelastic deformation process corresponds to that stored
in the microstress fields determined by the respective pattern of defects at microlevels, such as distortion of
lattices and dislocations, etc. In the case of small deformation, one has
s ¼
Xn

r¼1

QðrÞ ð1Þ

QðrÞ ¼ �Crðei � pðrÞÞ ð2Þ
with
ei ¼ e� ee; ee ¼ ð2�lÞ�1 : s; ð3Þ

where ei, ee and e represent inelastic, elastic and total deviatoric strain tensors, respectively; s is the deviatoric
stress tensor, p(r) and Q(r) are respectively the rth deviatoric internal variable and the corresponding general-
ized force, which satisfy the following dissipation inequality:
QðrÞ : dpðrÞ P 0 ðr ¼ 0; 1; . . . ; nÞ. ð4Þ

Q(r) is assumed to relate the generalized rate of p(r) through �ar by the following simple relationship:
QðrÞ ¼ �ar
dpðrÞ

df
; ð5Þ
where df can be defined in terms of the distance between two adjacent states of inelastic strain as
df2 ¼ dei : dei ð6Þ

and f can be regarded as a generalized time measure.
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Fig. 8. A simple mechanical model for the constitutive description.
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It can be seen in the above relationships that �Cr and �ar (r = 0,1, . . . ,n) should be positive due to the non-
negative property of both the stored and dissipated energy. Although, in general, the variation of each �Cr and
�ar caused by damage can be different because of the complexity of internal structure and damage mechanism,
it is assumed here that �Cr and �ar (r = 0,1, . . . ,n) undergo the same damage in the sense that damage is defined
as a reduction of load-carrying area (Lemaitre, 1984). Suppose w is a material integrity parameter that mea-
sures the macroscopic effect of damage, and assuming l, Cr and ar are respectively the �lr, �Cr and �ar in the
undamaged and non-hardening state, it is reasonable to define
�G ¼ wGðT Þ; �Cr ¼ wCrðT Þ; �ar ¼ wfarðT Þ; ð7Þ

where f is a hardening function that is closely related to the internal structure of the material, its inelastic
deformation history, residual microstress fields and deformation rate. The reduction of load-carrying area
due to damage is not involved in f and its evolution.

Since a complete description of damage may involve anisotropic damage and a tensorial integrity param-
eter (Chern et al., 1992), a scalar damage parameter is introduced here to avoid complexity. Keeping in mind
the relationships in Eqs. (5) and (7), the differential of Eq. (2) gives
dQðrÞ ¼ wCrðT Þdei � arQ
ðrÞ dzþ dw

w
QðrÞ þ C0r

Cr
QðrÞ dT ; ð8Þ
where
ar ¼
CrðT Þ
arðT Þ

; dz ¼ df
f
; C0r ¼

dCr

dT
; ð9Þ
and T is temperature.
On the other hand, the elastic deviatoric response can be expressed as (Fig. 1),
s ¼ 2�GðT Þðe� eiÞ ¼ 2wGðT Þðe� eiÞ; ð10Þ

which leads to the following differential expression:
ds ¼ 2wGðde� deiÞ þ dw
w

sþ G0

G
sdT . ð11Þ
The volumetric response is assumed to be elastic and described with
rkk ¼ 3�Kðekk � 3aðT ÞðT � T 0ÞÞ ¼ 3wKðT Þðekk � 3aðT ÞðT � T 0ÞÞ; ð12Þ

where rkk and ekk are the volumetric stress and strain, K and a are the volumetric elastic modulus and the lin-
ear thermal expansion coefficient, respectively. The differential form of Eq. (12) is
drkk ¼ 3wK dekk þ
dw
w

rkk þ
K 0

K
rkk � 9wKa0ðT � T 0Þ � 9wKa

� �
dT ; ð13Þ
where K 0 ¼ dK
dT , a0 ¼ da

dT .
As was discussed above, the constitutive behavior of the materials subjected to thermomechanical loading

incorporating fast heating may involve many influencing factors. Among them, the effect of plastic deforma-
tion, the effect of LTI and recrystallization on the hardening and damage may be dominant and will be mainly
considered in this work.

4.2. Hardening function f and its evolution

The hardening of materials subjected to thermomechanical loading incorporating fast heating is related to
the plastic deformation, the effect of LTI and recrystallization. It has been shown that high heating-rate can
induce remarkable local residual stress due to the substantial heterogeneity of materials (Peng et al., 2003),
which may lead to the hardening of the materials; on the other hand, recrystallization can eliminate the
deformed microstructure and the corresponding hardening of materials. Taking into account of the effect
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of inelastic deformation, LTI and recrystallization, the hardening function f can be expressed in the following
simple form:
f ¼ ð1� xÞf1ðz; _T Þ þ xf2; ð14Þ

where x is the volume fraction of the recrystallized part of the material, f2 corresponds to the hardening state
of the material after recrystallization. If the original material is of recrystallization state and non-hardening
state is achieved after recrystallization, one has f2 = 1. If, in general, the original state of the material ready
for use is different from that after recrystallization, then f2 may be different from that corresponds to the initial
state of hardening. f1ðz; _T Þ corresponds to the hardening induced by both plastic deformation and heating-
rate, its evolution can be expressed as
df1 ¼ b1ðbð _T Þ � f1Þdz; ð15Þ

where b1 describes the rate for f1 to approach bð _T Þ, the saturated value of hardening. bð _T Þ is assumed to take
the following linear form for simplicity:
bð _T Þ ¼ b0 þ c1
_T . ð16Þ
Recrystallization proceeds through the nucleation and growth of new grains. Recrystallization under iso-
thermal condition can be described with Johnson–Mehl�s relationship (Hassen, 1978), which was obtained
under the following assumptions: arbitrary nucleation, constant nucleation and growth rates, negligible nucle-
ation time compared with growth time. In the case of fast heating, the description of recrystallization should
take into account the change of temperature in addition to the above four assumptions (Liu et al., 1996).
Assuming the material with initial temperature T0 is heated with a constant heating-rate k, the temperature
T at moment t can be calculated with
T ¼ T 0ð1þ ktÞ; ð17Þ

where k denotes a constant heating-rate.

The nucleation and the growth rates of new grains can be described respectively with (Liu et al., 1996)
N ¼ N 0e
� QN

RT 0ð1þktÞ and G ¼ G0e
� QG

RT 0ð1þktÞ; ð18Þ

where N0 and G0 are material constants, and QN and QG are the activation energy of nucleation and that of
growth, respectively, which are, in general, related to existing plastic strain and applied stress. From Eqs. (17)
and (18) and assuming that all grains are spherical, the volume fraction of recrystallization x can be derived as
(Liu et al., 1996)
xðnÞ ¼ 1� exp � S2

k4

Z n

0

F ðn0Þe�
S3

n0þn0 dn0
� �

; ð19Þ
where
n ¼ RT 0

QG

kt; n0 ¼
RT 0

QG

;

S2 ¼
4p
3

QG

RT 0

� �4

G3
0N 0; S3 ¼

QN

QG

; F ðn0Þ ¼
Z n0

0

e
� 1

n00þn0 dn00
" #3

. ð20Þ
4.3. Damage D and its evolution

For simplicity, the macroscopic damage is assumed to be isotropic so that the integrity parameter w can be
expressed as
w ¼ 1� D; ð21Þ

where
D ¼ Dd þ D _T . ð22Þ
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Dd denotes the damage caused by inelastic deformation, for which the following assumptions are adopted:
(1) damage may occur at the onset of inelastic deformation at an extremely low rate but accelerates as inelastic
deformation develops, (2) the evolution of damage is related to the equivalent value of current state of effective
stress �re and damage D, i.e.,
dDd ¼ gðD; _T Þð�reÞb2 dz; ð23Þ

where
�re ¼
ffiffiffiffiffiffiffiffiffiffiffi
3

2
�s : �s

r
with �s ¼ �r� 1

3
trð�rÞI2; ð24Þ

�r ¼ r

w
¼ r

1� D
ð25Þ
and I2 is the identity tensor of rank two.
D _T is related to the damage caused by LTI. It is known that the local residual stress related to LTI increases

with the increase of _T , the following linear relationship is adopted for simplicity:
dD _T ¼ c2hd _T i; ð26Þ

where
hd _T i ¼ d _T ; d _T > 0

0; d _T 6 0.

(
ð27Þ
The combination of Eqs. (22), (23) and (26) yields the following evolution of damage:
dD ¼ gðD; _T Þð�reÞb2 dzþ c2hd _T i. ð28Þ
5. Simulation and verification

5.1. Identification of the material constants

The elastoplastic behavior of LY12 subjected to thermomechanical loading incorporating fast heating is to
be analyzed with the proposed model. For simplicity, the dependence of plasticity properties on temperature is
considered with
CrðT Þ ¼ C0
r hðT Þ ðr ¼ 1; 2; 3Þ; ð29Þ
where C0
r is the magnitude of Cr(T) at room temperature, and h(T) is a temperature-dependent coefficient. It

can be found that h(T) is proportional to the rupture strength of a material, and can be determined using the
variation of rupture strength against temperature. For LY12, it can be approximately determined as
hðT Þ ¼
1� 5:884 � 10�4ðT � T 0Þ; 20 �C 6 T 6 210 �C;

2:144� 8:262 � 10�3ðT � T 0Þ þ 8:692 � 10�6ðT � T 0Þ2; 210 �C 6 T 6 470 �C;

(
ð30Þ
where T0 denotes room temperature and T0 = 20 �C (or 293 K) is prescribed in computation. Fig. 9 shows the
variation of h(T) against T at sufficiently low heating-rate, and it can be seen that Eq. (30) can well describe the
experimental results in the interested range of temperature.

It is known that the elastic properties of material are also affected by temperature, which are approximately
assumed to follow the same rule as Cr(T) for simplicity and without inducing remarkable error to the com-
puted results, i.e.,
GðT Þ ¼ G0hðT Þ; KðT Þ ¼ K0hðT Þ, ð31Þ
where G0 and K0 are the elastic shear and volumetric moduli at room temperature, respectively.
It should be mentioned that for a phenomenological description, one usually uses a limited number of

branches consisting of �Cr and �ar (r = 1,2, . . . ,n) (see Fig. 1) to describe macroscopically and averagely the
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inelastic constitutive behavior of a material. In this work, n = 3 is adopted considering both accuracy and
efficiency.

The material parameters and constants involved in this model can be classified into six groups and identi-
fied with the following approach:

(a) Elastic constants G0 and K0 can be determined with Young�s Modulus E0 and Poisson�s ratio m obtained
with a tensile testing of the elastic behavior of a material. The thermal expansion coefficient of LY12 can
be found in the corresponding material handbook.

(b) Plastic constants: C0
r and ar (r = 1,2,3) as well as the hardening parameter b0 and b1 can be determined

with an experimental r–ep curve at room temperature with a non-linear curve fitting code.
(c) The temperature dependence h(T) can be determined with the experimental rupture strength at different

temperature and normal heating-rate.
(d) The parameter f2 is related to the hardening state of the recrystallized material and can be determined

with the ratio of the strengths of initial and recrystallized states of the material. The parameters related
to recrystallization, n0, S2 and S3 (Eqs. (19) and (20)) can be phenomenologically determined with the
thermomechanical loading histories and the effect of recrystallization on the hardening/softening of
the material. For example, given a set of thermomechanical loading histories, the hardening state f1

before recrystallization and f after recrystallization for each case can be obtained, and the corresponding
x can be determined with Eq. (14). Then making use of Eqs. (19) and (20) as well as a curve-fitting code,
the constants n0, S2 and S3 can be identified.

(e) Damage parameters, b2 and g (in this work, gðD; _T Þ is chosen as a constant g for simplicity), can be
determined with experimental damage data, which can be phenomenologically obtained from the
unloading slope on an experimental r–e curve at room temperature.

(f) The parameters related to the effect of heating-rate on the recovery of hardening and damage, c1 and c2,
can be determined respectively with the differences in hardening and damage corresponding to different
heating-rate.

The material constants identified are listed in Table 2.

5.2. Computation approach

Integrating Eq. (8) over the time interval t to t + Dt leads to the following incremental expression:
DQðrÞ ¼ wkrCrðT ÞDei � kr arDz� Dw
w
� h0ðT Þ

hðT Þ DT
� �

QðrÞ. ð32Þ



Table 2
Material constants

Elastic and thermal constants Plastic constants

G0/GPa E0/GPa a C0
1=GPa C0

2=GPa C0
3=GPa a1 a2 a3

29 75 22.5E�6 6260 28 4.4 25,000 410 52

Recrystallization Hardening constants Damage constants

n0 S2/s4 S3 f2 b0 b1 c1/(s/ �C) g b2 c2/(s/�C)

2.0 5.0E�7 2.0 0.6 1.2 20 1.0E�4 1.0E�7 1.0 1.0E�4
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Substituting Eq. (32) into the incremental form of Eq. (1) gives
Ds ¼
Xn

r¼1

DQðrÞ ¼ ADei þ BDzþ CDwþDDT ; ð33Þ
where
A ¼ w
Xn

r¼1

krCrðT Þ; B ¼ �
Xn

r¼1

krarQ
ðrÞ; C ¼ 1

w

Xn

r¼1

krQ
ðrÞ; D ¼ h0ðT Þ

hðT Þ
Xn

r¼1

krQ
ðrÞ; ð34Þ

kr ¼
1� e�D�z

D�z
; D�z ¼ arDz� Dw

w
� h0ðT Þ

hðT Þ DT . ð35Þ
The simulation can be carried out with an incremental approach. For readers to assemble the proposed
model for code implementation and application more easily, the numerical approach for the case of a constant
heating-rate and uniaxial tensile stressing is briefly introduced as follows:

Suppose the analysis for the nth increment of loading has been finished and tn, zn, Tn, h(Tn), wn, Cr, QðrÞn

(r = 1,2,3), f(zn), xn, rn and en have been obtained. Given the (n + 1)th increment Dtn+1, DTn+1 and Drn+1,
one can obtain _T nþ1, Dwn+1 with Eqs. (23), (26) and (27), Dep by combining of Eqs. (9) with (11), De with
Eqs. (11) and (13), Dzn+1 with Eqs. (6) and (9)2, Dxn+1 with Eqs. (19) and (20), f(zn+1) with Eqs. (16), (15)
and (14), respectively. Then by superimposing the increments onto the corresponding results after the nth
increment of loading, one obtains tn+1, zn+1, Tn+1, h(Tn+1), wn+1, Cr and QðrÞnþ1 (r = 1,2,3), xn+1, rn+1 and
en+1, and then starts for the neat increment of loading.

5.3. Simulation and verification

The effect of heating-rate history on the rupture strength of LY12 is analyzed and shown in Fig. 10. The
material is heated at constant heating-rates 200, 650 and 1100 K/s to the final working temperatures, 200,
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Fig. 10. The effect of heating-rate on rf (tension at elevated temperature).
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350 and 465 �C (or 483, 623 and 738 K), respectively, the temperatures are kept unchanged for 0.5 s, followed
by stretching the material until fracture. The computation is controlled by stress, temperature and time, and
the failure is defined when instability, i.e., dr/de! 0 occurs during computation. It can be seen in Fig. 10 that
the rupture strength, rf, decreases with the increase of either heating-rate or working temperature. The com-
parison between the computed and the experimental results shows that the proposed model can satisfactorily
describe the effect of heating-rate history on the rupture strength of LY12.

Fig. 11 also shows the effect of heating-rate history on the rupture strength of LY12, where the material is
heated at constant heating-rates 200, 650 and 1100 K/s, respectively, to 210 �C (or 483 K), then it is cooled
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Fig. 11. The effect of heating-rate on rf (tension at cooled state).
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Fig. 12. Failure temperature Tf of preloaded LY12 heated at different heating-rate. (a) 200 K/s, (b) 600 K/s and (c) 1000 K/s.
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naturally to room temperature, followed by tension to fracture. It can be seen that, although the maximum
temperature is moderate, the effect of heating-rate history on the strength of the material can be observed dis-
tinctly, which decreases with the increase of heating-rate. The computed result is in satisfactory agreement
with the experimental result.

The computed failure temperatures of the LY12 preloaded with different levels of stress are analyzed and
shown in Fig. 12, where all the experimental data are also given for both comparison and showing experimen-
tal scatter. For each case the computation contains two steps: stretching the material to a prescribed stress,
maintaining the preloaded stress unchanged while heating the material at a prescribed heating-rate until the
failure of the material. Four levels of preloaded stress, 100, 150, 200 and 250 MPa, are prescribed, for each
of which three different heating-rates, 200, 600 and 1000 K/s, are assigned. Since the computation process
is stress-controlled, the failure temperature, Tf, can be defined as that at which instability occurs to the
computation. It can be seen that the model can well describe the tendency of the effect of preloaded stress
on failure temperature, but over predicts the failure temperature at higher heating rate. The error between
the computational and the experimental results the can mainly be attributed to the following two reasons.
(a) Although it is defined that the failure temperature is the temperature at which the specimen can no longer
bear the prescribed preloaded stress, the exact determination of failure temperature is still difficult and may
involve marked error. (b) The reduction of load-carrying area that exists in experiment is not taken into
account in computation. In other words, the experiment is controlled by nominal stress (or load), and the
actual tensile stress in a specimen should increase due to the reduction of load-carrying area provided the
applied tensile traction is constant, which can partly account for the lower failure temperature in experiment.

6. Conclusions and discussion

The effect of heating-rate and its history on the mechanical behavior of aluminum alloy LY12 was exper-
imentally investigated. It was found that the material experiencing histories of higher heating-rate possesses
lower rupture strength, and the preloaded material will fail at a lower temperature when it is heated at a higher
heating-rate. The SEM metallographical observation shows more defects in the material undergoing higher
heating-rate histories. Analysis shows that the effect of heating-rate involves many factors such as hardening,
recrystallization, damage, etc. A constitutive model was proposed for the material subjected to thermome-
chanical loading incorporating fast-heating, where the effect of heating-rate is introduced into hardening,
damage with the concept of local thermal inconsistency and into recrystallization. The constitutive responses
of LY12, subjected to thermomechanical loading incorporating fast-heating, were analyzed and compared
with the experimental results. The satisfactory agreement between the computational and experimental results
demonstrates the validity of the proposed model.
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