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Abstract: Hot compression tests in the temperature range of 340—450 °C and strain rate range of 0.001—1 s~ ' of spray-formed 7055
aluminum alloy were carried out to study its hot deformation behavior. Three phenomenological models including Johnson—Cook,
modified Fields—Backofen and Arrhenius-type were introduced to predict the flow stresses during the compression process. And
then, a comparative predictability of the phenomenological models was estimated in terms of the relative errors, correlation
coefficient (R), and average absolute relative error (AARE). The results indicate that Johnson—Cook model and modified
Fields—Backofen model cannot well predict the hot deformation behavior due to the large deviation in the process of line regression
fitting. Arrhenius-type model obtains the best fit through combining the effect of strain rate and temperature.
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1 Introduction

7xxx series of aluminum alloys are generally used
in the aerospace field, vehicle manufacture and advanced
weapon system due to a combination of good mechanical
strength, high fracture and corrosion resistant [1-3].
Generally, these series of aluminum alloys will be
subjected to various hot forming processes to attain
better properties. The hot deformation is a complex
dynamic process. Some parameters such as temperature,
strain rate and strain can affect microstructure evolution
by a combination of strain hardening and softening
mechanisms [4]. In turn, microstructure evolution during
hot deformation process has influence on some
mechanical parameters and hence determines the final
process. It is important to acquire knowledge on the flow
behaviors of metals and alloys so as to optimize
mechanical properties as well as avoid instabilities by
understanding flow pattern and kinetics of metallurgical
transformation such as dynamic recovery (DRV) and
dynamic recrystallization (DRX).

Since there is not much experience in processing
spray-formed 7055 elevated
temperatures in industry and trial and the error in the

aluminum alloy at

workshop costs too much, it is of great importance to use
numerical simulations to predict the forming process. For
accurate simulation of the hot extrusion process, it is
very necessary to understand the hot deformation
behavior of material. Therefore, proper constitutive
models that describe the relations among forming
temperature, strain, strain rate and flow stress during
deformation are required.

Based on tested data, there are several ways to
model deformation behavior. Some phenomenological
models and some physical-based models are generated to
describe the flow stress as a function of the deformation
path, temperature and strain rate. A phenomenological
model often consists of convenient mathematical
functions. There exist many phenomenological models
including Johnson—Cook (JC) model, Fields—Backofen
(FB) model, Arrhenius equation, and some other
models [4]. For the past decades, Johnson—Cook model
has been successfully used to show elevated temperature
flow behavior of materials [5—7]. However, the original
JC model was not able to predict the softening part of the
flow curves owing to the uncoupled nature of the
approach regarding strain rate and temperature [8].
Initially, Johnson—Cook model was established by
JOHNSON and COOK [9] to present constitutive
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behavior when materials are subjected to large strains,
high strain rates and high temperatures. To date,
Johnson—Cook model is successfully used for a variety
of materials with different ranges of forming temperature
and strain rate. Fields—Backofen model, another
phenomenological model, has been successfully
introduced to describe stress—strain relationship. This
model can well present the work hardening phenomenon
by the strain hardening exponent and strain rate
sensitivity exponent [10—12]. Since firstly proposed by
FIELDS and BACHOFEN, the origin formula was
revised to express softening behavior by considering the
effect of strain rate by the strain rate sensitivity [13].
TAKUDA et al [14] modified the original model with
strain rate sensitivity exponent and stress coefficient and
verified that the formula gave a good fit to the AZ31
magnesium alloy. QUAN et al [15] also invited this
model to describe the relations among flow stress, strain
rate and temperature of 7075 aluminum alloy. However,
the detailed prediction has not been reported. Arrhenius-
type constitutive model, which considers the combined
effects of strain rate and temperature on flow stress, can
predict stress values under all kinds of high-temperature
deformation conditions [16—18]. YAN et al [19] used this
model to predict the high-temperature deformation
behavior of an Al-Zn—Mg—Mn—Zr alloy precisely.

In this work, the hot deformation behavior of the
spray-formed 7055 aluminum alloy was tested under
different hot compression conditions. Three constitutive
models of Johnson—Cook (JC), modified Fields—
Backofen (FB), Arrhenius-type were established to
determine the relationship amongst flow stress, strain,
strain rate and temperature. The accuracy and
effectiveness of these models were compared based on
statistics indicators such as relative errors, correlation
coefficient (R), and average absolute relative error
(AARE).

2 Experimental

The compositions of the spray-formed 7055
aluminum alloy are listed in Table 1. The alloy was
fabricated in Hao-ran Co. Ltd., Jiangsu, China. The
cylindrical specimens were processed at dimensions of
dl0 mm x 15 mm. Both ends of the specimen were
covered with graphite to minimize fraction between the
device and specimen during deformation. The
compression tests were carried out on a Gleeble—3500
thermal simulation device at 340, 370, 410 and 450 °C
with strain rate ranging from 0.001 to 1.0 s'. Figure 1
shows the detailed procedure of these tests. The sample
was heated at a rate of 2 °C/s and the specimen was held
at the given temperatures for 3 min before compression.
The collected data were then used to construct
constitutive models to predict flow stress.

Table 1 Chemical compositions (mass fraction, %) of studied
alloy (Fe and Si, associated with primary aluminum, are present

as impurities)

Zn Mg Cu Mn Zr Si Fe Al

791 198 242 0.004 0.12 0.082 0.096 Bal.

Specified temperature [ Collected data
180 s

Compression tests

Temperature

Water
Deformation temperature: quenching
340, 370, 410, 450 °C
Strain rate:

0.001,0.01,0.1, 1 s!

‘ -

Time

Fig. 1 Schematic diagram of hot compression tests
3 Results and discussion

3.1 Flow behavior

Figure 2 exhibits the true stress—true strain curves
of spray-formed 7055 aluminum alloy deformed at
temperatures of 340, 370, 410, 450 °C and strain rates of
0.001, 0.01, 0.1 and 1 s'. The flow stress increases
immediately with increasing strain at the beginning of
compression and then remains nearly constant or exhibits
a slight decrease after reaching the peak stress. Work
hardening due to dislocations multiply is the main reason
of flow stress rising. The appearance of steady or
decreased stage can be attributed to the paradoxical
process of work hardening and dynamic softening such
as dynamic recovery and dynamic recrystallization.

3.2 Johnson—Cook model

Johnson—Cook (JC) model was used in various
materials due to its simple mathematical expression. The
formula can be written as [9,20]

o = (A+Be") 1+ Clné®)[1-(T%)"] (1

where ¢ is the equivalent plastic strain; o is the
equivalent flow stress; A, B, n, C and m are material
constants, in which 4 is the yield stress at reference
temperature and strain, B is the coefficient of strain
hardening, » is the strain hardening exponent, C is the
coefficient of strain-rate hardening exponent and m is the
coefficient of thermal softening exponent; £* is the
dimensionless strain rate and can be represented as
E*=¢/¢,, where ¢ is the strain rate and ¢&,is the
reference strain rate.
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Fig. 2 True stress—true train curves of spray-formed 7075 aluminum alloy at different deformation temperatures: (a) 340 °C;

(b) 370 °C; (c) 410 °C; (d) 450 °C

The homologous temperature, 7%, is expressed as
_T-1,

T* =
Tm_Tr

()
where T is the current absolute temperature, 7, is the
melting temperature and 7; is the reference temperature.
Usually, the minimum temperature is taken as the
reference temperature (7>7;). From Eq. (1), it can be
drawn that the equivalent flow stress is divided into three
items, where (A+B¢"), (1+Clné*) and [1-(T*)"] are
used for presenting the work hardening effect, strain rate
effect and temperature effect, respectively.

In this experiment, the reference temperature was
T=613 K and reference strain rate was &,=0.01 s .
Under this condition, the yield stress was g,=68.24 MPa.
3.2.1 Determination of constant B and n

At the reference temperature and strain rate, Eq. (1)
will be transformed into

o=A+B¢" 3)

Taking natural logarithm on both sides of Eq. (3)
gives

In(6o—0)=In(—B)+nln & “)

Using the flow stress data at various strains for the
same flow curves, In(oy—0) versus In ¢ can be plotted, as
shown in Fig. 3. B can be obtained from the intercept of
this plot as —12.8971 while #n is obtained from the slope
to be 1.6093.

3.2.2 Determination of constant C

At reference temperature of 613 K, 7" can be
calculated to be 0 according to Eq. (2). Then, Eq. (1) is
expressed as

o =(A+B&")1+Clné*) 5)
Rearrange Eq. (5) to the form as follows:

o

m=1+clné* (6)
+b&

Figure 4 shows the relationship between o/(A+Bs&")
and Ing* for different strains and strain rates at
reference temperature. The mean value of constant C is
obtained to be 0.1750 by linear regression.

3.2.3 Determination of constant m

When the strain rate is at reference value of 0.01 s,

Eq. (1) can be represented as

0=(A+Be"[1-(T*)"] (7
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Rearrange Eq. (7) to the form as follows:

o

— T =1 ()" (8)
A+ Bég"

Taking the natural logarithm on both sides of Eq. (8)
gives
In[1-0/(4+B&")|=mIn T* )

The curves of In[1—0/(4+B¢")] versus In T* can be
plotted for different strains and temperatures at reference
strain rate, as shown in Fig. 5. m is the mean slope of
these curves with the value of 0.6780.

After all the material constants are obtained, the
Johnson—Cook model can be established as follows:

0=(68.24—12.8971""*")(14+0.17501n & * )[ 1-(T*)*"%]
(10)

3.3 Modified Fields—Backofen (FB) model

The traditional formula proposed by Fields and
Bachofen is widely used to describe strain-hardening
behavior affected by strain-hardening exponent and
strain-rate sensitivity exponent. However, the flow
behavior of spray-formed 7055 aluminum alloy exhibited
apparent softening phenomenon, as shown in true

-0.2
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—04r e —e=02
4 —g=03
= 0.6 v —¢=0.4
_
D -08F
S _
\Ib 1.0}
- 12t
=
-14+F
-1.6
-1.8F

-2.1 -1.8 -1.5 -1.2 -0.9 -0.6
InT*
Fig. 5 Relationship between In[1-6/(4+B¢")] and In T*

strain—true stress curves. Therefore, some modification
must be done based on the original formula. The
modified equation can be given by [14]

o=K-&"- &£ "-exp(bT+se) (11)

where o is the flow stress, b is a constant, K is the
strength coefficient, ¢ is the strain, n is the strain-
hardening exponent, & is the strain rate, m is the strain
rate sensitivity exponent, 7 is the temperature and s is the
exponent for softening effect. The softening exponent s
which is considered as a sum of the softening ratio can
be expressed as s=dln o/de. Taking the natural logarithm
of both sides of Eq. (11) gives

In 6=In K+nln ¢+mln & +bT+se 12)

3.3.1 Determination of n-value

At a certain temperature, when the value of strain
varies at very small amplitude, the value of In K+mln ¢ +
bT+se can be simplified as a constant K; to make
calculation of Eq. (12) easier. The formula can be
rearranged as

In o=nln ¢+K, (13)

Figure 6 shows the relationship of true stress versus
true strain on a log—log scale. It can be seen that the
curves in the uniform deformation stage are almost
parallel to each other, where the slope is equal to the
value of strain-hardening exponent (7). The slopes
corresponding to different temperatures and strain rates
can be obtained. Previous research [21] has revealed that
relationships exist among value of n, the reciprocal of
temperature, and strain rate on a semi-log scale under
different conditions. The relationship can be assumed as

n=A+Blg & +C/T (14)

The mean values of parameters A, B and C can be
calculated from Fig. 7. Then, the strain-hardening
exponent, 7, can be expressed as

1n=0.053631g (& / £6)~136.18/T+0.83 (15)
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3.3.2 Determination of m-value

Similar to the simplification of n-value, assuming
the value of In K+nln e+bT+se at a certain temperature
and strain rate is a constant K,, then the following
formula can be obtained from Eq. (12) as

In o=mln & +K,

(16)
The linear relationship is found also between the

strain rate sensitivity, m, and the reciprocal of

temperature, as shown in Fig. 8. The value of m can be
approximately obtained as

m=—168.76/T+0.4127 (17)

3.3.3 Determination of h-value

It is assumed that the value of In K+nln e+mln & +se
is a constant of K3 at certain strain and strain rate. Then,
the following formula can be given from Eq. (12):

In o=bT+1n K; (18)
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As shown in Fig. 9, the plots of In ¢ versus 7 can be
obtained at different strain rates, and the mean value of b
is accepted to be —0.0045.
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3.3.4 Determination of s-value

In order to simplify the following calculation for the
s-value, assume that the value of In K+mlné& +bT at a
certain temperature and strain is a constant K;. Then,
Eq. (12) is derived as

In o=nln e+se (19)

When the values of strain are at e ' and e 2,
respectively, Eq. (19) can be transformed into the
following equations as

Ino_, =—ntse +K, (20)
Ino, . =—ntse “+K, 1)

Thus, the following formula can be obtained from
Egs. (20) and (21):

N
Szln(e /e )—n

el—e?

(22)

According to Eq. (22), the softening exponent, s, at
different temperatures and strain rates can be determined.
The mean value of s is accepted to be —2.374.

3.3.5 Determination of K-value

The value of K can be obtained when other
parameters and experimental data were input into
Eq. (11). The mean value of K is accepted to be 8359.

Then, the following formula can be obtained:

0.83-136.18/T+0.053631g (/. . 168.76/T+0.412
o =8359%¢ + 8(é/ay) | o=168.76/T+04127

exp(~0.004157-2.374¢)

3.4 Arrhenius-type model

During hot compression, the constitutive equation
of Arrhenius-type is one of the most widely used models
to show essential relations of flow stress, strain rate and
deformation temperature. Furthermore, it is also helpful
to predict the flow stress at a certain condition during hot
deformation. The model could be expressed as [22]

Z = éexp[Q/(RT)] (23)
é = AF (o) exp[-O/(RT)] (24)

where ¢ is the strain rate, Q is the activation energy, R
is the mole gas constant and 7 is the thermodynamic
temperature. And F(o) can be represented in three
distinct forms:

o-M, ao <0.8

F(o)=sexp(fo), ac>1.2 (25)

[sinh(ao)]V, forall o

For all stress levels, the strain rate in Eq. (24) can be
transformed as

é =A[sinh(ao)]" exp[~O/RT)] (26)

As shown in Figs. 10(a) and (b), a linear
relationship exists between In ¢ and In ¢ with slope of M
and between In £ and o with slope of S.

During deformation process, the combined effects
of temperature and strain rate on deformation behavior

can be expressed by Zener—Hollomon parameter as
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7= ¢ exp[O/(RT)|=A[sinh(ao)]" 27)

By taking the natural logarithm on both sides of
Eq. (27), it can be expressed as

In Z=In & +Q/(RT)=In A+NIn[sinh(ao)] (28)
Q:R{ ng' } {mn[sinh(aa)]} _RNS (29)
oln[sinh(ao)] |, o(/T) ;

The strain sensitivity N is obtained from Olné¢
versus Oln[sinh(ao)] plots at different temperatures and
temperature sensitivity S can be determined from
Oln[sinh(ao)] versus 0(1/T) plots at different strain rates,
as demonstrated in Figs. 10(c) and (d), respectively.

Then, the value of InA4 can be measured by the
intercept of plots of InZ versus In[sinh(ao)] and the
value of Z can be calculated simultaneously, as shown in
Fig. 11. The activation energy Q, which is an important
mechanical property in the thermal deformation behavior,
implies the difficulty degree of the hot deformation
process [23—25]. It may provide a guideline for
optimizing the hot deformation and also additional
information about corresponding microstructure changes
and evolution of flow stress [26]. A higher Q has usually
been treated as a symbol of more difficult deforming. In
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addition, the softening mechanisms can also be inferred
through the analysis of the activation energy. Usually, the
diffusion or DRV softening mechanism dominates in the
hot deformation, when the activation energy value is
comparable to the self-diffusion activation energy. The Q
value of this alloy is obtained to be 96.62 kJ/mol, which
is lower than that of a homogenized Al-7.68Zn—
2.12Mg—1.98Cu—0.12Zr, 125.4 kJ/mol [27] and that of a
traditional homogenized Al—6.2Zn—0.70Mg—0.3Mn—
0.17Zr, 178.85 kJ/mol [28], indicating a relatively easy
hot deforming process for this alloy. Apparently, the O
value is in the range between the grain boundary
diffusion energy (Qgg, 82 kJ/mol) and lattice diffusion
energy (O, 142 kJ/mol), which means that both lattice
diffusion and grain boundary diffusion exist during this
process. It may be induced that the softening
mechanisms are DRV and DRX.

Therefore, on basis of calculation results, the
constitutive equation which describes the relationship
between flow stress and strain rate at certain deformation
temperature can be established as

. . 96620
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Fig. 10 Linear fittings of flow properties of 7075 aluminum alloy: (a) Inoc—Ing; (b)o—Inég; (¢) In[sinh(ac)]-Iné ;
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3.5 Analysis of constitutive equation accuracy

The comparisons between predicted flow stresses
and experimental flow stresses at different temperatures
of these three models are shown in Fig. 12. In general,
the deviation of Arrhenius-type is the smallest for
introducing Z parameter to combine the influence of
strain rate and temperature. Therefore, it has relatively
high accuracy in the wide deformation temperature and
strain rate ranges. It can also be seen from Fig. 12 that
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the predicted and experimental values of JC model
exhibit large deviation, except under or close to the
referenced deformation conditions. With the gradual
variation in strain rate or deformation temperature, the
amplitude broadens. This is because this model assumes
that the effect of strain rate and temperature on
deformation is isolated. Such relationship becomes more
obvious as the temperature or strain rate changes. This
model is not applicable at high temperature or high strain
rate for this alloy (Fig. 12(d)). It can be easily seen that
FB model gets the best accuracy at temperature of
340 °C, as shown in Fig. 12(a). However, the deviation
becomes larger with the increase of the temperature. The
model can be well used to describe the strain hardening
behavior. Deformed at low temperature, the softening
processes of this alloy are inhabited. Therefore, the
accuracy at low temperature is good. The deviation at
high temperature can be attributed to the occurrence of
DRX.

The predictive power of these three phenomeno-
logical constitutive models can be presented by relative
errors, correlation coefficient (R) and average absolute
relative error (AARE). Figure 13 displays the
correlations between the experimental flow stresses and
predicted ones by the three models over the complete
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Fig. 12 Relationship between predicted flow stress and experimental flow stress at different temperatures: (a) 340 °C; (b) 370 °C;

(¢) 410 °C; (d) 450 °C
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range of processing variables. Obviously, most of the
data points predicted by Arrhenius-type are close to the
line with slope fixed to be 1 (Fig. 13(c)), whereas the
deviation of the modified FB model is the largest
(Fig. 13(b)). The R values of JC model, modified FB
model and Arrhenius-type are 0.910, 0.832 and 0.991,
respectively. These mean that the Arrhenius-type has
better correlation than other two models.

The AARE values at different strains are shown in
Fig. 14(a). The AAREs calculated from the Arrhenius-
type model are obviously lower compared with others in
nearly all the strain range. And modified FB model
exhibits a sharp increase, indicating poor prediction
ability at large strain. What is more, JC model shows a
plat variation with the AARE values between 0.12 and
0.15. This means that a large deviation keeps in the strain
range. Furthermore, as shown in Fig. 14(b), the relative
errors of JC model, modified FB model and
Arrhenius-type model are in the ranges from —0.367 to
0.0914, from —0.404 to 0.331 and from —0.0354 to 0.689,
respectively. The JC model has a narrower gap compared
with others. However, Fig. 14(b) shows that Arrhenius-
type model is more concentrated and modified FB model
is the widest.

As discussed above, Arrhenius-type model exhibits
the best performance to predict the hot deformation
behavior of spray-formed 7055 aluminum alloy among
these three models.

0.32 @
=3 Arrhenius-type model
= JC model
= :

004l Modified FB model

AARE

0.16

0.08

True strain

0.8

0.4 r

L ==

Relative error
()

-0.8 : ' '
JC Modified  Arrhenius-type
model FB model model
Fig. 14 Comparisons of three models: (a) AARE; (b) Statistical
analysis

4 Conclusions

1) The flow stress decreases with increasing
temperature and decreasing strain rate.
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2) Three phenomenological models of JC model,
modified FB model and Arrhenius-type model were used
to describe the hot deformation behavior of the
spray-formed 7055 alloy. Among these models, JC and
modified FB models could not well predict the flow
stress due to the isolated calculation in temperature and
strain rate.

3) It has been validated through relative errors,
correlation coefficient (R), average absolute relative error
(AARE) and statistical analysis that Arrhenius-type has
the best prediction accuracy.

4) Through the analysis in Q value of Arrhenius-
type model, it can be suggested that this alloy has a
relatively easy deformation and the softening
mechanisms include DRV and DRX.
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188 3 M #R S AR B T 300 Mgt 5 B 2
7055 SR E EHIRT 1T A

EHA !, HEAR, mEHXZ xmm !, bl Z4EF!

1. FEFRZE MRREE TR, Kb 410083;
2. WE K BAEEMAR, Ki¥b 410083

i E: B sE ARSI AR R 7055 BRAE ST, SEWRIREEN 340~450 °C, RARHEAEK N
0.001~1 s'. #f Johnson—Cook %Y, K Fields—Backofen HEFUFI Arrhenius BEHY B F7E 1% & 4 M IAT 0T
Fo, XX 3 FERGEATAHNHRZE . AH I R B LA P B AH X 15 22 I 44 o B R L AEAT 9T . 45 3R 8, Johnson—Cook
BERAIM R Fields—Backofen #2284 H TELRMEM G FE P2 AR IR KW 22, S BRSP4 I VR TAT A5
Arrhenius A5 5 U B KI5 B A0 AR S 2 (R AR AR &, 15 BRI T AR -
KRR WUN Y 7055 fE6 4 RETRAT R MEAHZEREAY, St
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