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Abstract: The hot deformation behavior of Al-xMg-2.8Zn alloys at deformation temperature of 300~490 °C, strain rate of 0.001~5 s
was studied by isothermal hot compression tests. After correcting the flow softening from deformation heating in stress-strain curves,

Arrhenius-type constitutive equations and processing maps were used to predict and analyze the hot deformation behavior of Al-xMg-

2.87Zn alloys. The results show that the flow stress increases with increasing Mg content and strain rate or decreasing temperature.

According to the processing maps and corresponding microstructure of alloys, the range of optimum hot deformation parameters of

alloys is determined. The range of hot deformation temperature and strain rate both extend and the instability domains extend to the

zone of higher temperature and lower strain rate with increasing the Mg content.
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Al-Mg-Zn alloy, as a new generation of aluminum alloy
with good comprehensive performance, has been brought into
focus in the past decade'”. The new type Al-Mg-Zn alloy is a
crossover aluminum alloy based on 5xxx series alloy (Al-Mg
alloy) modified with main alloying elements used in 7xxx
series alloys (Al-Zn-Mg alloy), capable of offering high
strength  through  precipitation  strengthening  with
T-Mg,,(AlZn),, phase”. Meanwhile, the potential difference
between precipitates and Al matrix in Al-Mg-Zn alloy is
smaller than that of the traditional age-hardening 7xxx series
alloys, which leads to a lower corrosion tendency'*. However,
a major obstacle is that a series of problems like fractures and
cracking are prone to happen during the hot deformation,
which restricts the application of Al-Mg-Zn alloys, and the
degree of deterioration varies with the composition of the
alloy. It is necessary to study the hot deformation behavior of
the promising Al-Mg-Zn alloy for successful manufacture.

A considerable amount of studies have been undertaken to
explore the hot deformation behavior and deformation
mechanisms of aluminum alloys using constitutive analysis

Received date: June 02, 2021

and processing maps™®. Constitutive equation is always
applied to correlate different variables, such as flow stress,
strain, deformation temperature, and strain rate, which is a
promising approach to predict the flow behavior of metals and
alloys, such as work hardening and dynamic softening. In
addition, it can analyze the hot deformation behavior of alloys
through exploring the effect of parameters on activation
energy. The activation energy represents the free energy
barrier for dislocation slipping on slip planes and indicates the
hot deformation ability of materials. Liu et al” found that
Arrhenius models can predict the flow behavior of Al-Mg-Si-
Mn-Cr alloy with AARE values of only 3.38% and then
revealed the thermal activation mechanism during hot
deformation through establishing processing maps. Processing
maps constructed under the principles of dynamic material
modeling (DMM) can clearly represent an insight into the
intrinsic deformation mechanism based on the calculation of
power consumption during deformation, and determine the
optimal processing windows of alloys™. Ke et al” constructed
3D processing maps of AA7020 aluminum alloy and obtained
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the optimum processing parameters within the temperature
range of 743~793 K and strain rate range of 0.004~0.05 s,
through identifying recrystallization zones in processing
maps. Luo et al'” adopted a newly developed Fe-Cr-Ni-Al-Nb
superalloy and conducted a series of hot compression tests,
and concluded that the optimum process parameters were
1050 °C/0.1 s™' via identifying different DRX mechanisms.
Therefore, the hot workability of alloys can be reflected from
constitutive equations and processing maps.

In this study, the hot workability of Al-Mg-Zn alloys was
investigated. The flow softening resulting from deformation
heating was corrected and the strain-compensated Arrhenius
models were established and kinetic calculation was condu-
cted to predict the flow behavior of Al-xMg-2.8Zn alloys. The
processing maps of Al-xMg-2.8Zn alloys were constructed to
determine the optimum processing parameters of hot
deformation. In addition, the influence of Mg content on
processing maps and relevant microstructures were discussed.

1 Experiment

Table 1 is the chemical composition (wWt% ) of the studied
alloys. The Mg content of Alloy 1, Alloy 2 and Alloy 3 was
about 2.8wt%, 5.4wt% and 8.4wt%, respectively. The as-cast
samples were homogenized at 445 °C for 24 h, and then at
490 °C for 24 h. Subsequently the samples were machined
into cylindrical specimens (@10 mmx15 mm). Isothermal hot
compression tests were carried out at different deformation
temperatures (300, 350, 400, 450, 490 °C) and different strain
rates (0.001, 0.01, 0.1, 1, 5 s™) using Gleeble-1500 thermo-
simulator. Before compression, the specimens were heated to
the preset temperature at a heating rate of 2 °C/s, and main-
tained for 180 s (Fig.1). Graphite slices were placed between
specimens and chunk to reduce frictions. All specimens were
quenched in water immediately after compression. Then, the
deformed specimens were sectioned along their compression
axis.

Microstructures were observed using optical microscope
(OM, Zeiss MC80DX) and electron backscattering diffraction
(EBSD) with a Zeiss Ultra 55 scanning electron microscopy
(SEM) instrument. Samples for OM were polished and then
etched with Keller’s solution. EBSD samples were mechani-
cally polished and then electro-polished with 5vol% HCIO,
acids in alcohol at a voltage of 25 V at =35 °C.

2 Results and Discussion
2.1 Flow behavior

During deformation process, part of mechanical work

Table 1 Chemical composition of the studied Al-Mg-Zn alloys
(Wt(yo)

Alloy Mg Zn Fe Mn Cu Zr Si Ti Cr Al

Compression

180s

Temperature/ C
3,
Water quenching

Time/s

Fig.1 Schematic diagram of hot compression process

converts into deformation heat, resulting in temperature rise of
the alloy and causing inaccurate measurement results. Thus, it
is necessary to correct the as-measured flow stress to
accurately predict the flow behavior. In this study, the
temperature rise (A7) is calculated by Eq.(1)!"",

0.957, ¢
AT = -~ lemp de 1
e [ e (1)

The constant of 0.95 is the part of mechanical work
converting into heat, and the other part is consumed for
microstructure change; p is the material density and it equals
to 2.72 g/em’ for Alloy 1, 2.68 g/cm’ for Alloy 2 and 2.64
g/em’ for Alloy 3; C, is the specific heat and calculated
according to the Neumann-Kopp rule!” as shown in Table 2; &
and o represent the strain and as-measured stress, respec-
tively; n is the adiabatic correction factor calculated by
Eq.()",

0 é< 107!
M = 10.3161gé + 095 10°s" <é< 1.0 )
0.95 é>10s"

Temperature rise of all studied alloys is 0 when deformed at
strain rate of 0.001 s, since there is enough time for the heat
generated from deformation to dissipate into environment.,

Thus, the compensation of deformation heating can be
calculated as a function:

Ao, = Q (1— L

" Rna\T, T,+AT 3)

where Ao, is the value of flow softening resulting from
deformation heating; R, n, a and Q are the gas constant, the
stress exponent, the stress co-factor and the activation energy,
respectively; 7, and T, + AT are the preset temperature and
actual deformation temperature, respectively.

Fig. 2 presents the as-measured and corrected stress-strain

Table 2 Value of Cp of the studied alloys at different tempe-
ratures (J-g"-k™)

1 2.8 2.8 0.15 0.25 005 0.15 0.15 0.07 0.03 Bal
2 54 28 0.15 025 0.05 0.15 0.15 0.07 0.03 Bal
3 84 2.8 0.15 025 0.05 0.15 0.15 0.07 0.03 Bal.

C
Alloy L
300 °C 350 °C 400 °C 450 °C 490 °C
1 0.884 0.915 0.939 0.959 0.977
2 0.887 0.918 0.942 0.962 0.981

3 0.890 0.921 0.946 0.966 0.984
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curves of three studied alloys during deformation under
different deformation conditions. It is found that the flow
stress curves display different trends under different
deformation conditions. At the beginning of each deformation,
a slight increase of strain causes a sharp increase of stress due
to the effect of work hardening. With further increasing strain,
these curves reflect the competition between work hardening
and dynamic softening during hot deformation™. It is
observed that the flow stresses of studied alloys are
determined by processing parameters, which decrease with
decreasing strain rate or increasing deformation temperature.
As deformation continues, various degrees of dynamic
softening are seen in different alloys deformed at a given
temperature and strain rate. The flow stress of Alloy 1 tends to
increase after reaching the critical value, as shown in Fig.2,
while it gradually achieves a steady level when Mg content
increases to 5.4wt% (Alloy 2), meaning that dynamic
softening (DRX and DRV) and work hardening eventually
reach a dynamic balance. As Mg content continues to increase
(Alloy 3), the curves show a downward trend after it reaches a
critical value. And Alloy 3 brakes when deformed at 490 °C,
indicating that Mg content has a great influence on the flow
behavior of Al-Mg-Zn alloys. The results indicate that the
degree of dynamic softening increases with increasing Mg
content. Moreover, it is also found that the peak stress
increases with the increase of Mg content.
2.2 Constitutive equations

The relationship among flow stress (o), strain rate (¢) and

deformation temperature (7) can be represented by Arrhenius

model and Zener-Hollomon parameter (Z) as follows'":

Z:éexp(%):Ala"‘ 0o < 0.8 4)
Z=éexp(% = A,exp(fo) oo > 1.2 ®)
Z= éexp(%) = Asinh (ac)" forallo (6)

where R, Q are the ideal gas constant (8.314 J-mol"-K™") and
the deformation activation energy (kJ - mol™), respectively; A,
A, A,, a, p, n and n are constants of materials and a = p/n,.
Taking natural logarithm on Eq.(4~6) :

1né=1nA1+n11na—% %)
Iné = Ind, + for - 2 ®)
2 RT
- . 0
Ing lnA+nln[smh(aJ)] RT )

According to Eq.(7~9), when the temperature is constant,
the linear relationship of Iné-Ing, Iné- o and Iné-In[sinh(oo)]
can be acquired through substituting the value of corrected
data calculated above. The values of n, and f can be gained
from the slopes of the plots of Iné-Ino and Iné-o, and o can
also be obtained. The following equation can be gained from
Eq.(9)

ln[sinh(aa)]=%+%(lné*lnA) (10)

which means that In[sinh(as)] and 1000/7T are of linear

relationship when strain rate is constant. And the value of O
can be calculated as

B dlné aln[sinh(aa)]
Q_Rlialn[sinh(aa)]j'i a(l/T) }; (h

According to Eq. (11), the activation energy O can be

treated as a variable that is dependent on the deformation
temperatures and strain rates. And the calculated Q value of
studied alloys at peak stress is obtained using the peak stress
adopted from the stress-strain curves, as shown in Fig.3. It is
seen that the activation energy decreases with increasing
temperature in Alloy 1, while an opposite tendency is found in
Alloy 2 and Alloy 3. The average Q value of Alloy 1, Alloy 2
and Alloy 3 is 170.3, 138.7 and 179.1 kJ-mol". The activation
energy (Q) is a significant indicator reflecting the hot
deformation ability "?. Previous studies have pointed that the
region with constant and relatively high Q value in the
activation energy map can be decided as a desirable
processing zone''”. Therefore, the possible processing window
is marked with white rectangle in Fig.3 and it is found that it
tends to low temperature zone with increasing Mg content.

The value of Z can be determined based on Eq. (6) and
taking natural logarithm of the equation gives

InZ=1n4 + nin[sinh (ao) ] (12)

Thus, the values of In4 and »n can be determined. Based on

Eq.(12), the flow stress can be determined as:
1

1 2

o="Ln (%)H (%);H 2 (13)

Through repeating the above steps, the material constants
(a, n, In4 and Q) within the strain range between 0.05 and 0.7
with an interval of 0.05 can be gained. In addition, to obtain
more accurate prediction, the equations should be revised by
strain compensation. Generally, constructing polynomial
functions of strain is an effective way to incorporate the
effects of process parameters in constitutive equations'*
this study, a five-order polynomial function (Eq.(14)) is used
to calculate these material constants (a, n, In4 and Q) under
various strains.

Y=V, + Vie+ Vye? + Ve + Vet + Ve’ (14)
where Y represents the material constants (a, n, In4 and Q), V,
to V; are corresponding polynomial fitting coefficients listed
in Table 3. The final strain compensated constitutive equations
can be expressed as:

. In

1
1 2 2

_ 1 Zown " Zow|"?
AT (A(e)) Nae| !

(15)

RT

Z=éexp(Q(8))

The comparison between corrected and predicted stress is
conducted in Fig. 4, purposing to verify the accuracy of the
predicted results. The slope of the line fitted by these points is
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Fig.2 Stress-strain curves of alloys under different conditions
approximately 1 and the correlation coefficient (R*) is 0.982, It means that predicted stress agrees well with corrected

0.975 and 0.984 for Alloy 1, Alloy 2 and Alloy 3, respectively. experimental stress and these constitutive equations predict
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Fig.3 Activation energy Q of Alloy 1 (a), Alloy 2 (b) and Alloy 3 (c¢) during hot compression under different conditions

Table 3 Polynomial fitting coefficients V'~V of a, n, In4 and Q for the studied alloys

Alloy Constant V, v, v, v, v, Vs
a/MPa’! 0.0189 0.075 79 0.645 29 2.278 91 3.724 05 2.22527
. n 3.626 34 0.714 11 31.030 7 163.411 318.302 209.505
InA 19.101 7 13.061 5 181.815 687.337 1109.65 626.552
O/kJ-mol” 19.101 6 13.061 6 181.816 687.337 1109.65 626.552
a/MPa’! 0.014 44 0.016 73 0.116 51 0.33117 0.404 76 0.176 34
) n 4.148 9 2.780 12 259714 102.628 144.592 66.639 3
In4 21.2877 1.1355 95.661 4 438.274 663.354 324.147
Q/k]'mol‘1 136 180.2 7 085.621 493 198.7 2360 920 3676420 1852 620
a/MPa’! 0.017 29 0.016 99 0.047 1 0.066 56 0.034 46 0.003 17
; n 4.265 48 5.677 54 10.903 4 19.485 13.730 5 1.191 27
In4 23.5536 8.781 22 16.390 6 45.653 8 181.196 141.713
Q/k]'mol'] 150 171.7 52 541.87 111 466.9 137 900.8 799 927.4 667 834.5
c 250
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Fig.4 Comparison between corrected experimental stress and predicted stress of Alloy 1 (a), Alloy 2 (b) and Alloy 3 (c)

flow stress of studied alloys accurately.
2.3 Processing maps

Processing map can clearly show the stable and unstable
zones of hot deformation parameters, which provides gui-
dance for industrial production. According to the principles of
the DMM"™ the deformation process involves power

dissipation, and the total energy (P) is given as:
P=o-é=G+J=[ oti+ [ ido (16)
0 0

where G is the energy loss caused by macroscopic plastic

deformation, and J is the power dissipation caused by
microstructural evolution, ¢ and ¢ represent the stress and
strain rate, respectively, which are connected by introducing
the strain rate sensitivity m assuming the power law nature of
stress distribution

o=¢" (17)
and thus, the total input power is partitioned between these
two parts by strain rate sensitivity m:

d/ éo dlno

m=—

dG  ¢dé  dlné

(18)
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the derivative of cubic polynomial fitting the relationship
between Ino and In¢ is taken as the approximation value of m
here, and J can be determined as:
7= sdo =
0

m .
oé
m+1

(19)

During an ideal dissipation process, m=1 and J=J_, =(c¢)/2.

The power dissipation efficiency (77) can be represented as:
- J _ 2m
Ty mtl

max

(20)

Various values of power dissipation efficiency (7) obtained
under different conditions are used to establish the 3D power
dissipation map as shown in Fig.5. Different values of power
dissipation efficiency are described with different colors.
Generally, DRX is considered to be the main mechanism
when the power dissipation efficiency is higher than 0.30"",
which can be classified as a safe zone in processing map. It is
found that Mg contents and processing parameters have
significant effects on power dissipation efficiency. The peak
values of power dissipation efficiency are 0.38, 0.40, and 0.45
for Alloy 1, Alloy 2 and Alloy 3, respectively.

To explore whether flow instability occurs during hot
deformation, the instability parameter &(¢) is introduced to
characterize the instability region, and it can be calculated as:

am=a@hﬂﬁf1ﬂ+m<o Q1)

Fig.6 shows the 3D instability maps of three studied alloys
under different deformation conditions. Flow instability is
prone to happen when ¢ (¢) is negative. The instability region
(¢ (£)<0) is shown by dark zone. It is found that the instability
region increases with increasing strain. Moreover, some safe
areas gradually transform into the instability region with

increasing Mg content.

Processing maps of the three alloys are obtained by
superimposing instability maps and power dissipation maps.
Fig. 7 illustrates 2D processing maps of studied Al-Mg-Zn
alloys under a true strain of 0.7. The dark area and the contour
numbers represent the instability region and the value of
power dissipation efficiency, respectively. And the optimum
deformation parameter zones and instability region are
marked as A and B, respectively. Zone A of Alloy 1 is located
in the temperature range of 400~490 °C and strain rate range
of 0.001~0.005 s™'. As for Alloy 2, it is easier to deform in the
temperature range of 300~390° C and strain rate range of
0.001~0.007 s™. When Mg content increases to 3wt%, zone A
is in the temperature range of 300~420 ° C and strain rate
range of 0.001~0.016 s™. It reflects that zone A extends to
higher strain rate domain with increasing Mg content and the
high Mg content extends the range of hot deformation
temperature. In addition, it presents that the peak value of
power dissipation efficiency increases from 0.38 to 0.40 and
0.45 with increasing Mg content. Moreover, the instability
regions (zone B) expand to high temperature and low strain
rate zones with increasing Mg content. In contrast, the
instability domain of the new generation Al-Mg-Zn alloys is
much smaller than that of traditional 7xxx alloys ****,

2.4 Microstructural observation

The optical microstructures of as-homogenized alloys are
presented in Fig. 8a~8c. They are mainly composed of
equiaxed grains and it is observed that the grain size decreases
gradually with increasing Mg content, as shown in Fig.8d.

Fig. 9a~9f show the inverse pole figure (IPF) maps of the
three studied alloys deformed under the same condition (400 °C/

Fig.5 3D power dissipation maps of Alloy 1 (a), Alloy 2 (b) and Alloy 3 (c)
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Fig.7 2D processing maps of Alloy 1 (a), Alloy 2 (b) and Alloy 3 (c) under a true strain of 0.7
0.001s"), and the corresponding misorientation angle while the thermal energy for overcoming energy barrier

distribution maps are shown in Fig.9g~9i. Several finer grains
adjacent to original grain observed in Alloy 1 and Alloy 3
mean that partial recrystallization occurs, while few are found
in Alloy 2. According to the misorientation angle distribution
maps presented in Fig. 9g~9i, the fraction of LAGBs firstly
increases from 76% to 80% and then decreases to 65% with
the increase of Mg content, reflecting that the extent of DRX
grains first decreases and then increases with increasing Mg
content in alloys. Fig.9j~91 exhibit the corresponding kernel
average misorientation (KAM) maps and various KAM value
is represented with different color. Plastic deformation is
accompanied by dislocation and grain boundary migration,
and there will be serious misorientation and lattice distortion
in these areas. The dislocation density (green line) with a high
KAM value in the deformed grain is high and the distortion is
serious, thereby, the dislocation movement can be activated

increases. It is seen that dislocation density is relatively low,
which gives an explaination for the lower activation energy in
Alloy2 compared with Alloy 1 and Alloy 3, as shown in Fig.3.
Dislocations are continuously generated and entangled
the
accumulates rapidly and provides sufficient driving force for

during deformation process, and stored energy
the movement of dislocations. Subsequently, the formation of
subgrains results in separation of original grain boundaries,
and accumulated energy is gradually consumed, indicating the
occurrence of DRV. As deformation continues, subgrain
boundary misorientation increases due to subgrain rotation,
and eventually new grains form. This process is called CDRX,
in which the fraction of LAGBs gradually decreases. It is well
known that the main DRX mechanism of aluminum alloys
with high stacking fault energy is CDRX, which occurs in

Alloy 1. With decreasing the strain rate or increasing
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Fig.9 IPF maps (a, b, ¢) and corresponding enlarged images (d, e, f), misorientation angle distribution maps (g, h, i) and KAM maps (j, k, 1) of

Alloy 1 (a, d, g, j), Alloy 2 (b, e, h, k), Alloy 3 (c, f, 1, 1)

temperature, rearrangement and annihilation of the dislocation
density occur due to increased extent of DRX in Alloy 1,
leading to decrease of flow stress shown in Fig.2, and the
value of activation energy decreases (Fig.3), so the alloy is
suggested to process in the region of low strain rate and high
temperature, which is consistent with process map of Alloy 1
(Fig.7a).

Differently, higher Mg content in Alloy 2 contributes to the
decrease of stacking fault energy, and the DRV and CDRX are
suppressed during hot deformation resulting from hindered

movement of dislocations, which is the reason for the increase
of flow stress and LAGBs transform into HAGBs. With
continuously increasing the Mg content (Alloy 3), the
accumulation of dislocation and energy is enough to provide a
driving force for nucleation of new grains at HAGBs, and
DDRX occurs, and thereby, the fraction of LAGBs decreases,
reveling that DDRX occurs, which is the reason why flow
soften is seen when Alloy 2 and Alloy 3 are deformed at high
temperature, as shown in Fig.2”. As a result, the optimum
zone tends to low temperature zone with increasing Mg
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Fig.10 Micrographs of specimens deformed at instability region: (a) Alloy 1 at 400 °C/1s™, (b) Alloy 2 at 350 °C/1 s,
and (c) Alloy 3 at 450 °C/5 s

content, as presented in Fig.7.

The micrographs of the three studied alloys deformed at
instability zones are displayed in Fig.10. Flow localization can
be observed for Alloy 1 deformed at 400 °C/1 s, as shown in
Fig. 10a. At low temperature and high strain domains, flow
localization is more prone to happen due to insufficient energy
and time for uniform deformation. And it may be the source of
defects such as microcracks for Alloy 2 deformed under
350 °C/1 s”, as shown in Fig. 10b, and it will develop into
macroscopic cracks eventually. Fig.10c displays micro-cracks,
particle breakage and voids resulting from stress accumulation
near particles, which do not dissolve into the matrix when
Alloy 3 is deformed at 450 ° C/5 s'. These defects are
undesirable for alloys and lowering
temperature is an effective measurement to prepare sheet
without defects for higher Mg content alloy, which is also
verified in the kinetic calculations and processing maps.

the deformation

3 Conclusions

1) The peak value of flow stress increases with increasing
Mg content in Al-xMg-2.8Zn alloy. The flow stress and the
values of flow softening resulted from deformation heating
both tend to increase with increasing strain rate or decreasing
temperature. Constitutive analysis can predict the flow
behavior of the three studied Al-Mg-Zn alloys with high
accuracy.

2) Processing maps show that the range of hot deformation
temperature and strain rate expands with increasing Mg
content, and the instability domains extend to the zone of
higher temperature and lower strain rate.

3) The value of power dissipation efficiency of the three
studied alloys first increases and then decreases with
increasing Mg content, which is due to the transformation
from continuous to discontinuous dynamic recrystallization,
and it proves the validity of processing maps.
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ETF AR5 IERMBNN T EH AlxMg-2.8Zn & S HIRITAT AR

Bhimas ', sk v, sRERIL
(1 bR RHORS ¥idJm ARk E SR st s, Jba0 100083)
2. dERTRHER Y BURSSIBE EAM RS I TR AR TS %, 63T 100083)

O Ed ARG T Al-aMg-2.8Zn A & AEARTEHR N 300~490 'C RIASH AN 0.001~5 s KA T IIRAETEAT N, BIET
AR R A7 it 28 AR TGS IR S KA BL R S, R Arrhenius ASH) J5 BRI T BI04 T Al-xMg-8Zn £ & VR AT .
R, BEHE Mg RN, NARERN TR, SERRIRE IR, AR IR K. AE P TEMBRALINEE, HiE T
AEMRERIN TSHEER . M ORI, B Mg SR G0, f CE PR T] IR A0 N AR S 2250 38 K, 8 T AR X3 ) e i R
PLAR A X I o

KHEIF: Al-Mg-Zn &4 AT R AW ARE: #nTHE

PEE R Bhindlh, 0, 199544, Wid:, JbniRHE & @i bHE & E msee s, Jbat 100083, E-mail: yaojj2376@163.com



