UDK 669.715:66.065.32 ISSN 1580-2949
Original scientific article/Izvirni znanstveni ¢lanek MTAECO, 56(2)225(2022)

THERMAL-DEFORMATION MODEL OF A Sr-MODIFIED A356
ALUMINUM ALLOY

MODEL TERMICNE DEFORMACIJE S STRONCIJEM
MODIFICIRANE ALUMINIJEVE ZLITINE VRSTE A356

Yongyue Liu!23, Xianglai Xu!, Jiangxiong Cheng!, Hongwei Sun!, Xueping Ren!",
Peng Jiang?
ISchool of Materials Science and Engineering, University of Science and Technology Beijing, Beijing, 100083 China

2Forging Technology Center, Beijing Research Institute of Mechanical and Electrical Technology Beijing, 100083, China
ITechnology Center, Ningbo Heli Technology Shareholding Co. Ltd, Ningbo, 315700, China

Prejem rokopisa — received: 2021-01-06; sprejem za objavo — accepted for publication: 2022-03-03
doi:10.17222/mit.2022.355

The hot-deformation behavior of A356 aluminum alloy with a Sr modification was investigated using a Gleeble 1500 thermal
simulator. The true stress-strain curves with a deformation temperature of 300-500 °C and a strain rate of 0.01-5 s~ were clari-
fied. The activation energy of the A356 aluminum alloy with Sr modification was 221.474 kI/mol. The influences of friction and
temperature on the curves were investigated, and then the constitutive equation was established. The results show that the flow
stress is obviously affected by temperature and strain rate. The experimental stress is lower than the theoretical stress, and the
stress difference between the experimental and theoretical stress increases with the increasing strain. The maximum stress dif-
ference reaches 17.8 MPa when the sample deformed at 300 °C/5 s~' with a reduction of 16 %. For all the deformation condi-
tions the correlation coefficient is 0.99 and the average relative error is 4.8 %, which shows the good predictability of the current
model. The developed constitutive equation can provide guidance for the study of the hot-deformation behavior of similar alu-
minum alloys.

Key words: A356 aluminum alloy, Sr modification, microstructure, thermal-deformation model

Avtorji v ¢lanku opisujejo raziskavo obnaSanja Al zlitine vrste A356, modificirane s stroncijem (Sr) med vrofo deformacijo na
termo-mehanskem simulatorju Gleeble—1500. Dolo¢ili so krivulje napetost-deformacija pri temperaturah deformacije med
300 °C in 500 °C in hitrostih deformacije med 0,01 s™ in 5 s™'. Aktivacijska energija izbrane Al zlitine A356 modificirane s Sr
je pribliZzno 221,5 kJ/mol. Ugotavljali so vpliv trenja in temperature na krivulje in nato dolo€ili konstitutivne enacbe. Rezultati
raziskave so pokazali, da na napetost teCenja vpliva temperatura in hitrost deformacije. Eksperimentalno ugotovljena napetost je
niZja kot teoreticno dolo¢ena in razlika med njima naraS¢a z naraSCanjem deformacije. Maksimalna napetostna razlika ima
vrednost 17.8 MPa, ko je bil preizku3anec deformiran pri 300 °C s hitrostjo deformacije 5 s in 16 % redukcijo preseka
preizkuanca. Pri vseh pogojih deformacije je bil koeficient korelacije 0,99 in povpre€na relativna napaka 4,8 %, kar kaZe na
dobro ujemanje izdelanega modela z eksperimenti. Razvila konstitutivna enacba je lahko napotek drugim pri Studiju vroce
deformacije podobnih Al zlitin.

Kljune besede: zlitina na osnovi Al vrste A356, modifikacija s stroncijem, mikrostruktura, model termi¢ne deformacije

1 INTRODUCTION aluminum alloy.!" However, the rare-earth elements
could promote the formation of coarsened a-Al grains
and the Al-Si-La compounds, bringing about an inhomo-
geneous microstructure. In contrast, the Sr element can
modify the needle-liked Si particles into a fibrous struc-
ture with finer grains.'> This effect is called eutectic
modification and it could improve the performance of the
) ! A356 aluminum alloy. Researchers have investigated the
the A356 aluminum alloy usually contains an Al-en- jnflyence of Sr on the tensile strength, fatigue life, and
riched phase and eutectic Si particles.” However, the Si ¢k strength of the A356 aluminum alloy."'> However,
particles probably grow into a needle-liked shape, lead-  he thermal deformation behavior of the A356 aluminum
ing to a dramatic decrease of the ductility.** alloy modified by Sr has not been studied systematically.
To reduce the deleterious effect brought about by the Therefore, the current study aims to clarify the ther-
needle-liked Si particles, modification elements, e.g., mal deformation behavior of the A356 aluminum alloy
rare-earth elemenFs'“ and Sr, were added to the A356 alu- 0 dified by Sr. Schematic thermal compression tests
minum alloy. Tsai et al. found that the rare-carth element  yere carried out to investigate the hot-deformation char-
La could improve the mechanical properties of the A356  ;c(eristics. A mechanisms-based material constitutive
model was established by modifying the effects of fric-

*Corresponding author's e-mail: tion and the deformed temperature. The developed mate-
rxp33@ustb.edu.cn rial model can be further implemented into the research

Due to its desirable performance in casting, fatigue,
and corrosion, as well as the excellent combination of
strength and toughness, the A356 aluminum alloy is
widely used in the aerospace and automotive indus
tries.'-* Owing to the proper components of Al and Si el-
ements, as well as the reasonable heat-treating process,
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Table 1: Chemical composition of the experimental A356 aluminum alloy (w/%)

Si Fe Cu Mn Mg

Ni Zn Ti Sr Al

6.87 0.091 < 0.001 0.034 0.363

0.006

0.004 0.004 0.207 0.0235 Bal.

on the thermal deformation of the aluminum alloys and
provide guides for manufacturing aluminum alloy parts,
which are widely applied in aerospace and automotive
industries.

2 EXPERIMENTAL PART

The material used was an A356 aluminum alloy mod-
ified by Sr. An ingot of the experimental aluminum alloy
with the measured chemical composition (Table 1) was
prepared in a vacuum gravity casting furnace. Samples
with the size of ¢ 8 mm x 15 mm were machined from
the center of the ingot.

The isothermal hot-compression tests were carried
out on a Gleeble 1500 thermal simulator. The final defor-
mation degree was set to 50 %. The specimens were
heated to the target temperature with a heating rate of
5 °C/s. After being homogenized for 2 min, the speci-
mens started to access the thermal deformation stage.
The deformation temperatures were (300, 350, 400, 450,
500 and 550) °C, and the initial strain rates were (0.01,
0.1, 1.0 and 5.0) s*'. Then the deformed samples were
quenched rapidly to room temperature with cold water.
The temperature was monitored in real time and con-
trolled by a thermocouple that welded on the samples,
while liquid lubricant and graphite flake were applied to
reduce the friction between the sample and the fixture.

3 RESULTS AND DISCUSSION

3.1 Microstructures of the A356 aluminum alloy after
thermal compression fests

The microstructure of the experimental material con-
sists of a-Al and eutectic Si, as shown in Figure 1.

Figure 1: Microstructure of the experimental A356 aluminum alloy

226

After the test, the tissue structure of the material
changed. Figure 2 shows the microstructures of the
A356 after thermal compression tests at 300-500 °C
with an initial strain rate of 5.0 s*' and 0.01 s'. It was
found that the original grains of the a-Al were squashed
along the compression direction and the fine grains of
eutectic Si showed a streamlined distribution along the
grain boundaries of the a-Al. The eutectic Si particles
are precipitated by equiaxed (or quasi-equiaxed) mor-
phology, which has more positive effect on the ductility
of the alloy compared to the needle-liked morphology.
The strain rate has little effect on both the size and the
morphology of the Al grains. The grain size of «-Al de-
creased when the deformation temperature increased
from 300 °C to 350 °C, then it enlarged when the defor-
mation temperature further increased to 500 °C.

3.2 The influence and modification of friction

The experimental true stress-strain curves are shown
as the solid lines in Figure 3. The true stress increased
dramatically at the original stage and subsequently re-

505! 0.01s1!
300°C i 00°C
asoeC 3s0°C
400°C  § 400°C
450°C 450°C
S00°C S00°C

Figure 2: Microstructures of the A356 aluminum alloy after thermal
compression lests using different process parameters
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mained stable with the increase of the true strain. The
flow stress decreased with the elevation of the deforma-
tion temperature, while it increased with the increase of
the strain rate.

The lubricant cannot eliminate the friction between
the sample and fixture, which affects the deformation of
the contacted surfaces on the sample, contributing to the
inhomogeneous deformation of the samples. As the fric-
tion can change the theoretical curve, the effect of fric-
tion on the theoretical curve of the A356 aluminum alloy
was modified according to Equations (1) to (4):'%!

2
GZL (1)
2(expC —C 1)
c = 2HR )
h
L
— kl 3
#_i_ﬂ 3
V3 33
b:4A_R.h_' (4)
R, Ah

where op and o are the experimental flow stress before
and after the modification of friction, respectively: Ro, R
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and R; are the initial, instant, and final radius of the
samples, respectively, and R = R, h,/h, R =

R,+/h, I h,: ho, hand hy are the initial, instant, and final

height of the samples, respectively: AR is the difference
between the maximum radius (Rwm) and the radius of the
surfaces (Rr) after deformation; Ah represents the varia-
tion of height before and after the deformation; u repre-
sents the friction factor.

The friction factor pu was calculated from the mea-
sured Ry, Rr and h;. The instant height # was measured
using the L-Gauge module of the Gleeble—1500 thermal
simulator, and the instant radius R was calculated ac-
cording to h. All the parameters above were taken into
the Equation (1), and the true stress — strain curves modi-
fied are shown as the dotted lines in Figure 3.

Figure 3 shows that the friction-corrected curve is
lower than the original true stress-strain curve, and the
variation increased with the increase of the deformation
degree. This phenomenon is because of the inhomo-
geneous distribution of the lubricant during the deforma-
tion process, which brings the increase in the friction and
changes the flow stress. It can also be observed that fric-
tion has different effects on stress under different defor-
mation temperatures and strain rates. Generally, the
lower the temperature and the higher the strain rate, the
greater effect of the friction obtained. The improvement

&
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Figure 3: True stress-strain curves of the A356 aluminum alloy during the thermal compression process before and after the friction correction:

a) al 350 °C, b) at 500 °C,c)at 1 s, dyatSs'
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of temperature could reduce the strength and the effect of
friction.

3.3 The adiabatic temperature correction

The friction-modified stress-strain curves of the sam-
ples deformed at 300 °C are shown in Figure 4a. Most
of the energy in the metals will transfer to thermal en-
ergy during the plastic deformation process."> When the
deformation rate is lower, e.g., less than 1 s-', the gener-
ated heat could be released to the environment instantly,
thus the measured temperature illustrates waves; when
the deformation rate is higher, e.g., 5 s-!, the generated
heat gathered in the sample, resulting in the increase of
temperature, as shown in Figure 4b. Therefore, the ef-
fect of actual temperature on the true stress-strain curve
should be modified.

The increase of temperature at a high strain rate
could be calculated by Equation (5)':

n WLds
= 7

AT (5)

where AT and sz are the increase of temperature and
a

mechanical energy during the deformation, respectively;
p. C, W are the ratio that density, specific heat capacity,
and mechanical energy transferred into the heat energy,
which are 0.9-0.95; » is adiabatic factor, defined as the
ratio between the actual increase of temperature and the
increase of temperature under adiabatic condition.

The effect of the temperature wave on the flow stress
(Ao) could be calculated by Equation (6):"7

m:i 1 -l (6)

naR\ T T+AT
where Q and R are the activation energy of the deforma-
tion and gas constant, respectively; n and « are the ma-

terial parameters. The hyperbolic sine model was ap-
plied to solve the Q, n and «:°

(a)
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where F(0) is a function of the stress, and it can be gen-
erally calculated by (7) under low stress, calculated by
Equation (8) under high stress, and calculated by Equa-
tion (9) in general:

Flo)=0"", (a0)<0.8 (8)
F(o)=exp(fo), (ao)>1.2 9)
F(0) =[sinh(c0)]" (10)

where A, a, 8, n and n; are parameters of the material,
and a = fin,.

Combining Equations (10), (11) and (12) to Equation
(8), the relationship between and o can be obtained:

e=Ao" exp{—%) (x0)< 0.8 (1n

£=A, exp(fo) exp{—%] (xo)>1.2 (12)
s L 1 _g
¢ = A[sinh(ao) ] exp{ o7 ]

Taking a logarithm on both sides of Equations (11),
(12) and (13):

(13)

Iné=InA, —gﬂz, Ino (14)
RT
: Y
Ine=InA, ———+ fio (15
AL )
Iné =n In[sinh(ao) |+ In A —% (16)

The Equations (14) and (15) illustrate the linear rela-
tionship of In-Ino and In-o, respectively. Since the flow
stress curve confirms the dynamic recovery, the maxi-
mum of the flow stress reached when the strain is low,
and then kept stable. The fitting curves of the related pa-

[%]
(23
(=]

(0.59181, 325.1)

L (b)
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Figure 4: Effect of adiabatic temperature rise on the flow stress of the A356 aluminum alloy: a) true stress-strain curves at 300 °C, b) measured

temperature curves
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Figure 5: Fitting curve of each parameter: a) ny, b) 8, ¢) n, d) Q
rameters are displayed in Figure 5. The values a higher temperature could promote the softening of the

n; = 8.6567, B = 0.1695, @ = 0.01958, n = 5.9226 and
Q = 226.1138 kJ/mol can be obtained.

Based on the above results, the effect of temperature
on the true stress-strain curves were modified. The
curves when the strain rate is 5 s*' are shown in Fig-
ure 6. It can be observed that the strength of the alloy
decreased with an increase of temperature. That is to say,

140
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i 1 i 1 n L " 1 i 1 i 1
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£

Figure 6: True stress-strain curves of the A356 aluminum alloy during
thermal compression process before and after the modification of tem-
perature at a strain rate of 5 5!
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flow stress. The experimental stress is lower than the the-
oretical value, and the distinction increased with the in-
crease of the strain. The largest variation reaches
17.8 MPa when the sample deformed at 300 °C and 5 s,
with a decrease of 16 %.

When the deformation temperature is lower, e.g., at
300 °C, the stress decreases after getting to the peak of
the stress, where it undergoes conventional deformation.
With the improvement of temperature, the stress level
decreases dramatically and then keeps stable, e.g., at
500 °C. This phenomenon is because of the temperature
arrives the critical value of generating superplastic defor-
mation.'"® What is more, the deformation mechanism
arises from the combination effect of conventional and
superplastic deformation.

3.3 The constitutive equation with a consideration of
strain

It can be seen from Equation (16) that InA is the in-
tercept of the InZ-In[sinh(exo)] relationship. Based on the
stress-strain relationships after modification of the fric-
tion and temperature as shown in Figure 7 (¢ = 0.1), the
values n =5.7934, Q0 =221.474 kJ/mol, @ = 0.01937, and
A = 1.894 x 10'0 can be obtained. This model contains
the parameter Z, which evaluates the effects of tempera-
ture and strain rate on the mechanical behavior:
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InZ =Iné+—=-=1InA+n In[sinh(ao)] 17
RT
Equation (17) is also called the Arrhenius form of the
constitutive equation. Hence, the relationship of stable
flow stress, deformation temperature, and the strain rate
can be expressed as:
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When the strain is 0.1, Equation (18) can be written
as:

. 221474\
ECXp ——mm
0 =516211In RTM ¥
1.894x10
0. 346 (19)
. (221474))"
ECXPY ——
RT
+ = +1
1.894x10

As strain has little effect on the flow stress under sta-
ble conditions, it does not have to be incorporated into
the hyperbolic sine model currently. To make the thermal
deformation behavior a more visual and accurate import
into the finite-element simulation software, the strain
was introduced to the current model.
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Figure 8: Predicted and experimental value after modification of the true stress under different strain rate: a) 0.01 s, b) 0.1 s, c)l s, d)5 s
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Polynomial fitting was applied to describe the con-
nection between the parameters and strain in order to
calculate the e, n, Q and InA. The results show that quin-
tal polynomial in Equation (20) has good correlation
with the parameters above.

[ =0.0184+0.02782 —0.253¢2 + 0.889¢> —

—1406e* +08401¢°

n=6.059—1.78—15.873¢ +90.233¢" —
< —173.457¢* +08401¢° (20)
0 =222382+115426e—1859.48¢% +

+738581¢% —127675¢* +821139¢°

In A=38141+9633c— 246.608¢° +

| +10231 06&* —1805681* +1179.908¢°

3.4 The accuracy of constitutive equation

The relationships between the true stress, the temper-
ature, and the strain rate were determined according to
the model established when the true strains were 0.1-0.6.
Meanwhile, the values are compared to the measured
true stress after being modified, as depicted in Figure 8.
The constitutive equation commonly has a high accuracy
in predicting the mechanical performance of the mate-
rial. To further demonstrate the accuracy of the constitu-
tive equation, the Correlation Coefficient (R) and the Av-
erage Relative Error (ARE) are introduced:

S (E,-E)xc,-0)

R=
'\/ZL (El' _E)E Z:J (Cf' _6)

(2D

MR T 100% (22)

i=l

i

where N represents the number of calculated data; E and
E are the modified and average values, respectively; C
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E§ 88 8 8 B
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Figure 9: Evaluation of the relevance between the experimental stress
after modification and the predicted stress
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and C are the predicted and average values calculated
from the constitutive equation.

Figure 9 shows the relevance between the experi-
mental stress after modification and the predicted stress.
The Correlation Coefficient (R) equals 0.99, which
shows high consistency. The true stress under different
strain from 0.1 to 0.6 was calculated and according to
Equation (22), the Average Relative Error (ARE) equals
4.8 %.

4 CONCLUSIONS

The thermal-deformation behavior of the A356 alu-
minum alloy with a Sr modification was investigated, the
influences of friction and adiabatic temperature on the
true stress-strain curves were modified, and the constitu-
tive equation of the A356 aluminum alloy with Sr modi-
fication was proposed. The fitting accuracy of the consti-
tutive equation is high enough to characterize the
thermal-deformation behavior of this aluminum alloy.
The following conclusions can be drawn:

1) The thermal-deformation of the A356 aluminum
alloy with a Sr modification was investigated with a de-
formation temperature of 300-500 °C and a deformation
rate of (0.01, 0.1, 1 and 5) s-'. The flow stress obviously
was influenced by both the temperature and the deforma-
tion rate.

2) The influences of friction and temperature on the
true stress-strain curves were modified. The experimen-
tal stresses are lower than that of the theoretical, and the
distinction increased with an increase of the strain. The
largest gap reaches 17.8 MPa when the sample deformed
at 300 °C and 5 s!, with a decrease of 16 %.

3) The constitutive equation was created after the
modification of friction and temperature based on the hy-
perbolic sine model. The activation energy of the
A356 aluminum alloy with a Sr modification
Q = 221.474 kJ/mol. The correlation coefficient R is
0.99, and the average relative error (ARE) is 4.8 %,
which shows the high relevance of the current model.
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