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Abstract

This study investigates the effects of thermo-mechanical processing parameters, specifically
cold rolling and annealing, on the ultimate tensile strength (UTS) of AA2024 alloy,
employing a Box-Behnken experimental design. The deformation during cold rolling, the
annealing temperature, and the time annealing were varied to evaluate their individual and
combined effects on the UTS. The results demonstrated that the UTS increased with
deformation from 50% to 60%, but decreased with higher annealing temperatures (460°C -
500°C) and extended annealing times (10 to 30 minutes. Among the parameters, annealing
time exhibited the most significant influence on UTS, followed by deformation level and
annealing temperature. The optimized parameters - 60% deformation, 460°C annealing
temperature, and 10 minutes time annealing - predicted a UTS of 628 MPa, with experimental
verification confirming a 3% deviation. This research underscores the critical importance of
controlling thermo-mechanical parameters to optimize the mechanical properties of AA2024
alloy, offering valuable insights for industrial applications.
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1. Introduction

Recently, aluminum alloys, with their superior strength, technical properties, and
load-bearing capabilities, have become more widely utilized than pure aluminum.
Aluminum can alloy with elements such as Cu, Mg, Si, Mn, Zn, and Li to form solid
solutions that are sensitive to heat treatment [1, 2]. Among these alloys, AA2024 alloy is
one of the most commonly used across various industries.

AA2024 alloy, commonly referred to as an "aviation material”, is highly valued for
its high strength, excellent load-bearing capacity, corrosion resistance, and low specific
gravity. It is widely applied in industries such as aerospace, automotive, electronics, and
the military sector [3, 4]. Due to the unique operational requirements in military
applications, components such as bullet bodies, thermobaric warheads, nozzles, and wind
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cones, manufactured from AA2024 alloy, require superior mechanical properties
compared to standard parts. To ensure that AA2024 alloy meets these stringent
specifications, it must undergo alloying, heat treatment, deformation, or a combination of
these processes [5].

It has been shown that alloying, heat treatment, and thermo-mechanical processing
significantly influence the mechanical properties of AA2024 alloy. A. Albiter et al. [6-9]
observed that the alloy's maximum strength increased from 379 MPa to 480 MPa when
alloyed with TiC and SiC. Similarly, K. G. Sagar et al. [10] found that the addition of
Beryllium improved the UTS by up to 10.7%. Additionally, F. E. Garchani et al. [11-13]
demonstrated that aging treatments could elevate the UTS of AA2024 alloy to 512 MPa.
The combination of heat treatment and deformation has also been explored as an effective
method to further enhance the strength of AA2024 alloy. Z. Zhu et al. [14] investigated
the effects of continuous extrusion speed, with varying spindle speeds from 4 to 8 rpm,
and heat treatment conditions on the mechanical properties of AA2024 alloy. Their results
showed that elongation reached 12.93% and the tensile strength increased to 497.6 MPa.
R. Luciana et al. successfully determined the superplastic behavior of AA2024 alloy,
particularly under high-temperature conditions of 460°C and appropriate strain rates
(ranging from 8-10*to 1.5-1073s™%), achieving elongation to failure exceeding 200% and
an average grain size of 5 - 8 um. The superplastic properties of the AA2024 alloy
samples were developed through a thermo-mechanical processing route, which included
homogenization at 500°C for 8 hours, hot rolling with a 68% thickness reduction followed
by water quenching, cold rolling with a 57% thickness reduction, rapid heating to 480°C
for 15 minutes followed by water quenching, and stabilization annealing at 350°C for
30 minutes [15]. The combination of deformation and heat treatment in thermo-
mechanical processing is widely recognized as an effective approach for enhancing both
the tensile strength and ductility of AA2024 alloy. However, the complexity of these
processing schemes requires precise control over numerous process parameters, making
the evaluation and optimization of these parameters under specific thermo-mechanical
conditions a challenging task.

This study aims to investigate the impact of thermo-mechanical processes on the
strength of AA2024 alloy, with particular emphasis on the effects of key process variables
such as cold deformation, annealing temperature, and annealing time on the alloy’s UTS.
Additionally, the Box-Behnken experimental design [16] has been used in this study to
develop a mathematical model that facilitates a comprehensive assessment of both the
individual and interactive effects of the process factors on UTS. The analysis of the
obtained model provides valuable insights into the influence of cold rolling deformation,
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annealing temperature, and annealing time on UTS, thereby enhancing the understanding
of how each parameter contributes to the overall strength of the alloy. The model has been
further validated for accuracy through comparison with experimental data under the
predicted optimal conditions.
2. Methodology
2.1. Material

The AA2024 alloy rods, with a diameter of 40 mm, were produced at the X59 plant
of the Z127 factory using the casting-extrusion process. The chemical composition of the
alloy under investigation is shown in Table 1, while the mechanical properties are
provided in Table 2.

Table 1. Chemical composition of experimental AA2024 alloy

AA2024 Chemical composition
Si Fe Cu Mg Mn Cr Zn Impurities | Al
Sample 0.06 | 0.10 | 423 | 150 | 049 | 0.01 | 0.01 0.02 93.40

Table 2. Mechanical properties of AA2024 alloy before thermo-mechanical process

Ultimate tensile strength .
Allo Elongation (%
y (MPa) g (%)
AA2024 255 5

2.2. Thermo-mechanical processing

The thermo-mechanical processing route described previously in [15] enhances the
superplasticity of AA2024 alloy by promoting the formation of a fine-grained
microstructure. The processes of homogenization at 500°C for 8 hours and hot rolling
with a 68% thickness reduction were implemented to ensure uniform distribution of
alloying elements and reduce grain size. The subsequent stages of cold rolling with a 57%
thickness reduction, rapid heating to 480°C, soaking for 15 minutes, water quenching,
and stabilization annealing at 350°C for 30 minutes increased dislocation density,
strengthening the material and refining the grain structure, thereby improving elongation
and ductility of the AA2024 alloy.

However, to further improve the UTS and ductility of AA2024 alloy, we have
proposed a modified thermo-mechanical processing route based on the approach in [15],
as shown in Fig. 1. In this process, cold rolling was performed with a deformation level
ranging from 50% to 60%, followed by annealing at temperatures ranging from 460°C to
500°C, soaking for 10 to 30 minutes, and water quenching.
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Temperature, °C

Homogenization

5000C

8 hours

440°C — 480°

Hot rolling

Annealing

460 - 500°C

15-30m

2.3. Experimental design

To investigate the effects of thermo-mechanical process parameters on the UTS of
AA2024 alloy, an experimental design approach was employed. The Box-Behnken
design (BBD) [16], a response surface methodology, was chosen for its efficiency in
optimizing multiple factors while minimizing the number of experiments required.

Table 3. The Box-Behnken design matrix

Fig. 1. Schematic diagram of thermo-mechanical processing of AA2024 alloy.

No. Encoding variable Real variable

Exp. X1 X2 X3 &, % T,°C t, min
1 - - 0 50 460 20
2 + - 0 60 460 20
3 - + 0 50 500 20
4 + + 0 60 500 20
5 - 0 - 50 480 10
6 + 0 - 60 480 10
7 - 0 + 50 480 30
8 + 0 + 60 480 30
9 0 - - 55 460 10
10 0 + - 55 500 10
11 0 - + 55 460 30
12 0 + + 55 500 30
13 0 0 0 55 480 20
14 0 0 0 55 480 20
15 0 0 0 55 480 20
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In this study, three key process variables were selected and coded as follows:
Degree of deformation during cold rolling (coded as x.), ranging from 50% to 60%;
Annealing temperature (coded as x.), ranging from 460°C to 500°C; Annealing time
(coded as xs), ranging from 10 to 30 minutes.

These variables were normalized and coded within the range of [-1, 1]. These
variables were varied systematically according to the Box-Behnken design matrix, which
includes 15 experimental runs. The design matrix, shown in Table 3, outlines the
combination of factor levels for each experiment, ensuring an effective evaluation of the
individual and interactive effects of the variables on the UTS.

The experimental results were analyzed using Modde 5.0 software, with non-
significant coefficients (p-value > 0.05) excluded from the model. Regression analysis
was employed to develop a mathematical model representing the relationship between the
process parameters and the UTS. This model facilitates the optimization of process
parameters to maximize tensile strength.

2.4. Sample preparation

The experimental samples for the thermo-mechanical processing were prepared as
flat plates with dimensions of 4.5 mm in thickness, 15 mm in width, and 60 mm in length.
These samples were cut from a cylindrical aluminum alloy bar with a diameter of 40 mm
using a wire-cutting method. The 15 initial experimental samples, prepared according to
the thermo-mechanical processing route, are presented in Fig. 2a.

Following the proposed thermo-mechanical processing sequence, the samples were
first homogenized at 500°C for 8 hours, followed by water quenching. Subsequently, the
hot rolling process was conducted in a unidirectional manner, achieving a 68% reduction
in thickness, resulting in a 1.44 mm thick strip, which was also water quenched. The
processed samples, as depicted in Fig. 2b, were then utilized for the Box-Behnken
experimental design.

LUV
W Wi

Fig. 2. Initial samples (a) hot rolled samples (b).
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The tensile test specimens were prepared according to TCVN 197-1:2014 using a
wire cutting method, with the specimen length aligned with the rolling direction. The

dimensions of the tensile specimens are presented in Fig. 3.

10

10

Rolling direction

2.5. Laboratory equipment

o

45
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Fig 3. The tensile test specimens.

A locally manufactured plate rolling mill with a roller diameter of 200 mm was
used to perform the cold rolling process. All samples were cold rolled in multiple steps
to achieve a total thickness reduction of 50%, from which 4 samples were selected for
experiments No. 1, No. 3, No. 5, and No. 7. The remaining samples were further rolled
to achieve a total thickness reduction of 55%, and 7 samples were selected for
experiments No. 9 to No. 15. Finally, the remaining 4 samples were rolled to a total
thickness reduction of 60% and were selected for experiments No. 2, No. 4, No. 6, and
No. 8. The image of the rolling mill is shown in Fig. 4a.

A Nabertherm LH 120/13 chamber furnace (1300°C, 120L), manufactured in
Germany, was utilized for the annealing process. The furnace chamber has internal

dimensions of 500 x 500 x 500 mm.

b)
Fig. 4. The sheet rolling mill (a) and Tensile testing MTS (b).
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The tensile strength tests were conducted on an MTS 810 testing machine,
manufactured in the USA, with a maximum force capacity of 500 kKN. The image of the
testing machine is shown in Fig. 4b. The tensile specimens were clamped into the
machine's grips using a fixture, secured with a pin through a 3.2 mm diameter hole. The
grips moved at a quasi-static test speed of 1.0 mm/min, continuing until the tensile
specimens failed.

3. Results and discussion

The samples processed through rolling and annealing, based on the Box-Behnken
experimental design, are presented in Fig. 5.

ON POGD F2 PRO
i 2

Fig. 5. Samples resulting from thermo-mechanical processing
based on the Box-Behnken design.

The specimens before and after the uniaxial tensile test, along with the stress-strain
graph of the tensile specimen from Experiment No. 1, are presented in Fig. 6.

Stress, MPa
600 / P

500 3
400 /

300 /

Actuator, mm

c)
Fig. 6. Specimens before (a) and after (b) the tensile test, and the stress-stroke graph
for experiment number 1 from the Box-Behnken experimental design (c).
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The UTS results corresponding to the Box-Behnken design matrix are presented in
Table 4.
Table 4. Tensile strength results from Box-Behnken design

No. Exp. 1 2 3 4 5 6 7 8
UTS, MPa 537.8 | 616.9 | 498.2 | 539.3 | 586.4 | 604.5 | 4525 | 547.3
No. Exp. 9 10 11 12 13 14 15

UTS, MPa 586.5 | 562.9 | 498.9 | 414.9 | 526.9 | 519.4 | 534.4

The results of processing the experimental data from the Box-Behnken design using
Modde 5.0 software are presented in Table 5. The full model achieved an R2 value of
0.991, indicating that 99.1% of the variability in the response variable (UTS) is explained
by the model. The adjusted R? (R2 adj) was 0.975, reflecting a high degree of model fit
even after accounting for the number of predictors. Three interaction terms Xo-Xo, X3-X3,
and x1-x2 were excluded from the model due to their non-significance (p-value > 0.05),
indicating that these terms did not have a statistically significant impact on tensile
strength. The Q2 value was 0.893, demonstrating the model’s strong predictive power,
with a confidence level set at 0.95. These results indicate that the model, after the removal
of insignificant coefficients (Eg. (1)), maintains high accuracy and reliability in predicting
the effects of process parameters on the tensile strength of AA2024 alloy.

Table 5. Results of the regression analysis

No. 1 2 3 4 5
1 | Tensile strenghth Coeff. SC Std. Err. P Conf. int
2 | Constant 526.900 | 5.02137 1.49057e-009 12.9079
3 [ xi 29.1375 | 3.07495 0.000221187 7.90443
4 | x -28.1000 | 3.07495 0.000262905 7.90443
5 | Xs 53.3375 | 3.07495 1.16678e-005 7.90443
6 | XtXa 26.5124 | 4.52620 0.00205517 11.6350
7 | XoX2 -5.36253 | 4.52620 0.28934700 11.6350
8 | XaXs -5.73750 |  4.52620 0.26075900 11.6350
9 | XiXe -9.50006 | 4.34863 0.08064290 11.1785
10 | X1 X3 19.17500 | 4.34863 0.00696024 11.1785
11 | XoX3 -15.10000 | 4.34863 0.01780430 11.1785
12

13 N =15 Q2 =0.893 Cond. No = 4.2385

14 DF =5 R2 =0.991 Y-miss =0

15 R2 Adj. = 0.975 RSD = 8.6973

16 Conf. lev=0.95

The obtained model has the form:
y =526.9+29.14x, —28.1x, —53.34x, +19.18x,X, —15.1X,X, + 26.51)(12

@)
25



Journal of Science and Technique - Vol. 19, No. 03 (Nov. 2024)

3.1. Effect degree of deformation on UTS

As observed in Fig. 7 and Fig. 8, the effect of the degree of deformation (ranging
from 50% to 60%) on UTS follows a parabolic trend. Initially, as the degree of
deformation increases from 50% to 54%, there is a slight decrease in UTS. However, as
the deformation level further increases from 54% to 60%, UTS rises significantly. This
behavior is a direct consequence of the work-hardening introduced during cold rolling,
where dislocations accumulate and strengthen the material. The reversal of the trend, with
UTS increasing beyond 54% deformation, indicates that the work-hardening effect
becomes dominant over the softening caused by annealing, leading to enhanced strength.

2

g o
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on 2
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Degree of deformation, %
Fig. 7. Effects of the annealing time and degree of deformation
on tensile strength of AA2024 alloy.
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Fig. 8. Effects of the annealing temperature and degree of deformation
on tensile strength of AA2024 alloy.
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3.2. Effect of annealing temperature and time on UTS

Figure 9 demonstrates the combined influence of annealing temperature and
annealing time on the UTS of the material. The data show that as the annealing
temperature increases from 460°C to 500°C, there is a slight decrease in UTS, indicating
that temperature alone has a relatively modest effect on the alloy's strength. However, this
decrease becomes more pronounced when combined with longer annealing times,
suggesting that time plays a more significant role in affecting UTS.

Tensile strength, MPa

Annealing time, min

10 ‘ ‘ 8 te, 470 25 o
460 470 480 490 500 'Ipol.a 460 30w
ty,, N

Annealing temperature,°C 300 P&\\\'

Fig. 9. Effects of the annealing time and annealing temperature
on tensile strength of AA2024 alloy.

While both temperature and time influence on UTS, the annealing time appears to
have a stronger impact. As annealing time increases from 10 to 30 minutes, UTS exhibits
a marked reduction. This behavior is attributed to the fact that prolonged annealing
encourages recrystallization, which occurs more rapidly at higher temperatures. The
process of recrystallization not only refines the grain structure but also eliminates
dislocations that had been introduced during cold working. Dislocations are essential
contributors to work-hardening, which enhances the strength of the material. By
removing these dislocations, recrystallization reduces the work-hardened state of the
alloy, leading to a decline in UTS. In this study, it is evident that the accelerated
recrystallization process under elevated temperatures and prolonged annealing leads to a
reduction in dislocation density, which further softens the material.

Furthermore, grain coarsening with prolonged annealing time has a detrimental
effect on the material’'s mechanical properties. Fine grains are typically associated with
higher strength and improved ductility because they provide more barriers to dislocation
movement. In contrast, coarser grains allow for easier dislocation movement, which
weakens the material and decreases its tensile strength. Therefore, while annealing is
necessary to restore some of the ductility lost during cold working, care must be taken to
avoid excessive grain growth that compromises the mechanical performance of the alloy.
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The influence of the thermo-mechanical process parameters on UTS in this study
can be quantified using the following formula [16]:

R ORSERTY @

where x; (i =1, 2, 3) represents the coded variables, with "+" indicating the high level
(xi = 1) and "-" indicating the low level (x; = -1).

From the data presented in Table 4, the relative impact of the thermo-mechanical
parameters on UTS can be determined

X, =58.3; X, =56.2; X; =106.7 3)

The results indicate that annealing time has the most significant influence on UTS,
followed by the deformation level, and lastly, the annealing temperature.

The behavior observed in this study, particularly the balance between strength and
ductility, is consistent with findings from several studies on the thermo-mechanical
processing of AA2024 alloy [14, 15] and AA7075 alloy (equivalent to B95 GOST 4784-
97) [17, 18]. While the results align with existing research, it is important to acknowledge
that variations in alloy composition, initial microstructure, and processing conditions can
result in different UTS outcomes. Nevertheless, the trends identified in this study
highlight the critical importance of carefully controlling deformation, annealing
temperature, and annealing time to optimize the mechanical properties of AA2024 alloy.
3.3. Optimal prediction and experimental verification

The optimal thermo-mechanical processing conditions was presented in Table 6.
Based on the trends observed in this study, the maximum predicted UTS of 628 MPa is
achieved under the following optimal conditions: degree of deformation 60%, annealing
at a temperature of 460°C, and an annealing time of 30 minutes.

Table 6. Determination of the optimal thermo-mechanical processing parameters
for maximum tensile strength

1 2 3 4 5 6
No. Degree of Annealin Annealin Tensile .
defo%mation temperatuge time ) strength Iter Log (D)

1 50 473.469 10 591.621 247 0.4531
2 50 477.605 10.0001 591.39 165 0.4592
3 60 460 10 628.112 0 -10
4 59.999 471.464 10.0002 619.587 150 -1.1887
5 59.4529 460 10.2561 619.987 286 -1.2613
6 60 460 15 614.787 17 -0.6021
7 50 473.379 10 591.621 5002 0.4531
8 59.9465 470.11 10.5405 618.333 32 -0.9935

N
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The tensile test specimen, processed under the optimal conditions with a 60% strain
level, had a final thickness of 0.58 mm. Experimental results, verified with these optimal
parameters, indicated a UTS of 608.8 MPa, as shown in Fig. 10. When compared to the
maximum predicted UTS from the model (Eq. (1)) derived using the Box-Behnken
experimental design, the deviation was approximately 3%. This slight deviation
demonstrates the reliability and accuracy of the developed model in predicting the UTS of
AA2024 alloy when subjected to the proposed thermo-mechanical processing scheme.

Stress, MPa
700

600 + ;° o

400
300 1
200

100 1

0 1 2 3 4 5
Actuator, mm

Fig. 10. Experimental verification of optimal thermo-mechanical processing parameters.

4. Conlusion

This study investigated the influence of thermo-mechanical processing parameters:
degree of deformation, annealing temperature, and annealing time - on the UTS of
AA2024 aluminum alloy. Using a systematic Box-Behnken experimental design, the
optimal conditions were determined to be 60% deformation, annealing at 460°C, and a
holding time of 10 minutes, which predicted a UTS of 628 MPa. Experimental
verification resulted in a UTS of 608.8 MPa, with a deviation of only 3%, confirming the
accuracy and reliability of the developed regression model.

The findings emphasize that annealing time exerts the most significant effect on
UTS, followed by deformation level and annealing temperature. The model accurately
predicts UTS across various thermo-mechanical conditions, underscoring the critical
importance of precise control over processing parameters. These insights contribute
valuable knowledge for optimizing the mechanical properties of AA2024 alloy,
particularly in industries that require high-strength materials.
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Yan ik Xoan, Hryen Xyit Muen, Hryen Ban Tunb, Hryen Manp TueH. Biusaus
TEPMOMEXAHNYECKUX [apaMeTPOB Ha MHKPOCTPYKTYPY AaJlOMHHHMEBOrO cIulaBa B9S,
Hzeecmusn Tynvckoeo eocydapcmeennoz2o ynusepcumema. Texnuueckue Hayku, 2021,
pp. 31-36. DOI: 10.24412/2071-6168-2021-3-31-36

NGHIEN CUU ANH HUONG CUA CAN NGUOI VA U
PEN GIOI HAN BEN KEO CUA HOP KIM AA2024 SU DUNG
QUY HOACH THUC NGHIEM BOX-BEHNKEN

Tran Dic Hoan', Lai Piang Giang!, Nguyén Vin Chinh?, Nguyén Anh Quang?,
Nguyén Van Hoang', Hoang Trung Kién?

1Khoa Co khi, Trirong Pai hoc Ky thudt Lé Quy Pon
2\/ign Thudc phéng thuac né, Téng cuc Cong nghiép quac phong

Tom tat: Nghién ctru ndy danh gia anh huong cia cac thong sd gia cong nhiét co, cu thé

1a can nguoi va 1, dén giéi han bén kéo cuc dai (UTS) ciia hop kim nhom AA2024, sir dung quy
hoach thuyc nghi€ém Box-Behnken. Murc do bién dang, nhiét o 0 va thoi gian gitr nhiét duoc thay
ddi dé danh gia tac dong riéng 16 va két hop cua chung dén UTS. Két qua chimg minh rang viéc
tang bién dang tir 50% dén 60% lam ting UTS, trong khi nhiét d6 1 cao hon (460°C dén 500°C)
va thoi gian 0 kéo dai (10 dén 30 phat) din dén giam UTS. Trong sd cac thong sb, thoi gian  thé
hién anh hudng dang ké nhat dén UTS, tiép theo 12 muc do bién dang va nhiét d6 u. Cac thong )
duoc toi uu hoa - bién dang 60%, nhiét dd G 460°C va thoi gian gitr 10 phit - du doan UTS la
628 MPa, véi mot kiém chung thyc nghiém xac nhan d¢ 1éch 3%. Nghién ctru nay nhan manh

tam quan trong cua viéc kiém soat cac thong so nhié¢t co hoc dé t6i uu hoa céc tinh chat co hoc

ctia hop kim AA2024, cung cip thong tin chi tiét c6 gia tri cho cac ing dung cong nghiép.

Tir khoa: Hop kim nhom 2024; quy hoach thuc nghiém Box-Behnken; cdn ngudi.
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