
Investigation and optimization of heat treatment
process on tensile behaviour of Ti6Al4V alloy

Untersuchung und Optimierung der Wärmebehandlung auf das
Dehnungsverhalten der Titanlegierung Ti6Al4V
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This article examines the microstructure and tensile strength of annealed Ti6Al4V
alloy at different temperatures and times. Taguchi based L9 (32) design was used
for the experimental design matrix and optimization of the tensile strength of heat
treated samples. The optimum parameter combination was at the temperature of
950 °C and soaking time of 1 hour. ANOVA results show that temperature is the
most influencing parameter and a regression equation of degree two was devel-
oped to predict tensile strength. Results of the microstructure show lamellar struc-
ture development within the samples heat-treated at 1000 °C.
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1 Introduction

Titanium is a widely used alloy in the chemical,
aerospace and nuclear industries, due to its capa-
bility to withstand corrosion and high mechanical
strength [1, 2]. Its application in the oil and gas in-
dustry can’t be overemphasized, due to the require-
ment of tough and high strength materials in oil and
gas exploitation. The high destructive failures in
stainless steel and copper in the offshore environ-
ment has further necessitated the need for higher

strength materials. One of the specific areas of ap-
plication of titanium in oil and gas industry is in its
use for building high-pressure heat exchangers, a
substantial space and weight without strength com-
promise have been achieved by high-pressure heat
exchanger built by Rolls Laval using titanium [3].
However, the toughness of titanium might be one
of its limitation in its applications in oil and gas
field [2].

Materials strength and properties are defined by
their microstructure. The desired strength of titanium
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can be achieved by heat treating the metal to achieve
desired volume fraction, size of secondary α phase
and morphology. Annealing, solution heat treatment
and ageing are the major heat treatment techniques
employed in microstructure alteration of titanium al-
loys [4]. The annealing process is known to be bene-
ficial where a good fracture toughness is desired in
which the basket weave-like Widmanstatten α micro-
structure is created [5, 6]. High cycle fatigue perform-
ance, improved erosive resistance have all been attrib-
uted to annealing process [7, 8]. Solution heat
treatment and ageing are beneficial when it is done
below the β transus temperature to obtain adequate
ductility, wear resistance and hardness [9, 10]. Gen-
erally, mechanical properties of Ti6Al4V alloy have
been observed to improve after annealing processes
[11].

Ti6Al4V alloy is made of the α+β micro-
structure, the β transition temperature is germane to
the heat treatment process and has been reported to be
around 995 °C as shown in the equilibrium diagram
of the Ti6Al4V alloy [12], Figure 1. Therefore, it is
important to also know the material behaviour at dif-
ferent temperature during the transition of α/β phase.

The Taguchi design is a very powerful tool in the
design of experiment, it employs the orthogonal array
and the signal to noise ratio to reduce the variance of
experiments and proves that quality is achieved
through design and not inspection [13]. The method

uses three standard signal to noise (S/N) ratios, which
are larger the better, smaller the better and nominal
the better. The selection of the S/N ratio depends on
the process parameters to be optimized [14]. This
method is applied in production industries and aca-
demics for product modification and optimization and
this technique have been successfully applied in sev-
eral industries [4, 13, 15, 16].

Therefore, this article investigates and optimize
the process parameters of heat treatment to achieve an
optimum tensile strength using the Taguchi method,
the effect of annealing process on microstructural
properties of Ti6Al4V alloy was also investigated.

2 Materials and method

The Ti6Al4V samples were as received 100 mm×
60 mm×3 mm thick sheets with a tensile strength
of 895 MPa, the chemical compositions of the ma-
terials are presented, Table 1. The samples were
heat treated in a furnace then cooled in the furnace.
The experimental matrix is based on the in-
formation from the technical data sheet and the 3
level design for the two factors (32) Taguchi design
of experiment was adopted [17], Table 2. FactorsFigure 1. Ti6Al4V phase diagram.

Table 1. Chemical composition of Ti6Al4V alloy.

Element Ti Al V Fe C N H O Others

Weight (%) Remainder 6.10 4.0 0.15 0.03 0.018 0.002 0.13 Each<0.10

Table 2. Experimental layout L9 (32) orthogonal arrays.

Trial no. Heat treatment parameters Test results

A B

1. 1 1

2. 1 2

3. 1 3

4. 2 1

5. 2 2

6. 2 3

7. 3 1

8. 3 2

9. 3 3
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and levels and details of experimental approach are
all presented, Tables 3, 4.

The samples were grinded using grinding papers
from 320 grit size to 1200 grit size, they were then
polished and etched using Kroll’s Reagent. The mi-
crostructure was taken using the Olympus DP 25
optical microscope. The tensile samples were cut
into ASTM E8 sizes, the test was carried out using
the universal testing machine Zwick Roell 2250,
three samples were used and the average value was
reported [18]. The average tensile strength value
and signal to noise ratio based on larger the better
are calculated equations (1–2).

TS ¼

Pn

i� l

tsi

n
ðMPaÞ

(1)

SN ¼ � 10 log
1

n

Xn

i� l

1

ts2
i

 !

ðMPaÞ (2)

Where: TS is the tensile strength, n is the num-
ber of tests carried out, SN is the signal to noise ra-
tio.

3 Results and discussion

3.1 Statistical modelling of annealing process
parameters

Taguchi analysis method has been used to for-
mulate the factors responsible for tensile strength
results, the means effect plot of means of means
and means effect plot for the S/N ratio and temper-
ature is observed as the most significant con-
tributing factor to the tensile strength of annealed
samples and an optimum parameter of 950 °C and
1 hour have the largest S/N ratio, Figures 2, 3, Ta-
ble 5. The interaction plot between tensile strength
and soaking time at different temperature, Figure 4.
The relationship can be said to have limited inter-
action with the parallelism among the lines repre-
senting the interactions [14].

The analysis of variance (ANOVA) results pres-
ents the contributions and significance of each pa-
rameter to the achievement of quality tensile
strength, Table 6. Furthermore, regression analysis
assists in predicting the changes among the varia-
bles (dependent and independent). The interaction
of temperature (A2) has the highest contribution of
42.34 % in increasing the tensile strength of the an-
nealed samples. The interaction between temper-

Table 3. Experimental design.

Level Heat treatment parameters

A: Temperature (°C) B: Time (min)

1 900 30

2 950 45

3 1000 60

Table 4. Experiment design of heat treatment and results.

Trial no. Heat treatment parameters Tensile strength (MPa) S/N ratio

A B

1. 900 30 861.92 58.71

2. 900 45 874.93 58.84

3. 900 60 944.83 59.51

4. 950 30 932.51 59.39

5. 950 45 920.19 59.28

6. 950 60 926.83 59.34

7. 1000 30 873.16 58.82

8. 1000 45 828.73 58.37

9. 1000 60 831.84 58.40
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ature and time (A × B) exhibited the second highest
contribution of 24.91 %. Temperature (A) with a
contribution of 23.55 % is the third highest. Time
(B) and interaction of time (B2) have a percentage
contribution of 1.39 % and 5.46 % respectively.
These interactions shows that temperature is ger-

main to the success of achieving a good tensile
strength. Furthermore, all parameters and their in-
teractions are significant with P-Value less or equal
to 0.05 at 95 % confidence level except the time in-
teraction (B2) with P-Value of 0.078, which is in-
significant. The regression equation for predicting
the tensile strength of annealed samples Equa-
tion (3), calculated using MINITAB-17 with R2

value of 97.65 %.

Tensile strength ¼ � 20897þ 44:90A

þ31:51B� 0:02291A2 þ 0:0914B2

� 0:04141AB

(3)

3.2 Effect of heat treatment parameters on tensile
strength of Ti6Al4V alloy

The tensile test carried out on heat treated samples
showed that the samples failed in a ductile manner,
Figure 5. A maximum tensile strength of
994.83 MPa was observed in the sample with an
annealing temperature of 900 °C and soaking time
of 1 hour, compared to the untreated material with
a tensile strength of 895 MPa due to the increase in
grain sizes in the microstructure which is known to
improve the ductility of the sample [19]. The sam-
ple treated at an annealing temperature of 1000 °C
and soaking time of 45 minutes had the lowest ten-
sile strength of 828.73 MPa, the lower tensile
strength could be attributed to the lamellar and α’
martensitic structure observed in the microstructure

Figure 2. Main effect plot of means of means.

Figure 3. Main effect plot of means of signal to noise ratio.

Table 5. Response table for signal to noise ratios (larger
is better).

Level Heat treatment parameters

A: Temperature (°C) B: Time (min)

1 59.02 58.97

2 59.34 58.83

3 58.53 59.08

Delta 0.81 0.25

Rank 1 2

Figure 4. Interaction plot for tensile strength.
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of samples heat treated within the 1000 °C temper-
ature [20]. Samples heat treated within 950 °C, gen-
erally exhibited an improved tensile strength due to
the even distribution of the α and β phases, com-
pared with those heat treated within 900 °C and
1000 °C.

3.3 Effect of heat treatment parameters on the
microstruture of Ti6Al4V alloy

The as-received metal and annealed metal at
900 °C, 950 °C and 1000 °C for 1 hour and furnace
cooled respectively, Figures 6–9. The micro-
structure of the as-received material is made of the
α and β phases, which expands as temperature in-
creases, Figure 6. The annealing treatment at
900 °C and 950 °C shows a larger area fraction of

the α phase. At 1000 °C the primary α transformed
into lamellar β due to increased temperature [21].

Table 6. ANOVA of annealing parameters.

Source DF Seg SS Contribution (%) Adj SS Adj MS F-Value P-Value Remarks

Regression 5 15128.4 97.65 15128.4 3025.7 24.95 0.012 Significant

A 1 3648.6 23.55 6956.5 6956.5 57.35 0.005 Significant

B 1 214.9 1.39 2060.9 2060.9 16.99 0.026 Significant

A2 1 6560.2 42.34 6560.2 6560.2 54.09 0.005 Significant

B2 1 846.1 5.46 846.1 846.1 6.98 0.078 Insignificant

A×B 1 3858.5 24.91 3858.5 3858.5 31.81 0.011 Significant

Error 3 363.9 2.35 363.9 121.3

Total 8 15492.3 100

Figure 5. Tensile samples.

Figure 6. Micrograph of the base metal of the material.

Figure 7. Typical micrograph of samples heat treated at
900 °C.
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4 Conclusions

The optimization and the investigation of the ten-
sile and microstructural properties of annealed
Ti6Al4V alloy have been carried out using the Ta-
guchi method. The following conclusions are
drawn from the experiment and optimization analy-
sis:
1. Temperature plays the most important role in

the improvement of the tensile strength of an-
nealed Ti6Al4V alloy

2. The parameter combination of temperature of
950 °C and 1 hour soaking time is the optimum
parameter for improved tensile strength.

3. The second-order mathematical model devel-
oped can be satisfactorily used in predicting the
tensile strength of annealed Ti6Al4V alloy.

4. The microstructure of the annealed samples
within 1000 °C shows lamellar structures and
those within the 950 °C shows an improved ten-

sile strength due to the distribution of the α and
β grains.

Acknowledgements

The authors are thankful for the financial assistance
from the National Research Foundation (NRF) and
the Japan Society for the Promotion of Science
(JSPS). Also the Pan African University for Life
and Earth Sciences Ibadan (PAULESI) for the ar-
ticle processing fee payment.

5 References

[1] C. Wu, M. Zhan, J. Alloys Compd. 2019, 805,
1144.

[2] W. Liu, Y. Lin, Y. Chen, T. Shi, A. Singh,
Xiyou Jinshu Cailiao Yu Gongcheng/Rare
Met. Mater. Eng. 2017, 46, 634.

[3] D. Peacock, Mater. World 1994, 4, 696.
[4] K.H. Lee, S.Y. Yang, J.G. Yang, Int. J. Adv.

Manuf. Technol. 2017, 90, 753.
[5] S.L. Semiatin, S.L. Knisley, P.N. Fagin, F.

Zhang, D.R. Barker, Metal. mater. transac. A
2003, 34, 8.

[6] A.M. Jose, Int. J. Mech. Eng. Technol. 2015,
6340, 116.

[7] S. Fidan, E. Avcu, E. Karakulak, R. Yamano-
glu, M. Zeren, T. Sinmazcelik, Mater. Sci.
Technol. 2013, 29, 1088.

[8] P. Edwards, M. Petersen, M. Ramulu, R. Boy-
er, Key Eng. Mater. 2010, 436, 213.

[9] M. Vanderhasten, Ph.D. Thesis, Royal Mili-
tary Academy, Brussel, 2007.

[10] S. El-Hadad, M. Nady, W. Khalifa, A. Shash,
Can. Metall. Q. 2018, 57, 186.

[11] A.P. Singh, F. Yang, R. Torrens, B. Gabbitas,
J. Mater. Res. 2019, 34, 1426.

[12] H. Qu, W. Liu, Adv. Mater. Res. 2011, 299,
592.

[13] C. Chang, J. Yang, L. Chi, C. Chou, Adv. Ma-
ter. Res. 2010, 139, 157.

[14] S. Kumar, R. Singh, Mater. Today Proc.
2019, 26, 209.

Figure 8. Typical micrograph of samples heat treated at
950 °C.

Figure 9. Typical micrograph of samples heat treated at
1000 °C.

P.O. Omoniyi Materialwiss. Werkstofftech. 2021, 52, 1057–10631062

© 2021 Wiley-VCH GmbH www.wiley-vch.de/home/muw

Wiley VCH Donnerstag, 07.10.2021

2110 / 217529 [S. 1062/1063] 1

 15214052, 2021, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

aw
e.202000314 by N

igeria H
inari N

PL
, W

iley O
nline L

ibrary on [30/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.jallcom.2019.07.134
https://doi.org/10.1016/j.jallcom.2019.07.134
https://doi.org/10.1007/s00170-016-9433-3
https://doi.org/10.1007/s00170-016-9433-3
https://doi.org/10.1179/1743284713Y.0000000239
https://doi.org/10.1179/1743284713Y.0000000239
https://doi.org/10.4028/www.scientific.net/KEM.436.213
https://doi.org/10.1080/00084433.2017.1412557
https://doi.org/10.1557/jmr.2019.26
https://doi.org/10.4028/www.scientific.net/AMR.299-300.592
https://doi.org/10.4028/www.scientific.net/AMR.299-300.592
https://doi.org/10.4028/www.scientific.net/AMR.139-141.157
https://doi.org/10.4028/www.scientific.net/AMR.139-141.157


[15] M. Balasubramanian, V. Jayabalan, V. Bala-
subramanian, J. Mater. Sci. Technol. 2006,
22, 821.

[16] C. Schneider, C. Lisboa, R. Silva, R. Lermen,
J. Manuf. Mater. Process. 2017, 1, 14.

[17] T.D. ATI, 2012, 1, 4, [Online]. Available:
www.ATImetals.com.

[18] ASTM E8, American Stand., ASTM 2016, 1.

[19] D.K. Gope, U. Kumar, S. Chattopadhyaya, S.
Mandal, J. Mech. Sci. Technol. 2018, 32,
2715.

[20] S. Masete, K. Mutombo, C. Siyasiya, W.
Stumpf, Mater. Sci. Forum 2015, 828, 194.

[21] S.G. Qu, F.J. Sun, Z.M. Yuan, G. Li, X.Q. Li,
Powder Metall. 2015, 58, 312.

Received in final form: April 2nd 2021

Tensile behaviour of Ti6Al4V alloyMaterialwiss. Werkstofftech. 2021, 52, 1057–1063 1063

© 2021 Wiley-VCH GmbH www.wiley-vch.de/home/muw

Wiley VCH Donnerstag, 07.10.2021

2110 / 217529 [S. 1063/1063] 1

 15214052, 2021, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

aw
e.202000314 by N

igeria H
inari N

PL
, W

iley O
nline L

ibrary on [30/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s12206-018-0528-7
https://doi.org/10.1007/s12206-018-0528-7
https://doi.org/10.4028/www.scientific.net/MSF.828-829.194
https://doi.org/10.1179/1743290115Y.0000000014

