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Te creep behaviour of hot hammer forged Ti-6Al-4V alloy under diferent forging temperatures has an essential infuence on
their high-temperature service performance. In this article, the high-temperature mechanical property and creep behaviour of Ti-
6Al-4V alloy forging at diferent forging temperatures were frst investigated experimentally. Ten, in view of the critical efect of
microcracks and other defects on the service life of components in forging, the creep characteristics at the tip of a 2mm crack were
characterized by the fnite element method. Te results show that when the Ti-6Al-4V alloy was forged at 1000°C, the high-
temperature mechanical property was improved, and the steady-state creep rate and creep residual deformation were signifcantly
reduced. In addition, the creep strain and creep rate at the crack tip were decreased apparently during creep, and the creep strain
gradient in the crack tip region was also signifcantly reduced. Tis indicates that the creep deformation of Ti-6Al-4V alloy can be
controlled by an appropriate forging temperature during hot hammer forging process and might delay the crack propagation to
improve the service life of components.

1. Introduction

Ti-6Al-4V alloy is used as a structural material for turbine
blades because of its high strength, corrosion resistance, and
excellent high-temperature properties [1, 2]. Te creep be-
haviour of titanium alloys is critical to blade’s service life and
the turbine’s safety and credibility in high-temperature and
pressure service environments [3]. In recent years, to achieve
the development goals of ultra-supercritical generating units
with high capacity, high power, and long life, the steam
temperature and pressure of the turbine were continuously
increased, which puts forward a severe test to the creep
property of turbine blades [4, 5]. Terefore, the creep be-
haviour of titanium alloys has received much attention from
many researchers. Dvorak et al. [6] performed constant load
creep tests on titanium alloy with diferent annealing
temperatures. It was found that titanium prepared at ele-
vated room temperatures had an ultrafne grain size mi-
crostructure, which exhibited a higher creep strength than
titanium prepared at low temperatures. Dogan et al. [7]

studied the efects of microstructure on creep crack growth
behaviour of Ti-6242 alloys in the forged and heat-treated
condition.Te results showed that the material with lamellar
microstructure is more creep deformation resistant than the
material with equiaxed microstructure. Consequently, the
creep behaviour of titanium alloy components is strongly
infuenced by the preparation process.

Te pre-existing microcracks and other defects may exist
before the titanium alloy component is put into service.
With the increasing of the creep exposure time, the
microcracks or other defects inside the material will further
grow until the failure of the component [8, 9]. Te forging
plastic forming process, a common production method for
Ti-6Al-4V alloy blades, is applicable to enhance the me-
chanical properties and can substantially eliminate internal
faws [10]. And compared with hydraulic press forging, the
comprehensive mechanical properties of Ti-6Al-4V alloy
forged by hot hammer forging are more excellent due to the
high deformation rate that leads to the formation of fner
grains [2, 11, 12]. Lou et al. [13–15] showed that the variation

Hindawi
Advances in Materials Science and Engineering
Volume 2023, Article ID 4414502, 9 pages
https://doi.org/10.1155/2023/4414502

mailto:fangxr098@163.com
https://orcid.org/0000-0003-1096-2791
https://orcid.org/0000-0002-9540-5451
https://orcid.org/0000-0002-9971-1675
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2023/4414502


of forging parameters during hot hammer forging could
signifcantly afect the phase transformation process of Ti-
6Al-4V alloy, in which the variation of forging temperature
has a more signifcant efect on the phase transformation,
dislocation motion, and grain boundary slip state during the
forging deformation of titanium alloy. It can be clarifed that,
in the hot hammer forging plastic forming process, the
forging temperature is a vital parameter afecting the forging
properties.

Creep deformation is induced when titanium alloy
components are subjected to long-term operation at high
temperature and pressure. Te creep deformation accu-
mulation reaches the critical value, the creep crack begins to
initiate and propagate, and creep fracture will occur in severe
cases [16, 17]. It is efective and accurate to test the creep
behaviour of cracks in high-temperature materials using
standard specimens. However, the method is time-con-
suming and highly expensive. Tus, the fnite element
method is widely used to investigate crack propagation in
high-temperature materials. Zhang et al. [18–20] determined
the creep damage model based on the material properties of
high-temperature alloys, the loading state of the component
in service, and investigated the creep crack propagation
behaviour by the fnite element method. Te fnal physical
experiment verifed that the simulated data agreed well with
the experimental results, which indicated that the numerical
method can be used to simulate the creep crack propagation
behaviour of high-temperature alloys.

In summary, creep behaviour and creep crack extension
of titanium alloy have been extensively investigated and
discussed in the last decade. However, few studies focused on
how to produce titanium alloy forgings with excellent creep
property by controlling the forging process parameters. In
this article, the efect of diferent forging temperatures on the
creep behaviour of Ti-6Al-4V alloy forgings is investigated
by designing the hot hammer forging temperature.Te creep
characteristic parameters of the crack tip were further an-
alyzed. It aims to understand the relationship between
forging temperature and creep behaviour of titanium alloys
after hot hammer forging, which also provides a basis for
backtracking the forging process parameters by the creep
property requirements of the titanium alloy components.

2. Materials and Methods

2.1. Materials. Te commercially available Ti-6Al-4V alloy
bars with a diameter of 100mm and a height of 150mmwere
produced by ingot metallurgy. Tey were provided by China
Heavy Machinery Research Institute and the nominal
chemical compositions are listed in Table 1.

2.2. Experimental Procedure

2.2.1. Forging Experiments. As we all know, forging is an
experience-oriented technology [21]. Te Institute has ac-
cumulated a great experience in titanium alloy forging ex-
periments over the years. Terefore, the forging experiments
were conducted based on the standard of the forging manual
and forging experience [22]. Te experimental procedure of

forging is shown in Figure 1. Te free forging electro-hy-
draulic hammer of CZYQ-120 had been used in the forging
experiment. It has a maximum strike stroke of 1200mm and
strike energy of 120 kJ, respectively, and the mass of the
hammerhead is 3400 kg. Te energy consumption for pre-
heating and the heat loss in the forging process were con-
sidered. Before forging, the upper and lower anvils had been
preheated at 200 to 300°C according to the requirements of
the institute’s forging process. Te samples were heated in a
special heating furnace with a heating rate of 6°C/min.When
the temperature reached the preset forging temperature, the
samples were held for 120min to ensure uniform temper-
ature distribution inside and outside the samples. Due to the
relatively narrow forging temperature band of titanium
alloys, the whole forging process needs to be completed
within 20 s as far as possible. Te height reduction of the
forgings was controlled by setting the height of the limit
block. Finally, the forging was cooled to room temperature
by air cooling when the reduction in the overall height of the
forgings reached 50%.

It is generally known that the temperature is an im-
portant factor afecting the performance of the component
during processing [23]. Ti-6Al-4V alloy will crystallize to
α-phase in low temperature and transform to β-phase in
high temperature, thus the forging of Ti-6Al-4V alloy is
divided into α+ β forging (T�Tβ − (30∼60°C)), near β
forging (T�Tβ − (10∼15°C)), and β forging (T>Tβ). Te
measured β-transition temperature of thematerial was about
985°C [24]. Te forging experiment scheme was formulated
based on the relationship between the forging temperature
and β phase transition temperature as shown in Table 2.

2.2.2. High-Temperature Tensile and Creep Tests. Five
groups of tensile samples with fve samples in each group
were cut from each forged sample for high-temperature
tensile and creep tests. Ten, all these samples were
mechanically polished, cleaned, and dried before testing. As
shown in Figures 2(a) and 2(b), the geometrical sizes of
standard high-temperature tensile and creep test samples
were determined based on high-temperature tensile test
method for metal materials (GB/T 228.2-2015) and uniaxial
tensile creep test method for metallic materials (GB/T 2039-
2012).

Te high-temperature tensile tests were carried out at
400°C based on the temperature of the service environment
of the turbine blades. Before the test, the samples had been
loaded into the high-temperature furnace of the INSTRON
5982 tensile testing machine for heating and held for 15min
when the temperature reached 400°C. Te tensile speed was
10mm/min and the tensile strain rate was 6.67×10−3 s−1

during the experiment. Te creep tests were conducted on
the RD-100 electronic axial tensile creep test machine at a
temperature of 400°C, stress loading of 484MPa, and creep

Table 1: Main chemical composition of Ti-6Al-4V alloy.

Element Al V Fe O Impurity Ti
Wt. (%) 6.29 4.03 0.098 0.16 <0.40 Bal.
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time of 80 h. Before testing, the sample had been loaded into
the high-temperature furnace for heating and holding for 1
hour when the temperature reached 400°C. Te temperature

fuctuations were less than ±2°C. Ten, the creep stress was
loaded with a loading rate of 50N/s to a preset value and the
timing started. Te bidirectional extensometer had been
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Figure 1: Ti-6Al-4V alloy forging process.

Table 2: Forging experiment scheme of Ti-6Al-4V alloy at diferent forging temperatures.

Samples Forging types Forging temperature (°C)
1# α+ β Tβ − 60 925
2# α+ β Tβ − 35 950
3# Near β Tβ − 10 975
4# β Tβ + 15 1000
5# β Tβ + 40 1025
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Figure 2: Geometrical sizes of the sample of Ti-6Al-4V alloy (unit: mm): (a) high-temperature tensile sample; (b) creep sample.
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used to measure the creep deformation of the samples and a
computerized data acquisition system recorded the creep
data in real time.

2.3. Finite Element Method

2.3.1. Constitutive Creep Model. Tis article studied the
creep behaviour of Ti-6Al-4V alloy forging at constant
temperature and load, and the time hardening mathematical
model is adopted [25, 26]:

_ε � Aσn
t
m

, (1)

where _ε and t are the creep rate and creep time, respectively,
A, n, and m are the material constant, stress index, and time
index, respectively, A and n> 0, and −1<m≤ 0. As shown in
equation (2), the expression of creep strain is obtained by
integrating equation (1):

ε �
A

m + 1
σn

t
m+1

, (2)

where ε is the creep strain.

2.3.2. Geometry and Mesh Models. Te fnite element model
of the sample with a single-sided crack is shown in
Figure 3(a), where W is the width, 2L is the length, and the
length of the prefabricated crack is a. Te constitutive creep
model and mechanical property parameters of Ti-6Al-4V
alloy at high temperatures were introduced into the CREEP
module of ABAQUS. Te creep load and creep time were
consistent with creep experiments. To balance the calcula-
tion efciency and the accuracy of the results, fne elements
were used in the vicinity of the crack tip while coarse ele-
ments were used elsewhere. Te four-node linear quadri-
lateral element (CPE4R) was used in the meshing and the
global fnite element mesh is given in Figure 3(b), and the
mesh around the crack tip is shown in Figure 3(c). Te
geometry of this model was taken asW� 20mm, L� 25mm,
and a � 2mm according to the standard SENT sample [27].

3. Results and Discussion

3.1. High-Temperature Mechanical Property. As shown in
Figure 4, the averagedmechanical parameters of each sample
were calculated after the high-temperature mechanical
tensile experiments. When the forging is below the β-phase
transition temperature, there is no signifcant change in the
mechanical property of the samples at diferent forging
temperatures. When the forging temperature increases
above the β-phase transition temperature to 1000°C, the
yield strength and tensile strength are signifcantly increased
with an average increase of 13.8% and 10.6%, respectively.
Meanwhile, the reduction of fracture area and elongation
also increased by an average of 15.3% and 5.9%. However,
when the forging temperature is 1025°C, the comprehensive
mechanical property of the sample decreases sharply. Tis
indicates that Ti-6Al-4V alloy forged at a forging temper-
ature of 1000°C has optimum strength and ductility and
shows optimal mechanical property.

3.2. High-Temperature Creep Property. Te averaged creep
curves of each sample were calculated after the creep ex-
periment, as shown in Figure 5. Creep curves display well-
defned two creep stages such as the initial creep stage and
steady-state creep stage. When the forging temperature
changed, the creep strains of samples 1#, 2#, 3#, and 5# were
larger than sample 4# and reached the steady-state creep
stage early. Tis is because, at the forging temperature of
1000°C, the deformation resistance of the forging increases
due to the increase in yield strength and ultimate tensile
strength; thus, the degree of creep deformation of the forging
is reduced.

Temajority of creep time is occupied by the steady-state
creep stage, and the steady-state creep rate and creep

2L a

W

(a) (b) (c)

y

xz

Figure 3: Finite element model: (a) fnite element geometry model;
(b) global fnite element mesh; (c) mesh around the crack tip.
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Figure 4: High-temperature mechanical property of Ti-6Al-4V
alloy at diferent forging temperatures (average value of fve forged
Ti-6Al-4V alloy samples).
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residual deformation are usually used to refect the creep
behaviour of the materials [28]. Te averaged steady-state
creep rate and creep residual deformation of each sample are
calculated as shown in Figure 6. With the increase in forging
temperature, the steady-state creep rate and creep residual
deformation tend to fuctuate downward in general. When
the forging temperature is above the β-transition temper-
ature to 1000°C, the steady-state creep rate and creep re-
sidual deformation are signifcantly reduced with an average
reduction of 51.3% and 25.6%, respectively. When the
forging temperature is 1025°C, the steady creep rate and
creep residual deformation increase by another 20% and
30%, respectively. Terefore, during hot hammer forging of
Ti-6Al-4V alloy, the creep-induced failure and damage of the
forging can be signifcantly slowed down at a forging
temperature of 1000°C. In this way, the service life of the
component can be improved.

Studies have shown that the mechanical properties of
materials are related to their microstructure. Te micro-
structure of hot hammer forged Ti-6Al-4V at diferent
forging temperatures has been studied by author Fang in the
previous work. It was found that the morphology and
volume fraction of α and β phases were signifcantly afected
by the forging temperature of hot hammer forging process
[2]. As shown in Figures 4–6, when the forging temperature
is above the β phase transition temperature to 1000°C, the
equiaxed α phase disperses into the α+ β substrate and the
volume fraction of α phase increases. Tis causes an increase
in the forging deformation resistance and a signifcant
improvement in the mechanical property of the forgings. In
addition, the lamellar structure is signifcantly increased,
which increases the difculty of creep slide and hinders the
formation of grain boundary voids; the steady-state creep
rate and creep residual deformation are reduced after creep.
However, with an increasing forging temperature of 1025°C,

the α phase nucleates at the grain boundaries and then grows
as lamellae into the prior β phase to form the fne needle-like
α+ β lamellar phase, which caused a sharp decrease in the
mechanical property of the forgings. Moreover, the nu-
merous α+ β lamellar phase provides an increasing op-
portunity for the nucleation of voids, which also aggravates
the creep deformation and creep rate of forgings. It can be
seen that, with an increasing forging temperature of 1025°C,
the creep deformation and creep rate increase the company
with a dramatical drop in strength and ductility. Terefore,
the fnite element analysis of creep was carried out on an
alloy forged at 925°C, 950°C, 975°C, and 1000°C, respectively.
Te critical parameters of the constitutive creep model of
equation (2) were ftted according to the experimental creep
data, as shown in Table 3.

3.3. Te Crack Tip Creep Characteristics

3.3.1. Creep and Creep Rate. Te creep curves at the crack
tips of the samples is shown in Figure 7(a). During the creep
of 80 hours, the creep strain of Ti-6Al-4V alloy at the crack
tip under diferent forging temperatures changed signif-
cantly. Te creep strain of Ti-6Al-4V alloy forged below
β-phase transition temperature is larger than that forged
above the β-phase transition temperature. When the creep is
carried out for about 70 hours, the creep strain and creep
rate of the crack tip gradually stabilizes, and the creep
gradually reaches the steady-state creep stage.Teminimum
creep strain increment at the crack tip of sample 4# is 0.45%,
which is reduced by 45.4%, 26.8%, and 42.3% compared to
samples 1#, 2#, and 3#, respectively. In addition, as shown in
Figure 7(b), sample 4# keeps a low creep rate in the creep
process, which not only slows down the creep deformation
of the crack tip but also can efectively delay the creep crack
propagation. Terefore, at the forging temperature of
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Figure 5: Creep curve of Ti-6Al-4V alloy at diferent forging temperatures.
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1000°C, the creep resistance at the crack tip of the Ti-6Al-4V
alloy is signifcantly improved, which may prolong the
service life of titanium alloy components by slowing down
the crack expansion process.

3.3.2. Equivalent Creep Strains in the Crack Tip Region.
A circular area of φ� 50 μm at the crack tip was taken to
observe the creep strain distribution accurately. As shown in

Figure 8, the equivalent creep strains are symmetrically
distributed along the direction of crack expansion. Te
equivalent creep strain gradients at the crack tip of samples
1#, 2#, and 3# are the most obvious, divided into eight regions
by seven contours, and the creep strain corresponds to 0.1%,
0.2%, 0.3%, 0.4%, 0.5%, 0.6%, and 0.7%. However, the
equivalent creep strain distribution of sample 4# is only
divided by contours 0.1%, 0.2%, 0.3%, and 0.4% into fve
regions. Furthermore, the creep strain gradients in front and
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Figure 6: Creep characteristics of Ti-6Al-4V alloy at diferent forging temperatures: (a) steady-state creep rate; (b) creep residual
deformation.

Table 3: Creep equation and parameters of Ti-6Al-4V alloy at diferent forging temperatures.

Samples A n m
1# 1.7549×10−10 2.5173 −0.8038
2# 3.0787×10−9 2.0278 −0.8509
3# 4.2437×10−11 2.7431 −0.8187
4# 1.1275×10−8 1.7650 −0.8794
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Figure 7: Creep characteristics at the crack tip of Ti-6Al-4V alloy at diferent forging temperatures: (a) creep curve; (b) creep rate.
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on both sides of the crack in samples 1#, 2#, and 3# are larger
than those in sample 4#, which indicates that the creep
deformation zone is signifcantly reduced and the equivalent
creep strain in the X and Y directions will be a smaller strain
gradient in the crack tip region with increasing forging
temperature to 1000°C.

Te maximum value of mechanical parameters is located
in front of the crack propagation.Te equivalent creep strain
distribution on the 50 μm observation line in front of the
crack tip is presented in Figure 9(a). Te maximum value of
equivalent creep strain at the crack tip decreases sharply and
then tends to be fat as the distance from the crack tip in-
creases. Te equivalent creep strain values of the 4 samples
gradually tend to 0.05% when the distance from the crack tip
is beyond 30 μm. It means that the infuence of forging
temperature on the creep deformation in the crack tip region
of the Ti-6Al-4V alloy forging is weakened with the increase
of the distance from the crack tip. Moreover, as shown in

Table 4, sample 4# exhibits the minimum reduction in
equivalent creep strain on the observation line, which de-
creased by 48.1%, 27.3%, and 46.7%, respectively, compared
to samples 1#, 2#, and 3#.

Te driving force of creep crack propagation is deter-
mined by the creep strain gradient, and it is reasonable to
characterize the creep crack propagation behaviour with a
creep strain gradient [29]. As shown in Figure 9(b), the creep
strain gradient of the crack tip of the sample at diferent
forging temperatures shows the same trend as the creep
strain. On the line of observation in front of the crack, the
creep strain gradient of sample 4# was signifcantly reduced
compared to samples 1#, 2#, and 3#.

It indicates that when the forging temperature is above
the β-phase transition temperature to 1000°C, Ti-6Al-4V
alloy forging can keep a low creep strain and creep strain
gradient in the crack tip region during the creep process even
if there is the appearance of microcracks. Te low creep
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Figure 9: Equivalent creep strain on the observed line in front of the crack tip of Ti-6Al-4V alloy at diferent forging temperatures. (a)
Equivalent creep strain. (b) Creep strain gradient.
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strain gradient means that the driving force of crack
propagation will be reduced. Terefore, the crack propa-
gation rate will also be efectively slowed down during the
service of the components, which is important for improving
the service life of Ti-6Al-4V alloy forging.

4. Conclusions

From a sustainability viewpoint, the creep behaviour and
creep characteristics at the crack tip of the forged Ti-6Al-4V
alloy were investigated by physical experiments. Ten, the
creep characteristics of the crack tip with the same crack
length were analyzed by a fnite element method according
to the experimental data.

Te experimental results show that the forgings forged
at 1000°C exhibited optimum high-temperature me-
chanical and creep property. Te yield strength and tensile
strength increased by an average of 14.2% and 10.6%,
respectively, while the elongation and section shrinkage
improved by an average of 15.3% and 5.9%, respectively.
In addition, steady-state creep rate and creep residual
deformation decreased with an average of 51.3% and
25.6%, respectively.

It was found by the fnite element method that Ti-6Al-4V
alloy forged at the temperature of 1000°C was creeping for 80
hours, the forging has the minimum creep strain with 0.45%,
and it kept the lowest creep rate at the crack tip. Moreover,
the creep deformation zone was signifcantly reduced, and
the equivalent creep strain in the X and Y directions will be a
smaller strain gradient in the crack tip region. Especially, in
the observation line in front of the crack tip, the creep strain
was reduced by 0.4% and kept the minimum value, which
resulted in a signifcant reduction of the creep strain gradient
and efectively delayed the crack extension.

It also indicated that, in the hot hammer forging process,
appropriate forging process parameters such as forging
temperature for Ti-6Al-4V alloy can be designed to help
reduce the creep deformation, which can efectively improve
the service life and reliability of Ti-6Al-4V alloy components
as well as lower the billet waste and maintain minimum
energy consumption for forging production.
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