Rare Metal Materials and Engineering
Volume 51, Issue 1, January 2022
Available online at www.rmme.ac.cn

{111 .
éa Science Press

Cite this article as: Huang Zhen, Yuan Wuhua, Zhu Jigjia. Low Temperature Stress Relaxation and |§-5 e/l =
Morphology Evolution of Ti-6.5AI-2Zr-1Mo-1V Titanium Alloys[J]. Rare Metal Materials and Engineering, 2022,

51(01): 83-91.

Low Temperature Stress Relaxation and Morphology
Evolution of Ti-6.5Al-2Zr-1Mo-1V Titanium Alloys

Huang Zhen, Yuan Wuhua, Zhu Jiajia

College of Materials Science and Engineering, Hunan University, Changsha 410082, China

Abstract: Stress relaxation tests were performed on Ti-6.5A1-2Zr-1Mo-1V titanium alloys with different initial stresses at 500, 550,

and 600 °C. Based on the classical Maxwell exponential decay function, the stress relaxation limit was obtained. The relaxation
stability coefficient (Cy) and relaxation rate coefficient (C,) were proposed to describe the relaxation characteristics and to further

guide the residual stress reduction. The stress exponent was calculated according to Norton and Arrhenius equations. Both the stress

exponent and microstructure were analyzed to illustrate the stress relaxation mechanism. Under different initial stresses, the
dislocation climb and diffusion dominate the stress relaxation procedure at 500 °C; the dislocation slip plays a major role in stress
relaxation at 550 °C; the dislocation slip, boundary slip, and grain rotation control the stress relaxation process at 600 °C.
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The titanium alloys with high strength, low density, and
excellent corrosion resistance are widely used in the aerospace
industry as beam rib and bulkhead in craft"”. The Ti-6.5Al-
27r-1Mo-1V titanium alloy with excellent high temperature
performance becomes one of the most important candidates
for aerospace structural parts'”. However, the residual stress
generated in the formation process and heat treatment of
titanium alloy seriously affects its performance”. Hrabe and
Baragetti” et al studied the effect of residual stress on the
fatigue properties of Ti6-Al4-V alloys fabricated via electron
beam melting under different stress gradients, and found that
the existence and distribution of stress severely affect the
fatigue life of titanium alloys.

The essence of stress relaxation is that the internal elastic
strain is gradually converted into plastic strain when the metal
material is deformed™. In the last several decades, the stress
relaxation tests (SRTs) have been performed to obtain the
stress relaxation curves and the creep-type stress relaxation
constitutive equations of titanium alloys at the service
temperature. Dupeux et al” proposed an empirical hyperbolic
law of stress relaxation, and Liu et al'” proposed the stress-
time curve to describe the stress relaxation curves. There are
many methods to describe the stress relaxation, and how to
obtain the relaxation mechanism from stress relaxation curves
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is the key problem. Zong et al'' investigated the high
temperature short-term creep and the stress relaxation of Ti6-
Al4-V alloys. The stress exponent of 1.52~1.97 at 973 K and
1.60~1.69 at 1023 K is calculated to reflect the relaxation or
creep mechanism under different temperatures and stresses.
Luo et al™ studied the effect of different grain sizes on the
stress relaxation mechanism. The stress exponent of 1.260~
2.144 can be obtained with different grain sizes. For the alloys
with coarse grains, the dislocation movement, including the
dislocation slip and dislocation climb, dynamic recovery, and
recrystallization can dominate the stress relaxation process.
The combining effects of grain rotation, grain boundary slip,
and dislocation movement are the major mechanisms for
alloys with fine grains. Zhu et al™ studied the stress-strain
rate relationship obtained from SRTs of Al-Mg alloys. To
predict the relaxation damage life of bolting material
1Cr10NiMoW2VNbBN, Guo et al'! proposed a SRT damage
model in accordance with related creep data.

Most research focuses on the stress relaxation model, the
effect of grain size on stress relaxation, and the relationship
between stress relaxation and creep at high temperature to
estimate the high-temperature properties and service life
evaluation*®. The effect of annealing temperature on stress
relaxation behavior of titanium alloys was rarely reported. In
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the process of reducing the residual stress by heat treatment,
the process temperature (773~873 K) is much lower than the
deformation temperature (1213~1273 K). Besides, due to
lower elastic modulus, the large-scale parts of titanium alloy
are prone to deform due to the release of residual stress.
Therefore, it is necessary to control the residual stress for
high dimensional accuracy of parts™”. The theoretically basic
condition of residual stress release is the long-term stress
relaxation at low temperature™. During the stress relaxation,
the higher temperature of 0.4~0.6 times as large as the melting
temperature 7, instead of 0.3 times as large as T is
commonly considered. Therefore, the short-term stress
relaxation behavior of Ti-6.5Al-2Zr-1Mo-1V titanium alloys
at low temperature should be investigated to determine the
process parameters for reducing the residual stress.

In this research, SRTs of Ti-6.5Al-2Zr-1Mo-1V titanium
alloys were performed with different initial stresses at
different temperatures. Based on the stress relaxation curves,
the relaxation amplitude, relaxation stability, and relaxation
rate coefficient were obtained. The stress exponent was
calculated to reflect the relaxation mechanism of titanium
alloys under different temperatures and different initial
stresses.

1 Experiment

The Ti-6.5A1-2Zr-1Mo-1V titanium alloys were treated by
hot forging and annealing at 850 °C for 3 h. The length and
width of specimens was 185 and 10 mm, respectively. SRTs
were conducted through an electronic creep testing machine.
An extensometer with the accuracy of 0.5% was used for
elongation measurement. A closed-loop controlled system was
used to maintain the constant loading or strain. Besides, a
three-zone fired furnace was used to provide an isothermal
environment. During the test, three thermocouples were
attached to the top, middle, and bottom sections of specimen
surface in the purpose of accurate temperature monitoring.
The tests were conducted at temperatures of 500, 550, and
600 °C for 10 h under the initial stress of 100, 200, and 300
MPa. After SRTs, the deformed specimens were cooled inside
the furnace. The specimens for metallographic observation
were cut off from the middle section of specimens and

observed by optical microscope (OM). The crystallographic
characteristics of the specimens were characterized by mini-
Flex X-ray diffractometer (XRD) with Cu-Ka (4=0.154 05
nm) radiation source operated at 45 kV and 40 mA. The thin
foils for transmission electron microscope (TEM) and electron
back scattering diffraction (EBSD) analyses were prepared by
mechanical polishing and twin jet electrolytic polishing
methods.

2 Result and Discussion

2.1 Stress relaxation curves

Fig. 1 shows the stress-relaxation time curves of Ti-6.5Al-
2Zr-1Mo-1V titanium alloys at different temperatures and
initial stresses. The stress relaxation process can be divided
into two periods. The stress is decreased swiftly with
increasing the relaxation time at first, because of a large
amount of dislocation slip. Then the stress decreases gently
towards a certain constant. It can be seen that the higher the
temperature, the lower the stress relaxation limit (SRL) under
the same initial stress. Besides, it can be concluded that SRL
at the same temperature under different initial stresses tends to
be similar with infinitely extending the relaxation time.

2.1.1

The slowly decreasing period of stress should be deeply

Stress relaxation behavior

investigated because heat treatment is a long-term process.
The stress relaxation amplitude (o,/0,), relaxation stability
coefficient (Cs), and relaxation rate coefficient (C;) are used
to describe the magnitude, tendency, and speed of stress
relaxation, respectively. SRL can be calculated by Maxwell
equation based on exponent decay, as shown in Fig. 1. The
relaxation stability coefficient and relaxation rate coefficient
can be calculated by Eq.(1) and Eq.(2), respectively, as follows:

Cs=0lo, )

C=1/K 2)
where o, is the initial stress; ¢ and K are the intercept and
slope of the fitting line of stress relaxation curves in slowly
decreasing period, respectively.

Fig.2a shows the stress relaxation amplitude under different
conditions. When the relaxation temperature reaches 500 °C,
the stress relaxation amplitude is 64.44%, 57.58%, and
54.89% with the initial stress of 100, 200, and 300 MPa,
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Stress relaxation curves of specimens under different initial stresses at 500 °C (a), 550 °C (b), and 600 °C (c)



Huang Zhen et al. / Rare Metal Materials and Engineering, 2022, 51(1):83-91 85

respectively, indicating that the higher the initial stress, the
greater the stress relaxation. However, the stress relaxation
amplitude changes slightly at 600 ° C, which is 15.49%,
14.81%, and 13.61% with the initial stress of 100, 200, and
300 MPa, respectively. This result suggests that better
enhancement effect of residual stress reduction is hard to
achieve after the temperature and initial stress reach the
threshold value. According to Fig. 2b, because higher C;
represents greater stress relaxation resistance, the relaxation
stability is mainly determined by temperature rather than the
initial stress, and it decreases rapidly at 600 °C compared with
that at 500 °C. According to Fig.2c, C, is determined by both
the temperature and initial stress, and it is decreased obviously
with increasing the initial stress from 100 MPa to 300 MPa at
the same temperature. However, C, hardly changes as the
temperature increases from 500 °C to 600 °C under the initial
stress of 300 MPa. In general, the small stress reduction can
be achieved at 600 °C, whereas under the condition of high
stress, the stress relaxation temperature of 500 °C is a better
choice.

2.1.2  Stress exponent

In the entire stress relaxation process, the total strain (g,) is
a constant, but the elastic strain (¢) is gradually transformed
into plastic strain (g,), as expressed by Eq.(3), as follows:

&=e.Te, 3)

~
(=]

Considering the elastic Hooke’s law, Eq. (1) can be trans-
formed into Eq.(4)"", as follows:
where &g, is the strain rate from stress relaxation, E denotes
the elastic modulus, and ¢ is the relaxation time. Therefore, the
stress relaxation can be described by Norton equation, as
follows:

b =A,0™ (5)
where 4, is a material-dependent constant and ng, is the stress
exponent. Thus, the stress relaxation is a thermally-activated
process, which can be described by Arrhenius equation, as
follows:

Esr

(6)
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Combining Eq. (3) and Eq. (4), &5 can be expressed by
Eq.(7), as follows:

QSR) %

éqp = Ad™* exp( T RT

where, 4 is a constant related to 4, and 4,. In order to obtain
the stress exponent, take the natural logarithm on both sides of
Eq.(7):

Inégg =InA + ng Ino —

o
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Fig. 3 reveals the curves of steady strain rate-stress from
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SRTs. The stress exponent under different temperatures and
initial stresses can be determined by the gradient of Iné/lng,
and the results are shown in Table 1. In general, the stress
exponent is 2.38~7.76. At 500 °C, the stress exponent is 5.97~
7.76, indicating that the dislocation climb dominates the stress
relaxation process, although the dislocation slip also plays an
important role. With increasing the initial stress and
temperature, the stress exponent becomes smaller, suggesting
that the slip system becomes easier to start and more
dislocation slips participate in this procedure. The main
mechanism is the dislocation slip when the stress exponent is
about 3. At 600 °C, the stress exponent is less than 3 and
gradually decreased with increasing the initial stress,
indicating that the grain boundary slip controls the stress
relaxation. Thus, the effect of the boundary slip is more
obvious with increasing the initial stress.
2.2 Stress relaxation mechanism

Fig. 4 shows XRD patterns of original titanium alloy and
specimens after stress relaxation under different conditions.
Compared with the annealed alloy, the (101), (002), (101)
peaks are shifted in different extents after stress relaxation,
indicating the lattice distortion on different crystal planes. The
larger the residual stress after stress relaxation, the greater the
degree of left deviation. After stress relaxation, the intensity of
some o phase peaks weakens, and the peak of f phase occurs.
This phenomenon reflects that the phase transformation
occurs after stress relaxation. In addition, EBSD measurement
shows that the content of f phase is 1.99%, 3.23%, 3.31%,
5.32%, and 12.8% in the annealed alloy and the specimens
after stress relaxation under 100 MPa at 500 °C, under 300
MPa at 500 °C, under 100 MPa at 600 °C, and under 300 MPa

Table 1 Stress exponents of specimens under different initial

stresses and different temperatures

N Temperature/°C
Initial stress/MPa
500 550 600
100 7.76 5.51 2.75
200 6.31 4.01 2.47
300 5.97 3.98 2.38
Original
& —— 500 °C/100MPa ¢ aphase
& —— 500 °C/300MPa o Bphase
—— 600 °C/100MPa
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Fig4 XRD patterns of original alloy and specimens under different

initial stresses and different temperatures

at 600 °C, respectively.

Fig.5 shows EBSD grain boundary orientation distributions
of the original alloy and the specimens after stress relaxation
at 500 and 600 °C under initial stress of 100 and 300 MPa. It
can be seen that the low angle grain boundary (LAGB, 2°~
15°) exists in some grains, which is formed after a+p forging
and annealing, and LAGBs account for 18.3% of entire area in
Fig.5a. However, after the stress relaxation under initial stress
of 100 MPa at 500 °C, the fraction of LAGBs changes slightly
to 16.7%, which means that dislocation slip creep hardly
happens. TEM images of original alloy and the one after stress
relaxation under initial stress of 100 MPa at 500 °C are shown
in Fig. 6a and 6b, respectively. In the original annealed
specimen, a few dislocations can be observed in a grains,
which are generated after forging and annealing. There are
many short and parallel dislocation lines after stress relaxation
under initial stress of 100 MPa. Meanwhile, f transformation
structure can be observed between a grains. It can be found
that there are many o/f interfaces. Thus, the dislocation is
difficult to pass through by slipping and enter the next grain.
But the numerous phase interfaces indicate that there are
many channels for atom diffusion. So the dislocation climb
controlled by diffusion occurs more easily. Therefore, the
dislocations are firstly rearranged by slip and then controlled
by climbing into the a grain. When the dislocation density
reaches a certain value, the dislocation cells gradually change
into sub-grain boundaries and generate sub-grains. The
fraction of LAGBs increases to 25.6% as the initial stress
increases to 300 MPa, which illustrates that the recovery creep
happens and the dislocation slip plays an important role. With
increasing the initial stress, more edge dislocations begin to
participate in the dislocation slip, as shown in Fig.5c. When
the dislocations are stacked, the dislocation slip is hindered
and the dislocations are entangled to generate sub-grain
boundary. Meanwhile, the stress relaxation temperature is
approximately equal to 0.37 and the a/f interface is still an
obstacle. Therefore, the edge dislocation climb also controls
the stress relaxation process. However, the fraction of LAGBs
increases to 32.8% under initial stress of 100 MPa at 600 °C.
A large number of sub-grains are generated, indicating that the
dynamic recovery effect is significant and the cross slip of
screw dislocation can release the stress gradually. Fig. 6d
shows TEM image of specimen under initial stress of 100
MPa at 600 °C. The dislocation entanglement appears in a
grains. Meanwhile, a small amount of S phase appears
between o grains, providing favorable conditions for the
rotation of o grains. But the grains with size of 14~18 pm
increase substantially. The grain growth is closely related to
the atom diffusion behavior and grain boundary migration.
Fig.5e shows that the fraction of LAGBSs is 65.1%. This result
implies that abundant sub-grain boundaries are generated
when the initial stress changes to 300 MPa and more screw
dislocations participate in the stress relaxation process. Thus,
it can be seen that many small grains with polygonization
shape are generated. In addition, the fraction of S phase
increases to 12%, indicating that the number of a/f interfaces
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Fig.6  TEM images of specimens under different conditions: (a) original, (b) 500 °C/100 MPa, (c) 500 °C/300 MPa, (d) 600 °C/100 MPa,

and (e) 600 °C/300 MPa

is greatly reduced. The impediment of the dislocation slip the a grain boundary, as shown in Fig. 6, which further
between a grains weakens. Meanwhile, more /S phase enters promotes the rotation of a grains. In this process, the stress
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concentration can also be released. On the one hand, the high
stress can produce a large number of dislocations; on the other
hand, the dislocation slip leads to the decrease in stress. The
entanglement the formation of
dislocation cells and sub-grain boundaries. Thus, it is
observed that many small grains are generated under initial
stress of 300 MPa at 600 °C.

Fig.7 shows the distribution of grain size and aspect ratio in

dislocation results in

the specimen before and after stress relaxation. The average
grain size D and aspect ratio R of o grain is calculated as
12.90 ym and 1.54 of original alloy, respectively. It can be seen
that the original specimen is composed of nearly equiaxed
grains, which is caused by dynamic recrystallization during
forging. At 500 ° C, the average grain size and aspect ratio are
barely changed under initial stress of 100 MPa, compared with
those of original alloy. The average aspect ratio is reduced under
initial stress of 300 MPa at 500 ° C, proving that some sub-
grains appear during the recovery process and the sub-grain
boundary is transformed into high angle grain boundary by the
boundary migration. However, at 600 ° C, some grains are
coarsened with the size of 8 um and increased under initial
stress of 100 MPa. On the one hand, the vacancy is easily
generated in tensile stress area and moves to compressive
stress area. On the other hand, the high temperature may cause
active diffusion and the boundary is easier to migrate.
Therefore, the fine grains are increased obviously and some
grains are lengthened under the initial stress of 300 MPa.

Fig. 8 shows the Schmid Factor (SF) distribution of
{0001}<1010> slip system in & grains. The low SF means that

Aspect Ratio, R
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the dislocation is difficult to move in some grains. SF mainly
converges on 0.22~0.32 and 0.35~0.50 for the original alloy.
After the stress relaxation at 500 °C, the distribution of SF
hardly changes, which illustrates that the number of soft
orientation increases. After the stress relaxation at 600 °C, the
fraction of SF around 0.35 and 0.45 rises largely, which means
that the dislocation is easier to move in some grains.
Therefore, at 600 ° C, the dislocation slip is the main
mechanism of stress relaxation.

Fig.9 shows the {0001} pole diagrams of specimens under
different conditions. The peak intensity /  of the original
specimen is 6.09, as shown in Fig.6a. At 500 °C, the peak
intensity decreases slightly to 5.56 after stress relaxation
under initial stress of 100 MPa. When the initial stress
increases to 300 MPa, the peak intensity is 9.07, indicating
that the basal slip begins to play a role in stress relaxation
process. At 600 ° C, the peak intensity is 11.33 and 35.95
under 100 and 300 MPa, respectively. The dislocation slip
with increasing the relaxation
temperature, which also implies that the dislocation slip
gradually becomes the main mechanism of stress relaxation. It

becomes easier stress

is worth noticing that the peak intensity of the specimen under
initial stress of 300 MPa is far more than that of others. The
formed strong texture indicates that the dislocation slip is no
longer the main mechanism of stress relaxation. The grain
rotation and grain boundary slip dominate the stress relaxation
process in this case. Nevertheless, such strong texture may
influence the performance of alloys.
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Fig.7 Grain size distribution and aspect ratio of specimens under different conditions: (a) original, (b) 500 °C/100 MPa, (c) 500 °C/300 MPa,

(d) 600 °C/100 MPa, and (e) 600 °C/300 MPa
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2.3 Microstructure

As shown in Fig.10, the microstructure of titanium alloys is
composed of primary a phase (a,), secondary a phase (o), and
p transformation structure (f). A fork-type structure appears
on the end faces of the second a phase after stress relaxation,
as indicated by the arrow in Fig. 10b, and it grows along the
side of the second o phase, indicating that the fork-type
structure is a f transition structure consisting of small
secondary a phase and residual f phase. The appearance of the
fork-type structure is mainly caused by the difference in the

interface energy between the a phase and the f phase at

o=11.33

Tzax

different locations. The structure in a phase can separate the o
lamellar phase along the width direction and thereby reduce
the thickness of o lamellar phase. Because the thermal
deformation parameters are the same, the thin a phase is easier
to be equiaxed than the thick one. Therefore, the fork-type
structure of the end face and the side face of the sheet o phase
in titanium alloy provides favorable conditions for equiaxial
process. Besides, it can be found from Fig. 10 that the f phase
is wedged into o/o interface as the Y shape with relatively
high orientation difference, and the wedging of / phase occurs
not only at the a/a interface of the crystal, but also at the o/a
interface of the grain boundary. Thus, the wedging of  phase
plays an important role in the equiaxial process of a phase.
Due to the disordered arrangement of atoms at the grain
boundary, the driving force of f/a phase transformation is
rather large. Therefore, f/o transition can take place at the
grain boundary firstly, which 1is consistent with the
transformation from the lamellar o phases into S phases, as
shown Fig. 10c and 10d. a phase can nucleate at several
positions at the grain boundary simultaneously. As a result, the
o phase of the grain boundary is spliced by a lot of a pieces,
and the joints of the o phase become the preferred positions of
S phase. It suggests that the wedging of § phase into the a/a
interface plays an important role in the equiaxial process of
both the grain boundary and the lamellar a phase.

Fig.9 {0001} pole diagrams of specimens under different conditions: (a) original, (b) 500 °C/100 MPa, (c) 500 °C/300 MPa,

(d) 600 °C/100 MPa, and (¢) 600 °C/300 MPa
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2.4 Stress relaxation mechanism

The main mechanism of stress relaxation is shown in
Fig.11. At 500 °C, the dislocation slip is difficult to occur due
to the o/f interface in specimens under initial stress of 100
MPa. However, the dislocation and phase interface provide
many channels for fast diffusion. Thus, the dislocation climb
is still easy to occur at low temperature. Meanwhile, a few
sub-grains and sub-grain boundaries are generated. As the
initial stress is increased to 300 MPa, there are more
dislocation participating in dislocation slip. It is known that
the slip of edge dislocation is faster than the climb of screw
dislocation, resulting in the fact that the higher initial stress
can reach SRL more quickly. At 600 °C, the grain boundary
and phase interface change more actively, and a few grains
begin to rotate under the initial stress of 100 MPa. Besides, S
phase is softer than o phase. Thus, f phase is prone to

producing larger deformation and promoting the grain rotation
with simultaneous boundary slip. Consequently, the
coarsening or lengthening of grains happens. However, the
fraction of S phase increases quickly in f transformation
structure under initial stress of 300 MPa, which further
contributes to the a grain rotation and stress relaxation.

3 Conclusions

1) Higher temperature of 600 °C can release more stress
during the heat treatment for Ti-6.5Al-2Zr-1Mo-1V alloy.
However, the relaxation rate coefficient C, is basically
irrelevant with temperature under high initial stress. Thus, it is
economical and effective that the higher stress is released at
500 °C and the lower stress is released at 600 °C during heat
treatment.

2) The stress exponent is 2.38~7.76 under different
temperatures and different initial stresses, which reflects
different stress relaxation mechanisms.

3) The dislocation climb and recovery creep are the main
stress relaxation mechanisms at 500 °C, and the dislocation
slip also plays an important role in stress relaxation. With
increasing the temperature, the dislocation slip basically
controls the stress relaxation process. However, the stress
relaxation mechanism is dominated by grain rotation and
boundary slip at 600 °C.

4) The stress relaxation process has little impact on the
structure of alloys after stress relaxation at 500 °C. However,
the grain refinement becomes obvious under the initial stress
of 300 MPa at 600 °C.

5) The increasing content of # phase contributes to the grain
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refinement of « phase.
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