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Abstract
An improved 3D FE model, considering machine stiffness effect and strain dependent parameters in an embedded 
modified McCormick’s constitutive model, is developed to numerically investigate the spatiotemporal characteristics 
of the PLC effect in Ti-12Mo alloy tensile tests. The material parameters of the modified McCormick’s model are 
calibrated in details, and the simulated results are compared with experiment and literature ones. Then, the influence 
of machine stiffness on the spatiotemporal behaviors of the PLC effect in Ti-12Mo alloy are quantitatively analyzed. 
The results show that the improved FE model has a higher simulation accuracy in term of stress drop frequency. 
Moreover, the average stress drop magnitude decreases and the number of stress drops increases with the increase of 
machine stiffness, which are mainly owing to the decrease of aging time. Furthermore, the PLC band width decreases 
as increasing machine stiffness, which is attributed to the decrease of driving force for band nucleation. Besides, 
the continuous and hopping propagations of the PLC band are observed, and the propagation continuity obviously 
increases as increasing machine stiffness, which is mainly related to the increase of spatial coupling force.

Keywords Ti-12Mo alloy · Portevin–Le Chatelier effect · Machine stiffness · FE modeling

1 Introduction

Ti-xMo alloys have high specific strength, strong corrosion 
resistance and great biocompatibility, which can be widely 
used in many fields ranging from aeronautics to biomedi-
cal devices [1–3]. However, Portevin–Le Chatelier (PLC) 
effect, as a type of plastic instability, is found in these 
alloys, which results in the serious decreases of mate-
rial elongation, impact toughness and fatigue life [4–6]. 
Hence, for improving mechanical properties, reliability 
and service life, it is of great importance to accurately 

predict the spatiotemporal characteristics of the PLC effect 
in Ti-xMo alloys.

Until now, a large amount of work has been performed 
on simulating the PLC effect in various alloys and the cor-
responding constitutive models were put forward. Hereinto, 
based on the interactions of different dislocations, Anan-
thakrishna [7] developed a nonlinear mathematical model, 
namely AK model, to predict the temporal behaviors of the 
PLC effect. Sarmah et al. [8] employed the AK model to 
analyze the correlation between the stress drop magnitude 
and the propagation property of the PLC band. Then, Kubin 
and Estrin [9] established a mathematical model, called KE 
model, which provides a link between the microscopic and 
macroscopic aspects of nonuniform deformation associated 
with the PLC effect. Moreover, Kok et al. [10] utilized the 
KE model to observe the propagation type of the PLC band 
in Al–Mg alloy tensile procedure. However, it should be 
pointed out that the above models have difficulties in quan-
titatively describing the spatiotemporal characteristics of the 
PLC effect. Therefore, McCormick [11] proposed a constitu-
tive model, known as MC model, which takes into account 
the time dependence of the solute composition at mobile 
dislocations. Thereafter, Zhang et al. [12] embedded the MC 
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model into ABAQUS software to simulate the spatiotempo-
ral behaviors of the PLC effect in Al–Mg–Si alloy tensile 
tests. Graff et al. [13] employed the MC model to investi-
gate the influences of notched angles and crack lengths on 
the spatiotemporal characteristics of the PLC effect in alu-
minum alloy tensile tests. Benallal et al. [14] implemented 
the MC model into the LS-DYNA software to simulate the 
morphology and velocity variations of the PLC band dur-
ing an AA5083 aluminum alloy tensile process. Further-
more, through embedding the MC constitutive equations into 
ABAQUS/Standard software by UMAT subroutine, Böhlke 
et al. [15] studied the effect of applied strain rate on the criti-
cal strain of the PLC effect in 2024 aluminum alloy tensile 
tests. Subsequently, Mazière et al. [16] also used the MC 
model to predict the influence of ceramic particle volume 
fraction on the stress drop magnitude of the PLC effect in an 
AlCu/Al2O3 composite tensile procedure. In addition, Xue 
et al. [17] employed the MC model to reproduce the serra-
tion morphologies and spatiotemporal patterns of the PLC 
effect in an AA5182 alloy, and found that the PLC band 
nucleation is mainly influenced by strain accumulation and 
strain aging processes. Note that, although a large major-
ity of studies have been devoted to predicting the spatial 
[18–20] and temporal [21–23] aspects of the PLC effect in 
various alloys, however, for Ti-xMo alloys, only Luo et al. 
[24] developed a FE model to simulate the spatiotemporal 
behaviors of the PLC effect in Ti-12Mo alloy tensile tests, 
which has a significant limitation in accurately predicting the 
stress drop frequency and ignores the influence of machine 
stiffness on the spatiotemporal behaviors of the PLC effect.

Therefore, this paper is aimed to develop an improved 
3D FE model embedded with a modified MC constitutive 
model to investigate the influence of machine stiffness on 
the spatiotemporal behaviors of the PLC effect in Ti-12Mo 
alloy tensile tests. For this purpose, a modified MC model 
is established and its material parameters are identified in 
details. Then, considering machine stiffness, the improved 
3D FE model embedded with the modified MC model is 
established by using ABAQUS 6.14 software and verified by 
experiments. Finally, a comparison with previous simulation 
work is carried out and the influence of machine stiffness on 
the spatiotemporal behaviors of the PLC effect in Ti-12Mo 
alloy tensile tests are qualitatively analyzed.

2  Material Preparation and Tensile Testing

2.1  Material Preparation

Ti-12Mo (wt%) alloy is synthesized with pure titanium 
(99.95 wt%) and molybdenum (99.99 wt%) by using 

semi-levitation melting furnace (Fig. 1a). Then, to ensure 
the homogeneous distribution of compositions, a heat treat-
ment at 950 ºC for 20 h followed by quenching in water is 
performed for above ingots (Fig. 1b). Moreover, after remov-
ing the surface oxide layers of the ingots with an acidic bath 
(50 HF + 50  HNO3 (Vol%)), they are cold rolled into sheets 
with the final thickness of about 1 mm. Subsequently, tensile 
specimens with a gauge size of 15 × 3 × 1  mm3 are cut from 
the rolled sheets along the rolling direction, as shown in 
Fig. 1c. Finally, a recrystallization treatment at 870 ºC for 
0.5 h is performed for these specimens.

2.2  Tensile Testing

Ti-12Mo alloy tensile tests are conducted on Gleeble 3500 test-
ing machine coupled with digital image correlation technology 
at the temperature of 350 ºC with applied strain rates ranging 
 from10−4  s−1 to  10−2  s−1, as presented in Fig. 2a. Moreover, 
to directly observe the spatial behaviors of the PLC effect with 
Aramis software, a black and white contrast pattern should 
be sprayed on the surface of specimen prior to tests, which is 
shown as inset in the lower left corner. Then, the deformation 
characteristics of tensile specimen surfaces are captured con-
tinuously at a rate of 10 frames per second until rupture with 
the DIC, and a virtual grid 12 × 12 px as well as a 6 px step 
are used for the post-processing of the DIC. Figure 2b presents 
the true stress–strain curves under three different applied strain 
rates. Note that, these true stress–strain curves are converted 
from engineering stress–strain curves, which are obtained by 
coupling loading-time curves and strain–time curves. Spe-
cifically, the load–time curves are firstly obtained from the 
Gleeble 3500 testing machine. Then, these load–time curves 
are converted to engineering stress–time curves by Eq. (1). 
Moreover, during the tensile process, the displacement–time 
curves of P1 and P2 points (Fig. 1c) located at the ends of 
gauge length (10 mm) are obtained by the DIC. Subsequently, 
using the above displacement–time curves, the engineering 
strain–time curves are calculated by Eq. (2). Furthermore, 
through coupling the above engineering stress–time curves and 
engineering strain–time curves, the engineering stress–strain 
curves can be obtained. Finally, these engineering stress–strain 
curves are converted to the true stress–strain curves by Eqs. 
(3) and (4) [25]. In addition, each experimental test is repeated 
three times to ensure the reproducibility of the results.

(1)�e =
F

A

(2)�e =
ΔL

L
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where σe is the engineering stress, F is the measured load, 
A is the original area of the cross section, εe is the engineer-
ing strain, ΔL is the increment of the original gauge length, 
L is the original gauge length, σt is true stress and εt is the 
true strain.

(3)�t = �e(1+�e)

(4)�t = ln(1 + �e)

3  Modified MC Constitutive Model 
and Parameter Calibration

3.1  Modified MC Constitutive Model

In previous work [24], a MC constitutive model is utilized 
to simulate the spatiotemporal behaviors of the PLC effect 
in Ti-12Mo alloy tensile tests. Hereinto, the total tensor �

∼

 is 
consisted of elastic part �

∼

e and plastic part �
∼

p [26]:

Fig. 1  Semi-levitation melting furnace (a), heat treatment equipment (b) and tensile specimens of Ti-12Mo alloy (c)
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where c
∼

∼

 denotes the fourth order tensor of elastic modulus, 

�
∼

 means the stress tensor.
Moreover, the yield function can be written as [27]:

where p denotes the equivalent plastic strain, ta means the 
aging time, σeq is the equivalent stress, and s

∼

 is the deviatoric 
part of the stress tensor. Note that R(p) means plastic strain 
hardening function and Ra(p, ta) is the strain aging harden-
ing term of the yield stress, which can be expressed as [24]:

where Q and b are hardening parameters, R0 is related to 
the initial yield stress, and P1Cm is the stress resistance to 
dislocation motion due to the interaction with the ω phase 
particles. Besides, P2, α and n are the material parameters 
related to saturation rate, and the variations of ta is calcu-
lated by following equations [28]:

(5)�
∼

= �
∼

e + �
∼

p

(6)�
∼

= c
∼

∼

∶ �
∼

e

(7)f
(
�
∼

, p, ta

)
= �eq − R(p) − Ra

(
p, ta

)

(8)�eq =

√
3

2
s
∼

∶ s
∼

(9)R(p) = Q(1 − exp (−bp))

(10)Ra

(
p, ta

)
= R0 + P1Cm

(
1 − exp

(
−P2p

�tn
a

))

(11)ṫa = 1 −
ta

tw

where tw represents the average waiting time of mobile 
dislocations, w means the increase of the plastic strain as 
the obstacles is overcome by all the stopped dislocations, 
and ṗ is the equivalent plastic strain rate which can be 
calculated by [29]:

where abs(f (�
∼

, p, ta)) denotes the absolute value of f (�
∼

, p, ta) , 
ṗ0 and K are material parameters.

Note that, the equivalent plastic strain rate ṗ is nearly 
constant when the strain is less than the critical plastic 
strain of the PLC effect. Therefore, ta can be also rewritten 
as the function of p [29]:

Furthermore, coupling the above formulas, the stress 
homogeneous solution can be obtained:

(12)tw =
w

ṗ

(13)ṗ = ṗ0 sinh

⎛⎜⎜⎜⎝

�
f
�
𝜎
∼

, p, ta

��

K

⎞⎟⎟⎟⎠

(14)⟨
f
(
�
∼

, p, ta

)⟩
=

abs
(
f
(
�
∼

, p, ta

))
+ f

(
�
∼

, p, ta

)

2

(15)ta(p) =
w

ṗ

(
1 − exp

(
−
p

w

))
+

R0

Eṗ
exp

(
−
p

w

)

(16)
� =K arcsin h

(

ṗ
ṗ0

)

+ R0 + Q(1 − exp (−bp))

+ P1Cm
(

1 − exp
(

−P2p�ta(p)
n))

Fig. 2  Gleeble 3500 testing machine with tensile specimens (a) and true stress–strain curves of Ti-12Mo alloy (b)
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In the aforementioned MC model, Cm and w are regarded 
as constant material parameters. In fact, however, these 
parameters are proved to be strain dependent parameters 
[15, 30]. Therefore, in this work, to improve the MC model, 
the above two parameters are respectively defined as linear 
and nonlinear functions of equivalent plastic strain, which 
are written as:

(17)Cm(p) = Cm1p + Cm2

where Cm1, Cm2, w1, w2 and β are constant parameters.
Finally, embedding Eqs. (17) and (18) into Eqs. (15) and 

(16), the explicit expression of ta and the stress homogene-
ous solution can be rewritten as:

(18)w(p) = w1(p)
� + w2

Fig. 3  Fitting the elastic part of Ti-12Mo alloy stress–strain curve (a) with partial enlarged drawing (b)

Fig. 4  Fitting the plastic part of strain–stress curve (a) and negative strain rate sensitivity curve (b) of Ti-12Mo alloy
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3.2  Material Parameter Calibration

3.2.1  Elastic Parameter Calibration

Before using the above modified MC model of Ti-12Mo 
alloy, 16 material parameters, including 2 elastic and 14 
plastic parameters, need to be identified. Hereinto, for 
elastic parameters, a linear fitting method is employed 
to obtain the Young’s modulus (E) by fitting the experi-
mental stress–strain curve obtained at the strain rate of 
1 ×  10−3  s−1 in the stress range (100–400 MPa), as shown 
in Fig. 3a. It can be observed from Fig. 3b the value of E is 
92.890 GPa and the linear fitting curve is highly consistent 
with the experimental one (adjusted R-squared = 0.997). 
Moreover, the Poisson’s ratio (v) of Ti-12Mo alloy is 0.33 
[31].

3.2.2  Plastic Parameter Calibration

For the plastic part of Ti-12Mo alloy, using Eq. (9) and non-
linear curve fitting method, Q and b are identified by fitting 
the plastic part of true stress–plastic strain curve (Fig. 4a), 

(19)
ta(p) =

w1(p)
� + w2
ṗ

(

1 − exp

(

−
p

w1(p)
� + w2

))

+
R0

Eṗ
exp

(

−
p

w1(p)
� + w2

)

(20)
� =K arcsin h

(

ṗ
ṗ0

)

+ R0 + Q(1 − exp (−bp))

+ P1
(

Cm1(p) + Cm2
)(

1 − exp
(

−P2p� ta(p)n
))

whose values are 27.075 MPa, 220.458 respectively. Then, 
w1, w2, β and n are respectively 2.16 ×  10−3, 3.63 ×  10−5, 
0.68 and 0.66, referring to the literature [30, 32]. Moreover, 
the values of viscous (K, ṗ0) and aging (P2, α) parameters 
are respectively 15 MPa, 0.05  s−1, 15  s−n, 0.36, which are 
received from the literature [24]. Furthermore, to calibrate 
the remaining parameters R0, P1, Cm1, Cm2, uniaxial tensile 
tests are conducted at 350 ºC with three different applied 
strain rates from the order of  10−4  s−1 to  10−2  s−1 (Fig. 2d). 
Subsequently, the true stress–strain curves with different 
strain rates are smoothed. After that, the true stress values 
of different strain rates at p = 0.02 are obtained from these 

Fig. 5  Diagram of Ti-12Mo alloy uniaxial tensile tests (a) and its simplified 3D FE model (b)

Table 1  Material parameters for modeling the PLC effect in Ti-12Mo 
alloy

Parameters Units Values

E GPa 92.890
v – 0.33 [31]
R0 MPa 570
Q MPa 27.075
b – 220.458
K MPa 15 [24]
ṗ0 s−1 0.05 [24]
P1 MPa 85
P2 s−n 15 [24]
Cm1 % 3
Cm2 % 0.9
α – 0.36 [24]
β – 0.68 [30]
w1 – 2.16 ×  10−3 [30]
w2 – 3.63 ×  10−5 [30]
n – 0.66 [32]
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smoothed true stress–strain curves and depicted as black 
points in Fig. 4b. Finally, using Eq. (20) and Levenberg 
Marquardt algorithm, the values of the above 4 remaining 
parameters can be determined by fitting these points with the 
maximum error less than 4%, whose values are respectively 
570 MPa, 85 MPa, 3% and 0.9%. Besides, a summary of 
calibrated 16 material parameters are listed in Table 1.

4  Improved FE Model and Experimental 
Verification

4.1  Improved FE Model

The improved FE model is mainly developed by defining 
material, geometry, boundary conditions, and mesh under 

ABAQUS 6.14 software environment. For the material part, 
to accurately predict the spatiotemporal behaviors of the 
PLC effect in Ti-12Mo alloy uniaxial tensile tests, the above 
modified MC constitutive model with calibrated parame-
ters is embedded by using a UMAT subroutine. Moreover, 
Fig. 5a presents the diagram of Ti-12Mo alloy uniaxial 
tensile tests. Due to the fact that the deformation mainly 
occurs at the center of tensile specimens, the geometry of 
the FE model is simplified as Fig. 5b, which can effectively 
ensure simulation accuracy and reduce computational time. 
Furthermore, unlike the FE model developed in previous 
work [24], the effect of machine stiffness is taken into con-
sideration in the improved model and an elastic spring with 
the value of 20,000 N/mm is applied on the right side of 
the specimen. Subsequently, a constant velocity is applied 
to the right end of the spring and an encastre constraint is 

Fig. 6  Comparisons of experimental and simulated results in terms of stress–strain curves (a), their partial enlarged drawing (b), Δσaverage (c) 
and Ndrop (d) during the tensile process
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adopted on the left side of the specimen to restrict all the dis-
placements and rotations. Finally, for the mesh part, to avoid 
zero modes, eight node hexahedral linear reduced integral 
elements (C3D8R) with the mesh size of 0.25 × 0.25 × 0.25 
 mm3 are employed in the FE model.

4.2  Experimental Verification

To verify the validity of the above improved FE model 
embedded with the modified MC model, the FE model is 
calculated by a computer with Intel core i7-10700 K and 
64 GB RAM, and its simulated stress–strain curves are com-
pared with experimental ones at three different strain rates 
from the order of  10−4  s−1 to  10−2  s−1 (Fig. 6a). For the stress 
levels of elasticity and plasticity parts, it can be observed 
that the experimental results can be well predicted by the FE 
model. Moreover, Fig. 6c, d presents the comparison of 

simulation and experimental results in terms of the average 
stress drop magnitude (Δσaverage) and the number of stress 
drops (Ndrop) during the tensile process. Hereinto, the aver-
age st ress  drop magni tude is  calculated by 
Δ�average=

n∑
1

Δ�∕n [33]. It can be seen that simulated results 

show good agreement with experimental ones in terms of 
Δσaverage and Ndrop with the maximum error less than 10%. 
Therefore, the improved FE model embedded with the modi-
fied MC model established in this paper is effective, and its 
simulated results are reliable.

Fig. 7  Comparisons of stress–strain curves (a), Young’s modulus (b), Δσaverage (c), and Ndrop (d)
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5  Results and Discussion

5.1  Comparisons of Simulated PLC Effect Using 
Different FE Models

Figure  7a presents the comparison of the simulated 
stress–strain curve obtained by the above improved FE 
model and the one predicted by previous FE model [24]. 
Note that, their tensile velocities are the same (0.01 mm/s) 
and the former one is shifted − 100 MPa along the Y-axis 

to avoid overlapping curves. Although these stress–strain 
curves are numerically obtained by the same finite element 
software (ABAQUS 6.14), however, the curve calculated by 
the previous FE model ignores the effect of machine stiff-
ness and the variations of Cm and w in the MC constitutive 
model. Then, using quantitative analysis, Fig. 7b compares 
the simulated Young’s modulus of two different FE models. 
Note that, the Young’s modulus value is obtained by fit-
ting the simulated stress–strain curves in the linear part of 
the stress range 100–400 MPa. It can be obtained that the 
simulated Young’s modulus values of improved and previous 

Fig. 8  Evolutions of Δσaverage (a) and ta (b) with different Kmachine

Fig. 9  Variations of Ndrop with different Kmachine and p in a 3D surface form (a) and its contour plot with some fundamental evolution laws of 
Ndrop (b)
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FE models are 93.267 GPa and 93.573 GPa, as well as both 
of their adjusted R-squared are 1. Compared with experi-
mental value of Young’s modulus (92.890 GPa) obtained in 
Sect. 3.2.1, it can be found that the errors between simulated 
and experimental results are all less than 0.8%. Therefore, 
it can be deduced that both of above two FE models can 
well predict the elastic deformation of Ti-12Mo alloy. Fur-
thermore, Fig. 7c compares the simulated Δσaverage values 
of above two FE models. It can be found that the Δσaverage 
values of improved and previous FE models are respectively 
21.6 MPa and 21.2 MPa, and their errors between simulated 
and experimental results are all less than 9.65%. Finally, 
Fig. 7d compares the simulated Ndrop values of above two 
FE models. It can be seen that their simulated Ndrop show the 

similar evolution trend, which generally increase as increas-
ing strain. However, it can be found that the simulated Ndrop 
value of the improved FE model is significantly less than the 
one of the previous FE model. This phenomenon indicates 
that the stress drop frequency of the improved FE model 
considering the effect of machine stiffness and the varia-
tions of Cm and w is lower the one of the previous FE model. 
Combined Fig. 6d and Fig. 7d, it can be concluded that the 
improved FE model is more accuracy than the previous one 
in predicting the stress drop frequency of the PLC effect in 
Ti-12Mo alloy.

Fig. 10  Measurement schematic diagram of the PLC band width (a), 
distributions of ṗ on the central axis of the specimen along the tensile 
direction (b), variations of the PLC band width with different Kmachine 

and p in a 3D surface form (c) and its contour plot with some funda-
mental evolution laws of the PLC band width (d)
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Fig. 11  Propagations of the PLC band with Kmachine = 30,000 N/mm (a), 60,000 N/mm (b), 90,000 N/mm (c), 120,000 N/mm (d) and 150,000 N/mm (e)
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5.2  Machine Stiffness Effects on Temporal 
Behaviors of The PLC Effect

To simulate the effects of machine stiffness on the tempo-
ral characteristics of the PLC effect in Ti-12Mo alloy ten-
sile process, a series of machine stiffnesses characterized 
by Kmachine = {30,000, 60,000, 90,000, 120,000, 150,000} 
(N/mm) are employed.

5.2.1  Influence of Machine Stiffness on Average Stress 
Drop Magnitude

Figure 8a presents the variation of Δσaverage with different 
Kmachine. It can be seen that the value of Δσaverage gener-
ally decreases from 21.95 MPa to 19.84 MPa as the Kmachine 
increases from 30,000 N/mm to 150,000 N/mm. This phe-
nomenon shows a similar evolution trend reported by Guill-
ermin et al. [34], who investigated the PLC effect of nickel-
based superalloy in high temperature tensile tests. This 
result is mainly related to the variation of ta. Specifically, 
a relatively higher value of Kmachine leads to a lower value 
of ta calculated at p = 0.04 (Fig. 8b), further decreasing the 
concentration of ω phase particles around the mobile dislo-
cations, thereby resulting in a weaker interaction between 
ω phase particles and mobile dislocations, and eventually 
causing the decrease of Δσaverage.

5.2.2  Influence of Machine Stiffness on the Number 
of Stress Drops

Figure  9a shows the variations of Ndrop with different 
Kmachine and p in a 3D surface form. Unlike Δσaverage, it can 
be observed that the value of Ndrop increases as increasing 
Kmachine and p. Moreover, to quantitatively analyze the vari-
ations of Ndrop, the projection of Fig. 9a with some funda-
mental evolution laws of Ndrop are depicted as Fig. 9b. It can 
be found from Fig. 9b that as p = 0.04, the maximum value 
of Ndrop (about 42) at Kmachine = 30,000 N/mm is nearly 1.55 
times smaller than the one (about 65) at Kmachine = 150,000 
N/mm. This finding indicates that increasing machine stiff-
ness will lead to the increase of stress drop frequency. This 
phenomenon is mainly attributed to the fact that increas-
ing Kmachine results in the decrease of ta, further reducing 
the concentration of ω phase particles around mobile dis-
locations, thereby causing the decrease of pinning strength 
and tw, and eventually leading to the increment of stress 
drop frequency. In addition, it can be observed that as 
Kmachine = 150,000 N/mm, the value of Ndrop at p = 0.04 is 
nearly 2.5 times larger than the one (about 26) at p = 0.02, 
which indicates that increasing strain leads to the increase 
of stress drop frequency. This finding is highly consistent 

with the results reported by Luo et al. [35], who investigate 
the number variation of stress drops per unit time in Ti-
xMo alloys tensile tests by using a digital image correlation 
method.

5.3  Machine Stiffness Effects on Spatial Behaviors 
of the PLC Effect

5.3.1  Influences of Machine Stiffness on the PLC Band 
Width

Figure 10a describes the measurement schematic diagram of 
the PLC band width. It can be seen that the PLC band width 
is defined as the distance between the two closest extremum 
points on opposite sides of the PLC band and measured on 
the central axis of the specimen along the tensile direction 
[36]. For further quantitative analysis, the distributions of ṗ 
values on the central axis of the specimen along the tensile 
direction are obtained from the post-processing of ABAQUS 
6.14 software, as shown in Fig. 10b. Figure 10c shows the 
variations of the PLC band width with different Kmachine 
and p in a 3D surface form. It can be observed that unlike 
the small effect of p, the PLC band width sharply decrease 
with the increase of Kmachine. Furthermore, to quantitatively 
reflect the variations of the PLC band width, the projection 
of Fig. 10c with some fundamental evolution laws of the 
PLC band width are depicted as Fig. 10d. It can be observed 
that the PLC band width value at Kmachine = 30,000 N/mm 
(about 1.53 mm) is nearly 1.34 times larger than the one at 
Kmachine = 150,000 N/mm (about 1.14 mm). This is mainly 
because a relatively higher Kmachine leads to a lower value of 
ta, further decreasing the concentration of ω phase particles 
around the mobile dislocations, then resulting in a weaker 
driving force of band nucleation, and eventually causing the 
decrease of the PLC band width. This explanation can be 
supported by the work of Shabadi et al. [37], who found that 
the decrease of solute content in matrix makes the driving 
force of band nucleation become less, and further resulting 
in thinner bands in 7020 alloy. Besides, this finding is highly 
consistent with the results reported by Liu et al. [38], who 
investigated the influence of γ' phase content on the PLC 
band width in Ni–Co based alloy tensile tests and found that 
the PLC band width of 30% γ' phase is larger than the one 
of 5% γ' phase.

5.3.2  Influences of Machine Stiffness on the Propagation 
of the PLC Band

Figure 11 presents the propagation characteristics of the PLC 
band with different Kmachine. Hereinto, to reveal a maximum 
contrast, an independent color scale is used for each frame 
with the corresponding maximum strain rate and time value 
marked above and below each frame. It can be observed that 
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the propagation of the PLC band with different Kmachine all 
belong to A + B type, which contains continuous and hop-
ping propagations. Moreover, it can be also found that the 
propagation continuity of the PLC band obviously increases 
with the increase of Kmachine. This phenomenon is highly 
consistent with the results reported by Tretyakova et al. [39], 
who investigated the effect of machine stiffness on the vari-
ation of the PLC propagation in Al–Mg alloy tensile tests 
by using a digital image correlation method. This result is 
mainly related to the variation of spatial coupling force. 
Specifically, increasing Kmachine results in the decrease of ta, 
further leading to the decreases of ω phase concentration and 
the pinning strength between ω phase particles and mobile 
dislocations. Then, a lower pinning strength will lead to the 
decrease of tw and provide a less time for the plastic relaxa-
tion of the internal stress, thereby causing a greater spatial 
coupling force, and finally making the PLC band tend to be 
continuous propagation with increasing machine stiffness. 
This explanation can be supported by the work of Cai et al. 
[36], who found that the spatially continuous propagation 
requires higher coupling force than discontinuous propaga-
tion in the PLC effect of Al–Mg alloy.

6  Conclusions

In this paper, an improved FE model embedded with the 
modified MC constitutive model is developed to investigate 
the influence of machine stiffness on the spatiotemporal 
behaviors of the PLC effect in Ti-12Mo alloy tensile tests 
and verified by experiments. The following conclusions are 
achieved:

(1) Compared with the previous FE model, the improved 
one considering the effects of machine stiffness and 
strain shows essentially the same simulation accuracy 
in terms of Young’s modulus and average stress drop 
magnitude and a higher simulation accuracy in term of 
stress drop frequency. These results indicate that the 
improved FE model has a better prediction effect in 
the temporal behaviors of the PLC effect during the 
Ti-12Mo alloy tensile process.

(2) For the temporal aspects of the PLC effect, the value 
of average stress drop magnitude slightly decreases 
from 21.95 MPa to 19.84 MPa as the machine stiff-
ness increases from 30,000 N/mm to 150,000 N/mm, 
which is mainly related to the weak interaction between 
ω phase particles and mobile dislocations. Moreover, 
unlike the variation of stress drop magnitude, the 
number of stress drops increases with the increase of 
machine stiffness and strain, which is mainly attributed 
to the decrease of aging time.

(3) For the spatial aspects of the PLC effect, the PLC 
band width decreases from 1.53 mm to 1.14 mm as 
the machine stiffness increases from 30,000 N/mm 
to 150,000 N/mm, which is mainly attributed to the 
decrease of driving force for band nucleation. Moreo-
ver, although the continuous and hopping propagations 
of the PLC band are observed with different machine 
stiffness, its propagation continuity obviously increases 
with the increase of machine stiffness, which is mainly 
related to the increase of spatial coupling force.
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