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Abstract: This study presents an exploration of the flow stress constitutive model and the deformation
mechanism of Nb521, both critical for its practical application. Hot-compression experiments were
performed on Nb521 at temperatures ranging from 1523 K to 1723 K and strain rates ranging from
0.01 to 10 s~ 1. In addition, the microstructure evolution was concurrently studied through scanning
electron microscopy (SEM) and electron backscattered diffraction (EBSD). The stress—strain behaviour
of Nb521 was assessed, leading to the development of three constitutive models: the Johnson-Cook
model, the modified Johnson—-Cook model and the Arrhenius model. In the course of the deformation
process, it is consistently observed that the hardening effect surpasses the softening effect during the
plastic phase, with no observable occurrence of a steady-state phase. The modified Johnson-Cook
model offers superior predictive accuracy. Both grain elongation and torsion are the main deformation
mechanisms of Nb521 and specific texture forms during stretching. This study also reveals that
fractures at both room temperature and high temperatures are brittle in nature. The elucidation of
the constitutive model and underlying deformation mechanisms in this study offers indispensable
insights into the hot-deformation behaviour of Nb521.

Keywords: Nb521 alloy; constitutive equation; hot-deformation behaviour; in situ EBSD

1. Introduction

The Nb521 alloy, characterized by moderate strength and plasticity, has been utilized
to manufacture thin walls and complex-shaped parts on rocket engines [1], satellites
and spacecraft [2] due to its low density, high specific strength at high temperatures
(600~1600 °C) [3] and excellent cold [4] and hot formability [5]. Current scholarly research
has studied the mechanical properties of Nb521. For instance, Xia et al. [6] demonstrate
that the suitable addition of niobium carbide particles can bolster the high-temperature
strength of the Nb521 alloy. Xin et al.’s [7] study indicated a positive correlation between
the processing rate of the cold rotary forging process and the alloy’s strength, with optimal
mechanical properties observed at a processing rate of 60%. However, the complex nature
of Nb521’s hot-deformation process renders the effects of strain rate and temperature on
flow stress challenging to describe precisely and reliably via a single-material constitutive
model. Therefore, it is necessary to reasonably compare and analyse various constitutive
models for Nb521.

Constitutive relation, which describes the correlation between flow stress and strain,
strain rate and temperature, plays a pivotal role in finite-element simulation. Widely
employed models such as the Johnson-Cook [8] and the Arrhenius [9] constitutive models
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are commonly used to characterize the hot deformation of metals due to their simplicity and
broad applicability in the plastic constitutive relations of metals. Yang et al. [10] proposed a
Johnson—-Cook model for FG D6A and pointed out that grain refinement reduces the strain
rate sensitivity of the material. Mohamed Toumi Nasri [11] identified the parameters of
the Johnson-Cook model for A1050 at different temperatures through experimental and
numerical simulation and studied the failure behaviour in hot forming. Qian et al. [12]
proposed a modified Johnson-Cook model considering the coupled effects of strain, strain
rate and temperature on the behaviour of the material, which can give an accurate and
credible prediction of the dynamic behaviour of the CuCrZr alloy over a wide range of
strain rates and temperatures. Wang et al. [13] proposed the modified Johnson-Cook
model by introducing high-temperature softening parameters, which can correctly describe
the deformation behaviour at any temperature within a specific range. Yang et al. [14]
proposed the strain-modified Arrhenius constitutive equation for 20MnCr5, which has
strong prediction ability, and provided the temperature and strain rate interval to avoid
its plastic instability. Xia et al. [15] applied the Arrhenius constitutive model to study the
hot-deformation behaviour of Ti-6Al-4V-0.1Ru and used a series of material constants as
polynomial functions of strain to improve the accuracy of finite-element method simulation.
Hu et al. [16] compared the prediction ability of the modified Johnson—-Cook model and
Arrhenius model about Ti-6Al-4V and pointed out that the prediction accuracy of the
Arrhenius model was higher than that of the modified Johnson—-Cook model. Therefore,
in this research, Johnson—-Cook and Arrhenius constitutive equations were employed to
investigate Nb521.

Electron backscattered diffraction (EBSD) provides a reliable means to characterize
the microstructure and micro-texture of materials, yielding substantial crystallographic
information about samples. Wan et al. [17] studied the deformation mechanism of RHEAs
during tensile deformation using discontinuous in situ EBSD and pointed out that the dif-
ference in slip behaviour causes the difference in ultimate tensile strength. Wang et al. [18]
determined the crystal orientation and orientation contrast by the scattered electron of
EBSD and measured the interfacial misorientation of low angles. Ye et al. [19] used EBSD to
study the plastic deformation of polycrystalline structures. They verified the existence of ad-
ditional obstacles to dislocation slip caused by ordered structures in the plastic deformation
process. Zhu et al. [20] studied nickel-based superalloys with EBSD and other technologies.
Their research pointed out that the tensile deformation would produce texture, and the
fracture behaviour was controlled by intergranular fracture and transgranular fracture. In
the present study, EBSD was deployed to ascertain the plastic deformation mechanism,
microstructure and texture of Nb521.

Research on the fracture mechanism of Nb521 is also noteworthy. Cai et al. [21] pointed
out that Nb521 presented plastic or brittle fractures at different oxidation temperatures
through scanning electron microscopy (SEM) fracture morphology. However, none ob-
served the fracture process and microstructure evolution of Nb521. Han et al. [22] observed
the microstructure evolution of materials through in situ SEM experiments, including slip
marks and initiation and propagation of short cracks. Gao et al. [23] adopted in situ tensile
experiments combined with SEM, EBSD and digital image correlation (DIC) and pointed
out that the fracture mechanism of the material changed from ductile transgranular fracture
to brittle intergranular—transgranular mixed fracture with the increase in grain size. Liu
et al. [24] used in situ SEM combined with EBSD and DIC to show that the crack occurs at
the triangular point during alloy fracture and spreads along the grain boundary to generate
an intergranular crack. In this study, we utilized in situ SEM, coupled with EBSD and other
technologies, to analyse the entire fracture process of materials.

The plastic-forming capacity, high-temperature strengthening mechanism and fracture
mechanism of Nb521 have not been studied [25]. Further research remains essential to
meet the high-performance requirements of aerospace engines. In this research, the hot-
deformation behaviour of Nb521 was analysed through a high-temperature compression
experiment. The Johnson—-Cook model, modified Johnson—-Cook model and Arrhenius
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model were established, and the high-temperature flow stress was predicted. In addition,
the deformation and fracture mechanism of Nb521 were studied by discontinuous in situ
EBSD and in situ SEM experiments. This paper aims to offer data support and theoretical
reference for the forming process of Nb521.

2. Materials

The hot-compression experiment of sample Nb521 was carried out on the Gleeble-
3500 simulation testing machine (Dynamic System Inc., New York, NY, USA). The Nb521
cylinder size is @8 mm x 12 mm, annealed in a vacuum. The chemical composition is
shown in Table 1. The surface roughness of the sample was polished to less than or equal
to 1.6 um to reduce friction in the deformation process, and then the hot-compression test
was carried out on the test machine. The compression experiment was conducted at a
temperature of 1523 K to 1723 K, with an interval of 50 K. The strain rates were 0.01 s—1
0.1s7%, 157! and 10 s~ L. The true strain of the experiment was 0.7. The experiment used
water quenching.

Table 1. Chemical composition of Nb521 alloy (wt/%).

Composition of Nb521 Alloy

'V Mo Zr C N (@) Cu Ti Fe Si Ta Nb
5.14 1.87 1.33  0.0095 0.0060 0.010 0.001 0.016 0.001 0.0028 0.59 Bal

3. Result and Discussion
3.1. Stress—Strain Curve

Figure 1 presents the true stress—true strain curves for Nb521 under various strain
rates. There is a monotonic increase in stress corresponding to the strain, signifying an
initial occurrence of strain hardening, which can be attributed to an increase in dislocation
density [26]. No yield plateau is produced. At the same strain rate, the stress decreases with
the temperature increase. This is because as the temperature increases, the atomic thermal
motion of the metal becomes intense, and dislocation is more likely to cancel out, resulting
in thermal softening instead of hardening. As shown in Figure 1, the flow stress increases
with the increase in strain rate at the same temperature due to the work hardening caused
by the increase in dislocation. For example, at 1523 K, the true stress is 282 MPa when the
strain rate is 0.01 and the strain of 0.2. It increases to 415 MPa when the strain rate is 10.
During the plastic phase, as the strain increases, the flow stress monotonically increases
until fracture, indicating that the hardening effect is always greater than the softening effect
during the deformation process.

3.2. Johnson—Cook Model
The Johnson—-Cook model is as follows:

(o) (@S] o

In the equation, ¢ is flow stress (MPa), ¢ is true strain, e refers to the reference strain, ¢,
is the strain rate of this material (s~!) and ¢ is the reference strain rate (s !). A is the yield
strength at the reference temperature and reference strain rate; B is the strain-hardening
coefficient; # is the strain-hardening index; C is the strain-rate-hardening coefficient; T is
the experimental temperature (K); T is the reference temperature (K); T),,.; is the melting
temperature (2725 K); and m is the thermal-softening index [27]. In the fitting process, the
reference temperature is 1523 K, the reference strain rate is 0.1 s~ and the reference strain
is 0.1 for determining the parameters in the constitutive equation. In Equation (1), the first
term determines the shape of the fitting curve, the second term determines its relationship
with strain rate and the third term determines its relationship with temperature.
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Figure 1. Nb521 true strain-stress curve. (a) 0.01 s7L(1)01s ()15 (d) 1057 L

The Johnson—-Cook model’s parameters can be fitted independently. At the refer-
ence temperature of 1523 K and the reference strain rate of 0.1 s~!, Equation (1) can be

expressed as

(1))

@)

Under this deformation condition, as shown in Figure 2a, A is the material’s yield stress

of 176.99 MPa. We can obtain the relationship between In(c — A) and In ¢ at the reference
temperature and strain rate by substituting A into the equation. 7 can be confirmed by the
slope of the linear fitting, which equals 0.8577, and InB is the intercept of 6.51, this means
that B is 59.45 MPa.

6 L4T— - 1.0
T=1523K L0l £=0.1s" 0.1
0125 F * 0125
, / 2015 = 4015
2 .
- BTy H / v g.;75 % 1.5 3 v g.;75
)} = : ) )
R A o <0255 + . < 0225
' ¢ + » 025 | % % > 025
b s = . 0275 T 20 A 0.275
= N g 1.0 P * 0.3 ‘ : * g;ﬂ
2 4 : g.igs E * 035
) g 7 - = -9
. / 0375 | T 25| ) 0375
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In & In(£,/2,) m[(T-T)AL, -T,)]
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Figure 2. The relationship between (a) Ine and In(c — A) at 1523 K and 0.1 s™; (b) In(¢, /&) and
o/(A+ Be") at 1523 K; and (¢) In[(T — Tp) / (Terr — To)] and In[1 — o/ (A + Be")]. The curves are
the linear fitting results.
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At the deformation temperature of 1523 K, the equation transformed into the equation below:

1 +c1n<é.”>] (3)
€0

The C value can be obtained by fixed-intercept linear fitting the slope of ln(%)
and 4%z, which is 0.068, as depicted in Figure 2b. At the strain rate of 0.1 s71, the

equation became
o= (a+penfi- (F5)] @
Terr — To

Through linear fitting of In(1 — ;%) and ln<T£;ZOTO ) , m can be obtained by the
slope of 0.75 as shown in Figure 2c.
The constitutive equation is as follows:

o= (A—i—Bs’;,)

B 0.86 . T—1523 \%7
o = (17699 + 59.44 x (10)"*°| x [1+0.0681n(10¢)] l1 - (2725_1523> )

The flow stress predicted by the initial model is compared with the experimental
values in Figure 3.
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Figure 3. Comparison between the predicted and experimental value of flow stress using the Johnson—
Cook model at different strain rates: (a) 0.01 s~ %; (b) 0.157%; (¢) 15 %; (d) 105~ L.

Comparing the predicted and experimental values, as depicted in Figure 3, the
Johnson-Cook model exhibits enhanced precision under different deformation conditions.
Notably, at a strain rate of 0.01 s~!, the predicted values demonstrate substantial deviation,
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presenting a considerable discrepancy with changes in the temperature gradient. At a strain
rate of 0.1 571, the predicted values demonstrate increased accuracy, and the low strain is
more accurate when the strain rate is 1 s~1. However, the strain increment is smaller than
the experimental value. When the strain rate is 10 s 1, the predicted value aligns accurately
with the strain increment, but the value varies with the temperature gradient. Overall,
the predicted value of the Johnson-Cook model under low strain is better than that under
high strain [28]. When the temperature is 1723 K and the strain rate is 1 s~!, the maximum
absolute error reaches 52.48 MPa. When the temperature is 1723 K and the strain rate is
0.01 571, the maximum relative error reaches 24.02%.

3.3. Modified Johnson—Cook Model

The parameters of the Johnson-Cook model are further fitted and obtained by mod-
ification [29]. Polynomial fitting was performed to get A, B, C, m and n represented by
strain rates [12] to improve prediction accuracy. As shown in Table 2, the values of the
parameters corresponding to each strain rate can be obtained by nonlinear fitting of five
curves at different temperatures under that strain rate using the Levenberg-Marquardt
method [30]. Table 3 presents the coefficient value of polynomial fitting.

A= Ao+ A1In(é) + Az [In(§)]* + A3[In(£)]°
B = By + ByIn(&) + By [In(¢ )}2+Bg[1n(é)]3
C=Cy+CiIn(€) + Co[In(e)]? )
m = Mo+ M In(&) + My [In(£)]* + Ms[In(¢)]°
n = Ny+ NyIn(¢) + N> [ln(e)}z 3[ln(£)]3

Table 2. Parameter values obtained by nonlinear fitting.

€ In(g) A B C m n
0.01 —4.60 164.28 81.99 0.042 0.484 0.67
0.1 —2.30 149.43 91.78 0.707 0.637

1 0 129.66 56.40 0.196 0.697 0.893

10 2.30 172.98 65.59 0.069 0.824 0.793

Table 3. The coefficient value obtained by polynomial fitting.

A B C m n
Ay =129.66 By =56.40 Cy =0.196 My =0.697 Ny =0.893
A, =0.19 By =-12.18 Cy =-0.025 M; = —0.0016 N; =0.080
Ay =5.95 B, =4.20 Cp, =—-0.013 M, =0.0131 N, = —0.0335
Az =093 B3 =1.23 M3 =0.00509 Nj; = —0.00877

As seen from Figure 4, with the change in strain rate, the value of parameter A presents
a quadratic function relationship with strain rate. In contrast, other parameters have no
such connection.

The modified Johnson—Cook constitutive equation is as follows:

o= [A(E) +B() (100" [1+-C(8) (108) [ {1~ [(T = T0) /(T = TI"V} @)

The predicted value of flowing stress can be obtained under varying conditions. The
comparison between the experimental and predicted values is represented in Figure 5.
As per Figure 5, the modified Johnson—-Cook model provides a more precise prediction
than the Johnson-Cook model. When the temperature is 1523 K, and the strain rate is 0.01
s~!, the predicted value is inconsistent with the experiment with the increase in strain.
However, prediction performance improves at other temperatures and strain rates. The
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maximum absolute error of 19.71 MPa and the maximum relative error of 4.94% appeared
at the temperature of 1723 K and the strain rate of 1 s~!. The modified Johnson—Cook

model is more precise than the Johnson-Cook model.
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Figure 4. Relationships between A, B, C, m, n and In¢.
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Figure 5. Comparison between predicted and experimental values of flow stress using the modified
Johnson—Cook model at a strain rate of (a) 0.01s~%; (b) 0.157%; (c) 1 s~1; and (d) 10 s~1.

3.4. Arrhenius Model
The Arrhenius model can well describe the constitutive relationship between tempera-
ture, strain rate and strain during hot deformation [31]. Its form is expressed as follows:

i=e F(o) e 1T ®)
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oM, a0 < 0.8
P wor > 1.2
[sinh(a0)]", for all &

F(o)

©)

The influence of temperature and strain rate on deformation behaviour can be ex-
pressed by the Zener-Hollomon parameter, which is
Z—¢. el (10)
where ¢ refers to the strain rate (s 1), Q is the activation energy of hot deformation (k] /mol)
and R is the universal gas constant (8.314 | - mol~1 - K=1). Q reflects the microstructure
mechanism in the hot-deformation process, and c is the frequency index. &, B, 111, n are ma-
terial constants in which & = /7. It must be noted that the power form and exponential
form work for low-stress levels (o < 0.8) and high-stress levels (o > 1.2). The hyperbolic
sine function in the third equation is more general, covering a wider stress range. There-
fore, this research used the hyperbolic sine function to describe the thermal-deformation
behaviour of the Nb521 alloy.
At the strain of 0.2, the value of n; and B can be obtained by the relationship be-
tween In¢ — Ino and In¢ — ¢ under five different temperatures using linear fitting, and
a = B/ny = 0.0039 MPa~!. These relations are shown in Figure 6.

(b)
24 2 2
0 0-
'L\J 'ba
g2 =2
1523K 1523K
1573K 1573K
_4 ekl 1623K
1673K 1673K
6 I723K| ¢ 1723K
5.0 52 54p 5 56 5.8 6.0 200 iup, 300 400
0.8
©) (d)
2_
/
041
04 ]
b
-t 3
— A
Sz =0.04
w
(I—
= 0.01
-4 e 01
v --0.4“ A 1
] 1723K v 10
—04 0.0 0.4 08 058 060 062 064 066
In[ simh (ao) | 1000/T

Figure 6. The relationship between: (a) In(¢) — In(c); (b) In(¢) — o; (c) Iné — In[sinh(a0)];

(d) In[sinh(ac)] — 1000/ T.

The value of A and B can be obtained by the relationship between Iné¢ — In[sinh(ac)]
and In[sinh(ac)] — 1000/ T primely, which is 10.04 and 6.46. Thus, the activation energy is
Q =R x A x B =540.0Kk]/mol.
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With the value of Z of four strain rates and five temperatures, a total of 20 conditions,
the relationship between In Z — In[sinh(ac)| can be confirmed. The value of n and ¢ can be
obtained by their slope and intercept, which are 9.87 and 37.21.

Combining equation and Z, the explicit form of flow stress is acquired as follows:

1 Z\ " Z\
c=—-Inq (=] +||=] +1
® e e

Under different temperatures and strain rates, strain affects both the flow stress and
the material constant [32]. The material constants are polynomial functions within the
strain range. The equations are as follows:

1
2

(11)

& = Co + Cre + Coe? 4 Ce3 + Cye* + Csed
n = Dg+ Die+ D2€2 + D3€3 + D484 + D5€5
Q = Eg + Eje + Epe? + Eze® 4 E4e* + Esé®
¢ = Fy + Fie + F>&? + F3e3 + Fye* + Fse®

(12)

The result can be obtained by performing multi-order polynomial fitting on o, n, Q
and ¢, as shown in Figure 7. The coefficients of the polynomial fitting can be acquired in
Table 4. From the table, the value of material parameters at any deformation temperature
and strain rate can be determined. Figure 8 illustrates the variation of parameters with
respect to strain. The Arrhenius model is as follows:

1

2 2

1
Z n(e Zio(e) \ n(e)
o= hyind (286) 7 4 | (296} 4 q
(13)
Z:g.e[(;l)i(;)}

Table 4. Coefficients of the polynomial for «, 7, Q and c.

o n Q C
Co = 0.0055 Dy = 23.61 Ey = 1120.6 Fy =77.69
C; = —0.011 Dy = -311.7 E1 = —13,337 F; = —905.11
C, =0.017 D, = 27485 E, = 118,552 F, =7930.6
Cz = —0.012 D3 = —11,608 E; = —502,966 F; = —33,389
C4 = —0.0079 D4 = 23,300 E4, = 1,010,224 F, = 66,684
Cs =0.018 Dgs = —17,945 Es = —778,931 F = —51,200

32 .

0.0
InZ

Figure 7. Relationship between InZ and In[sinh(x0)].

T

0.4

0.8
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Figure 8. Relationships between material parameters and ¢: (a) &; (b) 1; (¢) Q; (d) c.

The Arrhenius model’s predicted and experimental value comparison is illustrated in
Figure 9. As can be seen from Figure 9, when the strain rate is 0.01 s71 the predicted value is
smaller than the actual value at 1523 K but larger than the actual value at other temperatures.
When the strain rate is 0.1 s !, the predicted value is small when the temperature exceeds
1623 K, and the prediction effect is better at other temperatures. When the strain rate is
1571, the predicted value is more accurate at low strain, but with the increase in strain,
the stress increment is smaller than the actual value. When the strain rate is 10 s, the
increment of the predicted value with the temperature gradient is larger than the actual
value. Overall, when the strain rate is high and the strain is minimal, the predicted value is
more accurate, and the accuracy decreases with strain increment [33]. The deviations could
be due to the intrinsic limitations of the constitutive equation.

3.5. Precision Analysis

Chao et al. [34] assert that the prediction results of the classical Johnson—-Cook model
exhibit apparent strain hardening, and the error is relatively large when the strain is
larger. Based on the comparison, it can be deduced that the Johnson-Cook model provides
reasonably accurate predictions only when applied within the specified range of reference
temperature and strain rate. The model’s effectiveness is limited to a narrow range around
the reference conditions, as it only incorporates the effects of work hardening, strain-
rate-induced hardening and temperature-induced hardening and softening. The model
overlooks the interaction among these factors during the actual deformation process. Unlike
the original Johnson-Cook model, the thermal-softening index m and hardening coefficient
C of Nb521 were associated with strain and strain rate. A more precise predicted value of
flow stress can be obtained by quadratic fitting. This indicates that the high-temperature
flow behaviour of Nb521 is controlled by thermal softening, strain hardening and strain
rate hardening. In addition, its coupling effect with strain, temperature and strain rate
should also be considered. Therefore, when the temperature and strain rate differ greatly
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from the reference temperature and strain rate used to determine the parameters, the
Johnson-Cook model cannot consider these coupling effects, thus leading to a huge error
in the predicted value. The modified Johnson-Cook model can more accurately predict the
high-temperature deformation of Nb521. However, at the temperature of 1523 K with a
strain rate of 0.01 s~!, the prediction is more inaccurate than others. The cause may be the
error during the experiment. Since the modified Johnson-Cook model does not involve the
recovery of dislocation density, the practicability has not been improved.
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Figure 9. Comparison between predicted and experimental flow stress using the strain-compensated
Arrhenius model at different strain rates: (a) 0.01 s~%; (b) 0.1571; (c) 15~ 1; (d) 105~ 1.

To further assess the accuracy of the three constitutive models, each model’s absolute
and relative errors were calculated when the strain was 0.3. The errors of the predicted
values under the three constitutive equations are shown in Table 5. The maximum error of
the Johnson-Cook model is 30.97 MPa when the temperature is 1673 K and the strain rate
is 0.01 s~ L. Its relative error value ranges from —8.95% to 16.56%. The maximum error of
the modified Johnson-Cook model occurs when the temperature is 1623 K and the strain
rateis 1571, reaching 7.46 MPa. Its relative error value ranges from —2.16% to 2.25%. The
maximum error of the Arrhenius model occurs when the temperature is 1523 K and the
strain rate is 10, reaching 30.12 MPa. Its relative error value ranges from —9.64% to 7.20%.
It is apparent that the modified Johnson-Cook model exhibits the highest accuracy and an
effective prediction effect.
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Table 5. Absolute error value and relative error value of three kinds of constitutive models under
different deformation conditions at a strain of 0.3.

T/K é/571 A()'chlMPa A()'leclMPa AO'ARR/MPa REO'],(j(O/o) REO'M],(j(O/o) REO'ARR(O/O)
0.01 —27.32 —0.09 —29.42 —8.95 —0.03 —9.64
1523 0.1 —4.52 —5.01 —0.95 —1.35 —1.50 —0.29
1 —25.64 —2.90 —11.25 —6.30 —-0.71 —2.77
10 1.00 0.23 30.12 0.23 0.05 6.98
0.01 11.66 -1.19 4.81 4.81 —0.49 1.98
1573 0.1 4.97 444 491 1.68 1.50 1.66
1 —11.36 7.10 1.17 —3.16 1.97 0.32
10 —12.52 —2.70 17.19 —-3.07 —0.66 421
0.01 21.44 —1.26 8.44 10.03 —0.59 3.94
1623 0.1 —5.61 —6.14 —11.68 —-1.97 —2.16 —4.11
1 —8.63 7.46 —1.44 —2.61 2.25 —0.43
10 —13.14 1.13 12.55 —3.46 0.30 3.31
0.01 30.97 3.17 13.47 16.56 1.69 7.20
1673 0.1 -3.29 —3.80 —13.95 —1.26 —1.45 —5.33
1 —12.50 1.72 —9.60 —4.01 0.55 —3.08
10 —13.85 3.10 8.40 —-3.92 0.88 2.38
0.01 27.24 —-3.29 7.10 15.63 —1.89 4.07
1723 0.1 1.58 1.09 —-11.87 0.67 0.46 —5.00
1 —-17.93 —5.31 —-17.73 —6.09 —1.80 —6.03
10 —23.84 —5.27 —-3.72 —7.06 —1.56 —-1.10

3.6. In Situ EBSD Tensile Test

An in situ EBSD stretching experiment was conducted on Nb521. Figure 10a illustrates
the loading and deformation curves of the tensile experiment. The EBSD sampling is con-
ducted in A, B, C and D. Figure 10b—e are the comparisons of the initial stage (A) and plastic
deformation phase (D). Figure 10b represents the surface morphology change of Nb521. It
is evident that with the stretching, the internal slip system of each grain is activated, the
slip track in different directions can be observed on the surface, some grains are elongated
and there is convex between grains. Figure 10c displays the evolution of the recrystallized
structure. With stretching, the original recrystallized structure almost all becomes the
deformation structure. Bibhanshu et al. [35] proposed that changes in grain orientation
could be identified by colour changes within grains, and high-angle grain boundaries
would shift to medium-angle grain boundaries and then small-angle grain boundaries.
Figure 10d presents the orientation distribution diagram of the inverse pole figure, where
different colours indicate different orientations of grains. After stretching, the colour in-
side the grain changes, suggesting that the grain twists and crystal orientation changes
during the deformation process. Crystals primarily oriented along the ~(001) direction
(highlighted in red in the figure) undergo significant morphological changes relative to the
tensile direction, while the grain orientation deviates minimally from the initial orientation.
On the other hand, grains oriented approximately along ~(111) (highlighted in blue in the
figure) and ~(101) (highlighted in green in the figure) exhibit a shift towards the red region.
Figure 10e represents the distribution map of grain boundaries, with the thin line indicating
the presence of low-angle grain boundaries. It is evident that there is a substantial increase
in low-angle grain boundaries resulting from grain boundary torsion induced by stretching.
The formation of low-angle grain boundaries parallels high-angle grain boundaries and
mainly occurs near hard particles. Figure 10 provides an illustration of the cooperative
deformation mechanisms in Nb521, involving dislocation slip and grain rotation during
the loading process. The plastic stage is characterized by strain hardening, attributed to the
stretching of grains, alterations in crystal orientation and enhanced deformation resistance.
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Figure 10. In situ EBSD tensile tests give (a) load—displacement curve; and figures by Channel 5 show
(b) morphology of the sample surface; (c) recrystallized fraction; (d) inverse pole figure; (e) low- and
high-angle grain boundary at the displacement of 0 and 1900.

Figure 11 displays the pole figure of {100},{110},{111} for Nb521 when the displacement
is 0, 1100, 1500 and 1900 um, where X0 is TD and YO is RD. Wu et al. [36] outlined that
grains tend to be arranged rather than dispersed with increased stress, and larger tensile
stress will enhance the cubic texture. It can be observed that there is no specific texture in
the material at the beginning, but with the progress of stretching, a particular texture is
gradually formed. Since Nb is a body-centred cubic crystal, it can be seen that the material
has a {001} <110> cubic texture [37]. This observation indicates that stretching causes
the Nb521 grains to tend to arrange to form a specific texture, thus possibly enhancing
work hardening.

3.7. Fracture Analysis

Figure 12 illustrates the SEM image of the in situ tensile curve of Nb521 at room
temperature and the surface morphology of the specimen during the tensile process. There
is no obvious plastic deformation characteristic at the low strain stage. The first crack in
the tensile process occurs near the grain boundary (Figure 12c) and expands along the
direction perpendicular to the stress (Figure 12d). It can be seen that there are impurity
particles in the crack, indicating that the crack is a microcrack induced by impurity particles
at the grain boundary. As shown in Figure 12e, numerous other cracks are formed near the
refracture surface after the initial crack. The growth of these cracks weakens the material’s
bearing capacity, ultimately resulting in a brittle fracture [38]. Most of the cracks are located
at a certain distance from the fracture plane [39]. The main crack formation takes place
near the fracture stage (Figure 12a), which suggests that the critical cleavage fracture stress
of Nb521 is approximately 500 MPa.
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Figure 11. Pole figure of Nb521 at the displacement of 0, 1100, 1500 and 1900.

Figure 13 illustrates the in situ tensile curve of Nb521 at the temperature of 1473 K.
SEM figures are obtained in the order of a, b, ¢, d and e during the phase of fracture. As
can be seen from Figure 13a,b, cracks appear on the sample’s surface and gradually grow.
There are no impurity particles inside the sample, indicating that under the condition
of hot deformation, the microcracks are not induced by impurity particles but under the
interference of a particular stress state and other conditions. It can be seen from Figure 13c
that cracks appear on both sides of the prefabricated damage and increase with stretching.
According to Figure 13d,e, although cracks appeared on both sides, the fracture surface
appeared in the middle instead of the crack, indicating that the sample fracture at 1473 K
was a brittle fracture induced by non-impurity particles.
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Figure 12. The in situ tensile curve at room temperature and micromorphology in the surface at the
displacement of (a) 864.38 um, (b) 1377.54 um, (c) necking, (d) 1404 um and (e) fracture.
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Figure 13. The in situ tensile curve at 1473 K and micromorphology in the surface at the phase
of (a) cracks occurred, (b) cracks grew, (c) cracks on both sides, (d) cracks propagate and merge,
(e) fracture occurred. All (a—e) occurs during the phase of fracture.

4. Conclusions

The hot-deformation behaviour of Nb521 at strain temperatures of 1523, 1573, 1623,
1673 and 1723 K and strain rates of 0.01, 0.1, 1 and 10 s~! were studied by hot-compression
experiments. The Johnson-Cook model, modified Johnson-Cook model and Arrhenius
model were established based on the true stress—strain curves obtained by experiments.
The accuracy of the three models for high-temperature flow stress prediction of Nb521 was
compared. The microstructure and fracture mechanism of Nb521 were studied by in situ
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tensile test and in situ EBSD tensile test. According to the research results, the following
conclusions can be drawn:

1. All three models exhibit varying degrees of error. The maximum errors of the Johnson—
Cook model, modified Johnson—Cook model and Arrhenius model are 30.97 MPa,
7.46 MPa and 30.12 MPa, and the relative errors are 16.56%, 2.25% and 9.64%. Among
them, the modified Johnson-Cook model demonstrates superior accuracy. The JC
model displays good prediction accuracy only when referring to reference strain
and temperature. It can be seen from the MJC model that the parameters of Nb521
vary greatly at different temperatures and strain rates, which may be because the
deformation mechanism of Nb521 is affected at higher temperatures and strain rates.

2. Both grain elongation and torsion are the main deformation mechanism of Nb521,
and {001} <110> cubic texture gradually forms with stretching.

3. The fracture mechanism of Nb521 at room temperature and high temperature has
been revealed. At room temperature, microcracks induced by impurity particles
at the grain boundary initiate the fracture. At high temperatures, the microcracks
are not induced by impurity particles but by specific stress conditions. The cracks
appear on both sides along with the stretching, leading to the brittle fracture of the
surface structure.
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