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The downhole expansion process of the expansion tube is the dynamic deformation process of the expansion tube
metal material at different temperatures. In this paper, the dynamic tensile test is used to measure the dynamic
tensile stress-strain curve of low-carbon alloy steel in the temperature range of 25 — 300 °C. upon analyzed the dy-
namic tensile test results, with the strain rate factor Z and McCormick physical model, the paper set up low carbon
alloy steel constitutive equation of underground temperature field. The calculation results of the Sellars creep equa-
tion are compared with the residual stress value after expansion in the finite element analysis of the solid steel pipe
expansion to verify the actual application reliability of the steel for the expansion pipe with high expansion rate.
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INTRODUCTION

Expansion casing technology is to use mechanical or
hydraulic pressure to expand the casing radially to the
plastic deformation zone, and plastic permanent defor-
mation occurs, so that the outer wall of the casing is
close to the inner wall of the pipe string, so as to save
the diameter of the borehole and save the cost of well
construction, etc. Purpose of a drilling and completion
technology. Taking into account the current exploitation
methods of the oil and natural gas industry and the de-
velopment of ultra-deep wells, we determined the
downhole expansion temperature of the expansion pipe
to be in the middle of 0 - 300 °C. The deformation of the
expansion tube in this temperature environment is actu-
ally a dynamic deformation process of the base metal
material of the expansion tube at different temperatures.

The numerical simulation of the downhole expansion
process of the expansion tube must consider the relation-
ship between the flow stress and the plastic strain of the
material during warm processing. According to the ex-
perimental results of dynamic tension and the theory of
dynamic recovery and strain aging of metals, with the
help of strain rate Z factor and McCormick physical
model, the constitutive equation of low-carbon alloy steel
in the downhole temperature field is established [1]. The
establishment of the constitutive equation can not only
accurately reflect the dynamic characteristics of the plas-
tic. Deformation of the material, but also establish a cer-
tain quantitative relationship for the numerical simula-
tion and analysis of the plastic deformation of the expan-
sion tube, providing a theoretical basis, and has very im-
portant theoretical and practical significance [2].

Y. P. Li, J. M. Zhao, H. C. Ji (E-mail: jihongchao@ncst.edu.cn), J. T.
Wu, W. C. Pei, College of Mechanical Engineering, North China Uni-
versity of Science and Technology, Hebei, Tangshan, China.

METALURGIJA 61 (2022) 3-4, 689-692

Constitutive relationship between flow
stress and thermal deformation conditions

The flow stress in the metal thermal deformation pro-
cess mainly depends on the deformation temperature T,
the strain rate &, the amount of strain ¢, and the structure
before deformation (such as composition, grain size and
deformation history, etc.) [3]. Due to the complexity of
the influence law of tissue characteristics, only the influ-
ence of thermal deformation conditions is considered.
Therefore, the flow stress expression is [4,5];

o= f(T)-f(&) f(e) 1)

Zener and Hollomon studied high-speed tensile ex-

periments of steel [6] and proposed a method to de-

scribe high-temperature flow stress with a parameter Z
including T and &.

flo)=f(Z,¢) ()
Equation (2) can be further expressed as.
f(o)=Z=¢exp(Q/RT) (3)

Where; Z-Zener-Hollomon parameter (temperature
compensated strain rate factor); R - molar gas constant
/ 8,314-mol*-K%; Q - Thermal deformation activation
energy/J-mol?; T - absolute temperature /K.

Sellars et al. [7] used a modified Arrhenius equation
including thermal deformation activation energy Q to
describe the above relationship:

Z = A[sinh(co)]" 4)
&= A[sinh(ao)]" exp(Q/ RT) (5)

Carrying out Taylor series expansion on formula (5),
two expressions under different stress levels are obtained:

1) At low stress levels (co < 0,8), formula can be
simplified as:
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E=Ao0" exp(-Q/RT) (6)

2) At high stress levels (ao >1,2), formula can be
simplified as:

&= 4, exp(fo)exp(—Q/ RT) (1)

Where-strain rate /s*; A, A,, A - structure factor is
related to the material; flow stress /MPa; m - stress in-
dex; a, B - stress level parameter /MPa!; R -Molar gas
constant and R = 8,314J/(mol-K); Q - deformation acti-
vation energy (J/mol); T - deformation temperature /K

Use the multiple regression method to solve the ma-
terial constant, and take the natural logarithm on both
sides of equation (5).

In&=InA+nln[sinh(co)]-0/RT 8)

When the deformation temperature is constant, the Q
/ RT term and InA term in the above three formulas are
both fixed values, and the formula can be simplified to:

In £€=1In A+ nin[sinh(co)] ©)]
Take partial derivatives of the formulas:

dlné

" 9n[sinh(ao, )] 10

The Arrhenius relationship including the activation en-
ergy Q describes the relationship between the steady-state
flow stress and the strain rate and the deformation tem-
perature during the thermal deformation of the material:

&= A[sinh(axo)]" exp(Q/ RT) (12)

The constitutive relationship of alloy steel
under the environment of underground
temperature field

It has been proved that the temperature and strain
rate also affect the strain at the beginning of steady-state
deformation during the expansion and deformation pro-
cess of the steel for expansion pipe in the downhole
temperature field. This strain varies between £ = 0,1 ~
0,5. The strain rate £ has an exponential function rela-
tionship with temperature T, steady-state flow stress 6,
and activation energy Q:

E=A-05-exp(—Q/RT) (12)

If it is assumed to be independent of temperature
and stress, and set

Z = &exp(Q/ RT) (13)
Then Z can represent
Z =¢exp(Q/RT) = Aoy (14)

Where: Z-Zeller-Hollomon. is the temperature-cor-
rected deformation rate; &, T can usually be expressed
as a function of Z.

For the dynamic tensile experiment of alloy steel in
the temperature range of 25 — 300 °C, the constitutive
equation under the condition of fixed strain rate:
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&= Alsinh(ao)]" exp(Q/RT) (15)
When the temperature T is constant
JdIn[sinh(fo)] 1
0—)an T=constant - (16)

when the strain rate is constant

. dln[sinh(aro)]

a1/T) =0 (7

&é=constant

Establish the constitutive equation of expansion de-
formation of low-carbon alloy steel in the downhole
temperature field environment.

Experiment on dynamic tension
of alloy steel

According to the actual working conditions of the
oil and gas field, the dynamic tensile experiment of al-
loy steel is carried out in the temperature range of 25 —
300 °C, and the dynamic tensile experiment is selected
at 25 °C,100 °C,150 °C,200 °C,250 °C,300 °C, test
strain rate is 3mm/s. [8]The measured stress-strain
curves at different deformation temperatures are shown
in Figure 1.
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Figure 1 Tensile stress-strain curves under different
temperature conditions of low carbon alloy steel

Calculation of activation energy Q for warm
deformation Expansion of alloy steel

McCormick derived the relationship between the
critical strain ¢, the strain rate &, the alloy composition
C, and the deformation temperature T for the appear-
ance of the sawtooth wave:

6£m+ﬂ) — A(Cl /C, )3/2 exp (Qm /kT) (18)

Where: C - dislocation concentration on the disloca-
tion line when the dislocation is pinned; Q_ - vacancy
formation activation energy; m - density of movable
dislocations during deformation; § - vacancy concentra-
tion proliferation speed; A - effective barrier Constants
related to the spacing.

When the alloy composition and strain rate are con-
stant, the critical strain required for sawtooth yielding
phenomenon has an exponential function relationship
with the reciprocal of the deformation temperature.
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Where: K - constant; k - Boltzmann’s constant,
k=1,38x102J-K",
taking the logarithm of both sides of equation, get:

Ing, =mK-Q, /kT (20)

The average slope is the deformation activation en-
ergy ngf = 43, 939-kJ- mol’l.
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Figure 2 Relation curves of Inéand 1/ T

Research [6] shows that there is a specific relation-
ship between flow stress o, temperature T and strain
rate & which can be expressed by the Sellars creep
equation:

Z=¢&-exp (%} = A[sinh(ao)]" (21)

Where: € - strain rate / s*; R - molar gas constant
/8,314-mol*-Kt; Q - Thermal deformation activation
energy/J-mol?; A and a - the material constants related
to the steel grade, the o changes very little, and is taken
as 0,012 according to the literature; n-stress sensitivity
factor, which represents the change of the flow stress
caused by the change of the strain rate. Substitute Q into
equation (21) to find the Z value at different tempera-
tures, and the results are listed in Table 1.

tem+273
When7 = ———=;
1 000
. 43 939
Z=¢gexp (22)
When T =tem+273;
. 43939
Z=¢éexp——— (23)
RT
Table 1 Parameter under different deformation
temperatures
temperature /°C | RelL/MPa € Z LnZ
100 °C 391 0,01108 | 4,31E6 | 15,2741
150 °C 369 0,01376 2,96E5 13,2385
200 °C 351 0,01653 2,14E5 12,4772
250°C 362 0,01735 | 7,37E4 | 12,2085
300 °C 353 0,01956 | 5,05E4 | 11,8263
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The constitutive equation of temperature
deformation and expansion for alloy steel

Taking the logarithm of both sides of
Z= A[sinh sinh (0(0} )Jn get:
InZ =InA+n[sinh(ao,)] (24)

There is a linear relationship between InZ and
ln[sinh sinh(aas)]. Using linear regression, the values
of A and n can be obtained.
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Figure 3 Relation curves of In Zand In[sinh(ao)]
Obtain the intercept value and slope of the line from
the graph, get.
dlnZ
n=——,——"
dln[sinh(co, )]

LnA=29,03965
A=4,0903E12

=4,1612 (25)

According to the definition and formula of hyper-
bolic sine function, o can be expressed as a function of
Z parameter;

1/2

o2l 2 &) ] | e

Finally, the calculated values of A, a, Q and n are
substituted into equation (26) to obtain the flow stress
constitutive equation.

. (5287,48495)_1/4’1612

£expexp —

0=2383,333InIn +
4,0903E12

/2

5287,48495) aen
T
4,0903E12

£expexp (

+1 (27)

Comparison of calculated flow stress and
finite element analysis of residual stress

From Figure 4, it can be obtained that the Von-mises
stress from 25 °C to the expansion of alloy steel is less
than the flow stress value, and the difference is rela-
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Figure 4 Comparison of calculated flow stress and simulated

tively large, exceeding 150 MPa and higher, which can
account for the flow stress corresponding to the tem-
perature of each difference. 40 % to 52 % of the value.
It can be seen that after the expandable casing is ex-
panded and deformed, most of its deformation stress is
released, and the residual stress value is very different
from the flow stress required for deformation. This is
related to the high energy absorption of alloy steel.
Therefore, the comparison between the calculated flow
stress and the finite element analysis of the residual
stress also just shows that the theoretical calculation of
the flow stress model is correct, and the flow stress val-
ue derived from the constitutive equation is also con-
sistent with the actual situation.
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CONCLUSION

This article introduces the theory of dynamic recov-
ery and dynamic strain aging under warm working, ap-
plying the theory of warm working deformation, study-
ing the relationship between flow stress and plastic
strain of alloy steel under warm working conditions,
applying dynamic recovery theory and dynamic strain
aging Theoretical establishment of constitutive equa-
tions under temperature deformation conditions, so as
to realize the calculation of flow stress under different
temperature conditions .

Starting from the results of the dynamic tensile ex-
periment, the McCormick method is used to obtain the
deformation activation energy by using the linear rela-
tionship between Ing, and 1/T. The Sellars equation is
used to obtain the temperature-compensated strain rate
factor Z value corresponding to each temperature. By
processing the Sellars equation, using the linear relation-
ship between InZ and In[sinh sinh(ocap)], the regression
method is used to obtain the constants A and n in the
Sellars equation, and finally the value of the alloy steel in
the downhole temperature field environment is estab-
lished. Expansion deformation constitutive equation. The
flow stress value calculated by the established model and
the residual stress value calculated by the finite element
are compared and analyzed, and it is concluded that the
established constitutive equation is correct.
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