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Abstract
The conventional theoretical method to calculate deformations and stress states is only limited to a few cases of simple extrusion
dies due to a number of assumptions and simplifications. A coupled thermal-structural modelling framework incorporating finite
element method is thus developed and implemented to determine the mechanical performances of the complicated spiral mandrel
die, which has a complex geometrical feature of spiral grooves and is exposed to severe conditions of thermal load and high
pressure. The steady-state thermal analysis is carried out by mapping the temperature load on the flow channel from previously
simulated flow characteristics of polymer melt. The structural analysis takes inputs from both thermal analysis and previously
simulated pressure on polymer melt. Both the temperature and pressure loads on flow channel are transferred via the Smart
Bucket Surface mapping algorithm. The mechanical properties of the spiral mandrel die are evaluated by analysing the deformation and stress distribution. The experimental validation is conducted to demonstrate the effectiveness of the numerical model.
The effects of both structure parameters of the spiral mandrel and processing parameters upon the maximum stress in the die body
and the maximum pressure induced deformation at the die orifice are investigated.
Keywords Spiral mandrel die . Coupled thermal-structural modelling . Finite element simulation . Pipe extrusion

1 Introduction
The spiral mandrel die is a type of extrusion die that enables
mass production of tubular polymer products such as tubes,
pipes and blown films. It analysed and reported that one advantage of spiral mandrel dies lies in that they can render a
uniform thickness, velocity and temperature distribution of the
polymer melts upon exit [1]. The other is that it reduces the
appearance of weld lines on the extruded products compared
with the traditional spider-type extrusion die.
In the extrusion process, complicated and severe thermal
load and high pressure normally expose on the die assembly
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[2]. A high level of temperature gradient or internal pressure
directly affects die wear, tool damage and failure as well as
deformation of flow channel which altogether result in shorter
tool life and poor extrusion accuracy. This is especially true for
spiral mandrel dies, which have complex geometrical features
such as distributors and spiral grooves [3]. A thorough understanding of the deformation and stress state of the spiral mandrel die is of crucial importance for solving the above problems
and design an optimized tool set for polymer extrusion.
It is the die geometry, material properties and processing
conditions that primarily determine the deformation and stress
state in tool set during extrusion process. The theoretical
method, which is the fasted and simplest way, has been applied by Hopmann and Michaeli [4] to determine the deformation and stress state of polymer extrusion dies. However, as
a number of assumptions and simplifications applied, the derived deformation and stress are significant deviant from the
real values. Therefore, the theoretical method is only restricted
to some cases of simple die geometry.
The deformation and stress analysis of die tools have been
significantly improved with the development of numerical
methods and computer-aided engineering (CAE). Several researchers have employed the finite element (FE) method to
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analyse the elastic deformation of die tools and evaluate its
effects on part dimension. Lee et al. [5] conducted the FE
analysis and experimental validation for the elastic deformation behaviours of a cold forging die. It was concluded both
the elastic strain of tool and the dimensional errors of forged
part could be suitably predicted. In order to quantitatively
evaluate the dimensional accuracy of the cold formed component, Long [6] sequentially evaluated the material plastic deformation, heat transfer and tool elastic deformation for the
entire cold forming process. The more accurate fully coupled
FE analysis, which took into account the interaction of melt
flow and die body deflection, were then employed by Wang
and Smith [7] to predict the flow uniformity in the coat hanger
die. Assaad and Geijselaers [8] also applied the fully coupled
FE analysis to calculate a flat die deformation in the production of a U-shaped aluminium profile, together with the experimental validation in terms of the extrusion force and angular deflection of the tongue. Kouzilos et al. [9, 10] examined
the mechanical stresses exerted on the spider leg of the spider
type extrusion die by a fully coupled fluid-structure interaction analysis, which was realized with a commercial finite
element software, COMSOL Multiphysics. Both the contact
stresses along the die-workpiece interface and elastic deformation behaviour of the die in the cold backward extrusion of
steel billets have been investigated and numerically by
Pepelnjak et al. [11].
Numerical investigations on the stress state and failure
probability of die tools have also been conducted. Akhtar
and Arif [12] simulated the dynamic stress and strain values
of a hot aluminium extrusion die and implemented fatigue
damage models for establishing the correlations of die life
with process and design parameters. Behrens et al. [13] applied the FE method to calculate the stress state and evaluate
the fatigue failure of hot forging tools taking the thermalmechanical condition into account. Ahn et al. [14] predicted
the fatigue life of a typical axi-symmetric extrusion die using
the elasto-plastic FEM for deformation analysis and linear
elastic fracture mechanics for crack problem analysis.
Pedersen [15] performed the fully coupled fluid–solid analyses together with self-developed elastic–plastic material behaviour to study the low cycle fatigue of the forward extrusion
dies. The univariate linear regression equation of the service
life of extrusion forming die was derived by Yang et al. after
conducting the numerical simulation of the die wear in each
operation cycle [16]. In addition, Lin et al. [17] have optimized the geometry to improve the service life of hot extrusion dies using FE analysis and updated sequential quadratic
programming (SQP) method. Kwan and Wang [18] have integrated FE simulation with response surface method (RSM)
for an optimum dimensional geometry of a cold backward
extrusion die under predefined stress. Zhao et al. [19]
employed the Pareto-based genetic algorithm to perform the
multiobjective optimization for porthole extrusion die with the

Int J Adv Manuf Technol (2020) 111:3047–3061

purpose to achieve the uniform velocity distribution and reduce the deflection and maximum stress on the extrusion die.
Bingöl et al. [20] and Pepelnjak et al. [11] have also validated the numerical calculations by developing experimental techniques and devices for measuring accurate
stresses on die tools.
The focus of this paper is to investigate the deformation
and stress state of the spiral mandrel die, where the working
loads on its flow channel (fluid–solid interface) are firstly
obtained by load mapping algorithm for the accurate coupled
thermal-structural modelling. The three-dimensional simulation of the flow pattern of polymer melt through the spiral
mandrel die has been carried out in our previous study [21].
Both and temperature and pressure loads on the flow channel
are transferred at the fluid–solid interface using the Bucket
Surface algorithm. On this basis, a modelling framework for
the sequentially coupled thermal-structural analysis of the spiral mandrel die is constructed. A case study is then conducted
to investigate the stress and deformation of a spiral mandrel
die during the extrusion process. Experimental validation is
performed to evaluate the effectiveness of the coupled
thermal-structural modelling for spiral mandrel dies.

2 Modelling framework
As the polymer extrusion process is related to a stable state
over a relatively long time, the steady-state heat transfer and
elastic static structural analysis are considered for the coupled
thermal-mechanical analysis of the spiral mandrel die.

2.1 Steady-state thermal analysis
The temperature distribution of the spiral mandrel die can
be calculated according to the following heat transfer
function [22]:
 2

∂ T ∂ 2 T ∂2 T
λ
þ 2 þ 2 þ q̇ ¼ 0
ð1Þ
∂x2
∂y
∂z
where q̇ is the heat source, which is assumed to be zero.
The die material is regarded as isotropic, and λ is the
thermal conductivity. T is the temperature.
The boundary conditions that include constant temperature
and convection heat transfer on the outer surfaces of the spiral
mandrel die are applied as Eqs. (2) and (3), respectively.
T ðx; y; zÞ ¼ T 0 ðx; y; zÞ
 


∂T
¼ α T −T f
−λ
∂n w

ð2Þ
ð3Þ

where T0(x, y, z) is the specified temperature on the die outer
surfaces. α is the heat convection coefficient between die
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outer surface and the air. Tf is the temperature of the surrounding air.
The calculation of the above differential equation is usually
transferred to the functional extremum problem by the calculus of variation. The differential Eq. (1) and boundary Eqs. (2)
and (3) for the spiral mandrel die have the equivalent functional equation
" 
 2  2 #
1
∂T 2
∂T
∂T
J ðT Þ ¼ ∭V λ
þ
þ
dV
2
∂x
∂y
∂z


1 2
T −T f T dS
ð4Þ
þ ∬Γ α
2
The first-order variation of the function equation J(T) is set
to be 0 as Eq. (5)

δJ ðT Þ ¼ ∭V λ
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þ ∬Γ α T −T f δTdS ¼ 0

ð5Þ

The solution domain is divided into an FE mesh. Then, Eq.
(5) can be written as Eq. (6)
½K T fT g ¼ fQg

ð6Þ

where {T} is the nodal temperature matrix. [KT] and {Q} are
the heat transfer matrix and heat flux matrix as Eqs. (7) and
(8), respectively.

½K T  ¼ ∑ ∭V e k N ;i

T

e

N ;i dV−∬Γ e αT f fN gT dS

fQg ¼ − ∑ ∬Γ e αfN gT dS

ð7Þ
ð8Þ

e

where {N} is the shape function matrix and {N,i} is described
as Eq. (9).



∂N i ∂N j
∂N K
N ;i ¼
ð9Þ
⋯
∂xi ∂x j
∂xk
in which Ni is the shape function of an element. Thus, the
calculation of the temperature distribution of the spiral mandrel die is transferred to the calculation of Eqs. (6) to (8).

ð11Þ

where {σ} is the stress array and [D] is the elastic matrix. As
for the thermal strain array {ε}T, the temperature change can
only lead to normal strain in the isotropic material shown as
fεgT ¼ αT ½1 1 1 0 0 0T

ð12Þ

where α denotes the coefficient of thermal expansion of the
extrusion die. T is the temperature.
The FE method is applied for the above thermoelastic analysis. The solution domain is divided into FE meshes. The
equilibrium equation of the global structure is obtained as
Eq. (13) by direct stiffness method.
½K fug ¼ ½ F  þ fRgT

ð13Þ

where [K] is the global stiffness matrix shown as Eq. (14), {u}
is the global nodal displacement matrix, [F] is the global
equivalent nodal mechanical load matrix, and {R}T is the
global equivalent nodal temperature load matrix shown as
Eq. (15).
½K  ¼ ∑ ½k e ¼ ∑ ∭V e ½BeT ½De ½Be dxdydz

ð14Þ

fRgT ¼ ∑ fRgeT ¼ ∑ ∭V e ½BT ½DfεgT dV

ð15Þ

e

e

e

e

where [k]e is the element stiffness matrix, [B]e is the element
strain matrix, [D]e is the element elastic matrix and fRgeT is the
matrix of equivalent nodal temperature load.
Boundary conditions which restrict the displacement of the
global body are required. The nodal displacement can then be
obtained by calculating Eq. (13). And the element strain {ε}e
and stress {σ}e can be calculated from element nodal displacement using {u}e Eqs. (16) and (17), respectively.
fεge ¼ ½Be fuge
e

e

e

fσg ¼ ½D ½B fug

ð16Þ
e

ð17Þ

2.3 Coupled thermal-mechanical analysis
The governing equations of the coupled thermal-mechanical
analysis of the spiral mandrel die are shown as Eq. (18) by
combining Eqs. (6) and (13).

2.2 Static structural analysis
A thermoelastic model is used to describe the constitutive
relation of the spiral mandrel die, where the total strain array
{ε} is taken to be composed of elastic {ε}e and thermal {ε}T
parts as below [23].
fεg¼fεge þfεgT



fσg¼½D fεg−fεgT

ð10Þ

The hardening effect of temperature on die material is ignored, and Hooke’s law is given by

½K T fT g ¼ fQg
½K fug ¼ ½ F  þ fRgT

ð18Þ

As there is little heat generated by plastic strain or friction
in the spiral mandrel die assembly, the sequential one-way
coupled thermal-mechanical analysis is conducted in this paper. It includes two steps. In the first step, the steady-state
thermal analysis is fulfilled to determine temperature
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distribution and heat flow in the spiral mandrel die. The temperature load and pressure load on flow channel surfaces are
then used as input for the following static structural analysis to
calculate the stress, strain and deformation of the spiral mandrel die. Thus, the coupled thermal-mechanical problem is
simplified, and the calculation time is greatly reduced with
little influence on the calculation accuracy.

2.4 Load mapping algorithm at fluid–solid interface
The one-way coupling method is applied at the fluid–solid
interface by assuming that the deformation of spiral mandrel
die is quite small which has little effect on the flaw character
of polymer melt. It means that only the temperature and pressure are transferred from polymer melts to the structure solver,
while the deformation of the spiral mandrel die will not be
transferred to the fluid solver. The heat resistance at fluid–
solid interfaces are neglected in this case. The Smart Bucket
Surface mapping algorithm is employed to map the temperature and pressure loads from polymer melts (mapping source)
to the spiral mandrel die (mapping target) at the fluid solid
interface. As the complete description of the algorithm has
been presented by Jansen [24], a brief overview of it is presented in this section.
The Smart Bucket Surface mapping algorithm is conducted
by dividing the source mesh at fluid–solid interface into an
imaginary structured grid firstly. Each of the generated grid
section is called a “bucket” as shown in Fig. 1a. Then, each
node of the target mesh is associated with a bucket. On one
hand, each of the associated target node in the bucket will be
matched to a source element if the bucket is non-empty. One
the other hand, if the bucket is found to be empty, the closest
non-empty bucket is found and each target nod is mapped to
one source element and mapping weights are calculated. The
procedure to match the target node to one source element in
the bucket is as follows.

(a)

Firstly, all the source elements in the bucket are looped
to check if the target node is within their domain. This is
conducted by employing the vector of natural coordinates
for each source element in the bucket. It is calculated by
solving the set of equations given by the isoperimetric
mapping below [24]:
n o

bx ¼ Nea ðξÞ xea
ð19Þ
where fbxg is the vector of global coordinates of the target
node, N ea ðξÞ is the matrix of linear shape functions asso
ciated with the source element, and xea is the vector of
global coordinates of element-local node a. The following
criteria are then applied to check if the target node is
within the domain of the source element.
In the case of a quadrilateral source element, the target node
is regarded as within the domain of the source element if the
calculated natural coordinates ξ satisfy the conditions in Eq.
(20) below.
j v1 j ≤ 1
j v2 j ≤ 1

ð20Þ

where v1 and v2 are the components of the natural coordinates
ξ. While, if the natural coordinates ξ satisfy the conditions in
Eq. (21), the target node is regarded as in the domain of the
source element within the specified tolerance tol, whose value
is set as 0.05 in this research.
1 < jv1 j ≤ 1 þ tol
1 < jv2 j ≤ 1 þ tol

ð21Þ

Figure 1b shows the concept in the case of a quadrilateral
source element, where node B satisfies conditions in Eq. (20)
and node A satisfies the conditions in Eq. (21).
In the case of a triangle source element, the conditions in Eqs. (22) and (23) are applied to check if the

(b)

Fig. 1 a Overlaid the source mesh with buckets. b A quadrilateral source element with target nodes (node A: a target node that maps to the source
element within the specified tolerance “tol,” node B: a target node that exactly maps to the source element) [24]
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target node is within or without the domain of the
source element, separately.
(
v1 ≥ 0
v2 ≥ 0
ð22Þ
1−v1 −v2 ≥ 0
(
0 > v1 ≥ −tol
0 > v2 ≥ −tol
ð23Þ
0 > 1−v1 −v2 ≥ −tol
It is possible that a target node is found within more than
one domain of the source elements. To pair each target node
with only one source element, the gap which is defined as the
Euclidean distance from the target node projecting to a source
element is calculated. Only the source element with identical
and minimized gap is paired to the target node. The mapping
weights are then determined by evaluating the finite element
shape functions associated with the paired source element at
the target node. If no target node-to-source element match is
found in a non-empty bucket, the unmapped target nodes are
still simply mapped to the nearest source node in the bucket,
and the mapping weights are evaluated using the Bucket
Surface algorithm.

3 Finite element model
3.1 Geometry and material properties
A typical spiral mandrel die for pipe extrusion provided by
Ningbo Graewe-Fangli Extrusion Equipment Co., LTD. is
shown in Fig. 2a. The engineering drawing of the die

Fig. 2 Geometry of the spiral mandrel die for pipe extrusion: a actual
spiral mandrel die to extrude the pipe with diameter of 1200 mm and b
engineering drawing of the spiral mandrel die: (1) die plate, (2) die head,
(3) die head transition part, (4) outer connection part, (5) die land support,
(6) compression ring, (7) colour scaling ring group, (8) die land transition
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assembly is shown in Fig. 2b. It consists of the outer components such as die plate, die head and die land and the inner
components such as diversion cone, spiral mandrel and die
pin. The inner and outer die components are assembled together to generate the flow channel for the polymer melts to
flow through. The spiral mandrel die is held at the die head
transition part by a rack. There are ceramic and oil-bath
heaters at the outer and inner surfaces, respectively, to control
the die temperature in the extrusion process.
A slight simplification of the geometry of the spiral mandrel die is essential before generating a FE model. The bonded
contacts between die parts are assumed, and the extrusion die
is regarded as a whole part in this research. The assembly
holes and chamfer surfaces are omitted to increase the calculation efficiency. As most of the geometrical features of the
spiral mandrel die are maintained, the simplification will have
little effect to the results of interests.
The simplified geometry is thus shown in Fig. 3. Figure 3a
shows that the melt flow is divided into several streams at the
die inlet. Both spiral flow and the axial leakage flow are generated around the spiral mandrel. The flow becomes annular at
the outlet of the spiral grooves. The polymer melt will then
flow through expansion, concentration and parallel channels
before flowing out of the extrusion die. For ease of illustration,
the die body is divided into three sections as shown in Fig. 3c,
which are the inlet, spiral and forming sections. It can be seen
from Fig. 3b that the die geometry has a periodic nature which
means that the calculation time can be reduced by simulating
only one-sixth of the spiral mandrel die. As the structural
parameters of spiral mandrel including initial depth of spiral
groove H, end radius of mandrel R3 (determines the taper
angle of mandrel) and helix angle α have great influence on

part, (9) die land, (10) diversion cone, (11) spiral mandrel, (12) inner
transition part, (13) inner connection part, (14) connection plates, (15)
die pin transition part, (16) die pin, (17) rack, (18) ceramic heaters and
(19) oil-bath heaters
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Fig. 3 Geometric model of the spiral mandrel die: a cut away isometric view, b geometry of the spiral mandrel, c cross-sectional view, and d detailed
view of the spiral section

both the flow behaviour of polymer melt and the mechanical
properties of the die body, they are marked as shown in Fig.
3d and will be studied in section 5. The essential structural
parameters of the die body are shown in Table 1. The material
used for the spiral mandrel die is the 40Gr structural steel,
whose thermal and mechanical properties are shown in
Table 2.

3.2 Finite element mesh and boundary conditions
The coupled thermal-structural modelling was performed
using the commercially available finite element package,
ANSYS. Considering the spiral mandrel die is cyclic symmetry for each 60°, one-sixth of the geometry is considered to
reduce the computational calculation time. The FE model is
generated using the 10-node quadratic tetrahedral elements
(ANSYS solid 187), 13-node quadratic pyramid elements

Table 1

Essential geometric parameters of the spiral mandrel die

Geometric parameters

Values (mm)

Length of the inlet section (L1)
Length of the spiral section (L2)
Length of the forming section (L3)
Outer radius of flow channel outlet (Ro)
Inner radius of flow channel outlet (Ri)
Number of spiral channels
Helix angle (α)
Width of initial spiral groove (W)
Initial depth of spiral groove (H)
Inner radius of die head (R1)
Initial radius of mandrel (R2)
End radius of mandrel (R3)

120
330
1800
645
550
24
14.357°
20
48
389
388
382
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Material property parameters of 40Gr structural steel

Parameters

Values

Density (kg/m3)
Thermal conductivity (W/m °C)
Coefficient of thermal expansion
Young’s modulus (Pa)
Poisson’s ratio
Tensile yield strength (Pa)
Compressive yield strength (Pa)

7850
60.5
1.2e−5
2e11
0.3
≥ 7.85e8
≥ 9.8e8

(ANSYS solid 186) and the 20-node quadratic hexahedral
element (ANSYS solid186), as shown in Fig. 4a. The mesh
around the spiral grooves is refined as shown in Fig. 4b.
840,926 Eight hundred forty thousand nine hundred twentysix elements and 1,326,479 nodes are generated in total. The
meshes on the symmetrical surfaces are maintained to match
each other. To make the load mapping at fluid–solid interface
efficient, the mesh topology at the surface of flow channel is
set the same as that in the previous fluid modelling of polymer
melt flow.
For the steady-state thermal analysis, the heated inner surfaces of the spiral mandrel die are set as 200 °C and the heated
outer surfaces are set as 220 °C, respectively. The convection
is taken into account between the free surfaces of the die and
the surrounding air. The environment temperature is set as
22 °C, and the convection coefficient is set as 6 W/m2 °C.
The temperature on the flow channel of the die is mapped
from previous simulation of polymer melts flow using the
Smart Bucket Surface algorithm. Figure 5a shows the maximum temperature of cross section at several positions along
the extrusion direction [21]. It demonstrates that the temperature on the flow channel increases gradually from die inlet to

outlet due to the viscous dissipation in the polymer melts. For
the static structural analysis, the mesh used is the same as that
for the above thermal analysis. The displacements at the
supporting points (assembly holes) of the spiral mandrel die
is constrained in x, y and z directions. The loads on the die
consist of both the thermal and pressure loads. The thermal
load is mapped from temperature distribution calculated from
the above thermal analysis. The pressure load on the flow
channel is mapped from the previous simulation of polymer
melts flow. Figure 5b shows the maximum pressure of cross
section at several positions along the extrusion direction [21].
The maximum pressure is found at the inlet of the flow channel. Both the mapped thermal load on die body and pressure
load on flow channel will lead to the stress, strain and deformation of the spiral mandrel die.

4 Results and validation
4.1 Modelling results
The thermal analysis is carried out by calculating all the nodal
thermal values dependent on the thermal resistance of the
materials. The calculated temperature distribution of the spiral
mandrel die is shown in Fig. 6, which demonstrates that the
temperature reduces gradually from die outer surface to inner
surface (Fig. 6a). The temperature gradient of the extrusion die
will lead to thermal stress in the die body. The maximum and
minimum temperatures happen at the outer and inner surfaces
(Fig. 6b), respectively. The calculated temperature distribution will then be used as thermal load on the complete die
body to calculate the stress and strain responses.
Figure 7a and b show the deformation induced by thermal
load and pressure load at periodic surface of the spiral mandrel

Fig. 4 a Isometric view (origin is defined at the centre of the round inlet) and b detailed view at the spiral sections of finite element model
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Fig. 5 Variation of mapped a temperature load and b pressure load on the flow channel along extrusion direction for thermal analysis and structural
analysis, respectively

die, separately. The maximum deformation induced by thermal expansion of the die body is found at the die orifice with a
deformation of 5.94 mm. Such large deformation can lead to
the increase of both diameters and thickness of the annular
extrudate or result in the fracture of the ceramic heater
equipped at the outer surface of the die body. It is thus suggested that the ceramic heaters are connected using spring
joints in the circumference which allows the heaters to expand
with the thermal expansion of the die body. Though it is found
that the deformation of the spiral mandrel die is generated
mainly by the thermal load, the pressure induced deformation
should also be regarded. The maximum deformation of
0.132 mm induced by the pressure load is found near the inlet
of the spiral grooves, which shows that the gaps between each
spiral groove should be strong enough to resist the pressure
when designing the die mandrel.
The total deformation at flow channel on periodic surface
for both outer and inner walls is shown in Fig. 7c. The variation of total, radial and axial deformations at the flow channel
along extrusion direction (y-axis) is correspondingly plotted in
Fig. 8. The axial deformations are found to linearly increase
along the extrusion direction, while the radial deformations

hold the change pattern consistent with the shape of the flow
channel. Due to the difference of radial deformations for outer
wall and inner wall at the die orifice, the thickness of the
annular extrudate will be increased by 0.303 mm due to deformation of the die body.
The coupled thermal-mechanical stress of the die body is
shown in Fig. 9. The stress in the die body in the forming
section is found to be less than 61.84 MPa, which is far smaller than the yield stress of 785 MPa for the die material (40Gr
structural steel). It is thus suggested that the material of the die
body in forming section could be replaced by a cheaper steel
such as cast iron ZG 270–250 in Chinese standard, whose
yield stress is 270 MPa. In addition, stress concentration is
found at the inlet of the spiral grooves. The maximum stress
calculated is 640.2 MPa which is near the yield stress of the
die material 40Gr structural steel. The stress concentration will
easily lead to the plastic deformation of the mandrel, and
cracks will possibly initiate and grow here under cyclic thermal and pressure loads.
It is known that the temperature induced deformation
can be calculated and predicted easily by multiplying corresponding dimension with thermal expansion coefficient

Fig. 6 Calculated temperature distribution on die body: a periodic surface and b cross section (y = 330 mm) vertical to axial direction
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Fig. 7 Deformation distribution at periodic surface of the spiral mandrel die: a temperature-induced deformation, b pressure-induced deformation and c
total deformation at flow channel

of material and temperature change. However, the
pressured induced deformation is normally hidden due to
the complicated flow of polymer in the flow channel of
spiral mandrel die. It is required by Hopmann and
Michaeli [4] that the pressure induced maximum deformation at the die orifice should remain less than 0.05 mm. In
this case, it is calculated as 0.0245 mm, which indicates
that the current design of the spiral mandrel die is conservative. In addition, the maximum coupled thermalmechanical stress should be regarded since plastic deformation or cracking will happen when the maximum stress
exceeds the yield stress of the die material. The calculated
maximum stress is 640.2 MPa in this case. The effect of
the structural parameters and processing parameters on the
maximum pressure-induced deformation at the die orifice
and coupled thermal-mechanical stress will be analysed in
the following section.

4.2 Experimental validation
As shown in Fig. 10a, the temperature, deformation and strain
(stress) at 3 pairs of points on surface of the spiral mandrel die
were measured in the experiment. The first pair (A1 and A2)
located on the surface of die land. The second pair (B1 and
B2) was at colour scale ring group. The third pair (C1 and C2)
was set at the surface of head transit. The measurement points
of each pair were located at the same cross section vertical to
the extrusion direction, and they had an angle of 90°.
Thermocouples, dial indicators and strain gages were applied
to measure the temperatures, deformations and strains at each
measurement point, as shown in Fig. 10b, c. The thermocouples were stuck on the surface of the extrusion die by polyimide tape, which could tolerate the temperature range of
0–300 °C long term. Digital thermometers were used to
receive the electrical signals produced by thermocouples
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Fig. 8 Variation of total, radial
and axial deformations of flow
channel on periodic surface of
both outer wall (OW) and inner
wall (IW) along extrusion direction (or y-axis)

and indicate the measured temperatures. The deformations
in extrusion direction could be measured directly from the
dial indicators, which were installed on the magnetic bases.
All the magnetic bases were installed on the rack, which
can be regarded as static.

The strain gages were welded parallel with the extrusion
direction on the die surface using a spot welding machine to
measure the strain (stress) in the extrusion (y-axis) direction. A
strain measuring instrument together with a PC was used to
record the measured strains. The quarter bridge circuit shown

Fig. 9 Stress distribution at periodic surface of the spiral mandrel die: a equivalent von Mises stress, b enlarged view near inlet of spiral channel and c
stress concentration at the inlet of spiral channel

Int J Adv Manuf Technol (2020) 111:3047–3061
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Fig. 10 Experimental system for measuring temperature, deformation and stress at outer surface of the spiral mandrel die: a schematic diagram, b sensors
equipped at measure point A1 and c data acquisition unit

in Fig. 11a was chosen for the strain measurement, which can
easily be configured and widely used for general stress/strain
measurement. The output voltage due to stain of stain gauge
Rg is as follows:

1
e≈  K  ε  E
4

ð24Þ

Fig. 11 a The quarter bridge circuit for the strain measurement of the spiral mandrel die. b Thermal output of the strain gauge versus different
temperature
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where e is the output voltage, E is the bridge voltage, K is the
sensitivity coefficient of stain gauge and ε is the measured
strain along the extrusion direction.
But further modification of the measured strain is required
in order to obtain the real initiated strain (the coupled thermalstructural strains) in the spiral mandrel die considering the lead
wire resistance, thermal output and gauge factor at the working temperature [25]. Specially, the thermal output of the
strain gauge is measured by welding it on a part with same
material of the extrusion die under different temperature in a
Muffle stove. The variation of the thermal output of the applied strain gauge versus different temperature is recorded as
shown in Fig. 11b.
The experimental procedure is as follows:
1. The extrusion die was preheated before the extrusion process with ceramic heaters on outer surface
of the extrusion die being set at around 220 °C, and
the ones on the inner surface of the extrusion die
set at around 200 °C. The temperatures of the
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2.

3.
4.

5.

ceramic heaters were maintained unchanged in the
extrusion process.
The dial indicators were set as zero in order to eliminate
the deformation due to thermal expansion and prepare to
measure the pressure induced deformation in the following extrusion process.
The temperature of the polymer melt was preheated to be
210 °C in the extruder. The extruder was accurately controlled to extrude the HDPE at certain flow rate.
When a successive and stable extrusion process was
achieved, the deformations at the 6 testing points were
recorded 3 times, and the strain and temperature were
recorded 5 times in a 15-min period.
The melt temperature of resin was maintained at 210 °C.
Steps 3 and 4 were repeated under different flow rates. The
temperature, deformation and strain at the 6 testing points
at different flow rates were measured and recorded again.

The measured temperatures at all the 6 points were found to
maintain at around 220 °C under different mass flow rates,

Fig. 12 Variations of coupled thermal-structural strain in axial direction (y-axis) at the measurement points versus mass flow rate (ES experimental
strain, SS simulated strain)
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which is consistent with the simulated results. The results are
reasonable as the temperature on the outer surfaces of the
spiral mandrel die is controlled and set as 220 °C by the ceramic heater during the extrusion process. The deformations at
the 6 measurement points are found to be too small to be
captured by the dial indicators, which will not be shown here
therefore.
Figure 12 shows the measured strain in axial direction (yaxis) at the 6 measurement points under different mass flow
rates. The positive value means a tensile strain (stress) at the
measurement point. It shows that there is also little variation in
strain at the 6 measurement points, which indicates that the
polymer melt has little influence on the stress rate on the outer
surfaces of the spiral mandrel die. The generated thermal dissipation and pressure due to increase of mass flow rate will
mainly lead to the increase of stress at the surfaces of the flow
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channel instead. It is also found that the absolute strains at
points A1, B1 and C1 are smaller than those at points A2,
B2 and C2, respectively. It demonstrates that the generated
pressure and thermal dissipation on flow channel are actually
not symmetrical around the circumference. The result that the
absolute values of simulated strains at the 6 measurement
points are smaller than the experimental ones is also due to
the fact that only the shear viscosity of the polymer melt is
considered in the previous fluid simulation [21].

5 Analysis and discussion
The mandrel geometry has great influence on the flow pattern
of polymer melts in the flow channel as observed in the previous study [21]. It is known that the mandrel geometry can be

Fig. 13 Variation of maximum coupled thermal-mechanical stress (σmax) in die body and maximum pressure induced deformation (umax) at die orifice
versus different mandrel parameters (H: initial depth of spiral groove; R3: end radius of mandrel; α: helix angle)
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Fig. 14 Variation of a maximum coupled thermal-mechanical stress (σmax) in die body and b maximum pressure induced deformation (umax) at die
orifice versus different mass flow rate (Qm)

mainly determined by the parameters of initial depth of the
spiral groove (H), end radius of the mandrel (R3) and helix
angle (α). The effects of the above three parameters on the die
strength are evaluated as well in this section.
From the results shown in Fig. 13, it is clear that the coupled
thermal-mechanical stress in the die body decreases as the initial depth of spiral groove (H) increases. However, it can result
in the increase of the pressure induced deformation at the die
orifice. In addition, the end radius of the mandrel (R3) exerts a
strong effect on the strength and stiffness of the die body. When
the end radius of the mandrel increases, higher maximum stress
and deformation can be obtained. It is also found that the maximum stress decreases as the helix angle increases from 12° to
16°. When the helix angle continues to increase, the maximum
stress stays almost unchanged at about 650 MPa. The maximum deformation at the die orifice decreases slightly with the
increase of the helix angle.
It is known from previous study that the pressure drop of
flow channel varies greatly with different flow rates at inlet
[21]. The effect of mass flow rate (Qm) on the mechanical
properties of the die body is thereby studied, shown in
Fig. 14. It demonstrates that the mass flow rate exerts great
influence on the stress and deformation of the die body. Both
the maximum stress in die body (Fig. 14a) and maximum
deformation at die orifice (Fig. 14b) increase with the increase
of mass flow rate. Though the higher mass flow rate means
increased productivity, it is necessary to determine a suitable
mass flow rate to avoid unacceptably high stress and deformation of die body.

6 Conclusions
The paper presents a coupled thermal-structural modelling
framework incorporating finite element method and Smart
Bucket Surface mapping algorithm for evaluating mechanical
properties of a spiral mandrel die for polymer pipe extrusion.
The influences of both geometrical dimensions of spiral

mandrel and processing parameters upon the stresses and deformations of the die body were investigated. The simulated
results are very useful as guidance for the die design. The
following conclusions were obtained:
1. Large thermal deformation is found in the forming
section of the extrusion die with a maximum value
of 5.94 mm. It is suggested that the ceramic heaters
at the die surfaces should be connected using spring
joints to prevent them being broken by the thermal
expansion. In the spiral section, the gaps between
each spiral groove should be strong enough to resist
the pressure induced deformation when designing the
die mandrel. The maximum stress of 640.2 MPa is
found at the inlet of the spiral grooves.
2. Both the decrease of the end radius of mandrel (R3) and
increase of helix angle (α) can lead to lower maximum
stress in the die body and the deformation at the die orifice. A suitable initial depth of spiral groove is required to
balance the maximum stress and deformation of the die
body. The increase of mass flow rate will result in a significant increase of both stress and deformation of the die
body.
3. The variation patterns of the essential characteristics obtained by simulation are found to be consistent with those
measured by experiment, which demonstrate that the developed coupled thermal-structural model can effectively
predict the elastic deformations and stresses in the spiral
mandrel die.
4. The newly developed coupled thermal-structural modelling framework can be further developed to include the
transit behaviour, polymer melt flow and thermalmechanical fatigue capability for the spiral mandrel die.
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