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A finite element analysis of a complex assembly was made. The material description used
was a physically based material model with dislocation density as an internal state variable.
This analysis showed the importance of the materials’ behavior in the process as there is
discrepancy between the bolt head contact pressure and the internals state of the
materials where the assembly process allows for recovery. The end state is governed
by both the tightening process and the thermal history and strongly influenced by the
thermal expansion of the AZ91D alloy.
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INTRODUCTION

Modern products are commonly complex assemblies of parts made from different materials made by
different processes to provide the desired function. Critical in this is the fact that these products aremade from
dissimilarmaterials. Joining of dissimilarmaterials is not an easy task and taking in the importance of the end-
of-life management with requirements on easy disassembly and separation of the materials for either reuse,
remanufacturing or material recycling screw fittings is a powerful way to solve this (Bogue, 2007).

In the management of screw fittings involving dissimilar materials, it is important to ensure that
the screws stay in place over the component life. This results in that the thread design (Guo et al.,
2012) as well as both the assembly process and quality assurance of the assembly and process is
important. As a result, the assembly process can involve several steps involving tightening and test
running of the equipment and retightening to avoid issues that the screw is getting loose after delivery
to the customer. This matter thus also involves factors such as mechanical vibration and temperature
loads during the assembly process (Chen et al., 2017).

The processes and changes in material properties occurring in a dissimilar materials situation will
result in a nonlinear manner and are very complex to interpret, causing a need for simulation support
of complex assembly processes. To perform this kind of simulation, the initial and boundary
condition for the assembly process must be known (Yu et al., 2015). Furthermore, accurate
description of the material behavior of the critical materials in the multimaterial assembly must
be used to describe stress and recovery processes that may occur changing the performance of the
assembly. Having these it should be possible to describe and create a better understanding of critical
steps and material choices and their performance in the assembly (Yu et al., 2015).

In the current study, a multimaterial screw fitting involving AZ91Dmagnesium and different steel
parts in the form of a carburetor for a handheld tool is studied. The objective is to simulate this
multimaterial screw fitting process to derive better understanding of the multimaterial complexity in
mechanical joining. In this study, an advanced dislocation density model is used to describe the
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behavior of the AZ91D material. This was chosen to show the
potential for use and capability of physically based modeling in
the description of real complex assemblies. Critical for the current
study is to understand the end state of the assembly as this is an
important quality indication of the assembly and part in the
design and selection of materials and dimensions as well as
tolerances.

DESCRIPTION OF THE COMPLEX SCREW
FITTING TEST CASE

Description of Part Assembly
The part studied was a carburetor assembly where the steel
carburetor was mounted by use of four screws on top of the
combustion chamber cylinder, Figures 1A. The four screws fixing
the carburetor are visible, and the region studied in the current
case was the lower left in the top view shown in Figures 1B.

Actual Physical Assembly Process
Description
The actual physical assembly process is a combination of
tightening the screw, heating, retightening, and ending with a

test run of the engine. This will then result in the end state of the
assembly. The steps of the assembly process of the part are as
follows:

(1) Tightening the screw to 18 Nm at room temperature (RT)
(2) Running the engine to a semisteady state temperature at

maximum power
(3) Cooling the engine to 125°C
(4) Holding the temperature at 125°C
(5) Retightening of the screws to 18 Nm at 125°C
(6) Cooling to RT

Numerical Modeling of the Physical
Assembly Process
In order to study the screw fitting assembly process, one of the
screws was selected for analysis as described inDescription of Part
Assembly. The preferred way of analysis was to create a finite
element model and recreate the assembly process in a virtual
setting. A region of the carburetor was selected large enough so
that the boundary conditions did not affect the strain field in the
vicinity of the selected screw fitting, to minimize the simulation
time. A cross-section of the screw fitting is shown in Figure 2,
which illustrates the different components involved.

The magnesium alloy (AZ91D) component was considered
the most critical component of the assembly; thus, its
deformation and end state became the primary objective of
the study. For this reason, the finite element mesh is denser in
the threading.

Finite Element Model
The finite element model (FE model) is composed of first-order
tetrahedral elements, pyramid elements, and hexahedral
elements. The total number of finite elements was
approximately 230,000. Preliminary studies of the screw fitting

FIGURE 1 | Assembly of the carburetor with (A) iso view and (B)
top view.

FIGURE 2 | Cut FE model of the carburetor.
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assembly process showed that the size of the linear finite
elements, that is, a first-order model, is sufficient for analyzing
plastic strains in the component.

The simulations were carried out using MSC Marc 12™ and
the implicit coupled thermal displacement solver. Contact was
modeled using a mortar contact algorithm and a constant
Coulomb coefficient of friction of 0.3 for all contact surfaces.

Boundary Conditions and Loads
Due to the selection of only one screw for the analysis, a section of
the carburetor was cut, and symmetry Dirichlet boundary
conditions were applied to the surfaces shown in Figure 3.

Following the physical assembly process, the tightening of the
screw was simulated by applying a torque of 18 Nm to the screw
head also indicated in Figure 3. Apart from these mechanical
boundary conditions and loads, a temperature load was also
applied.

The initial thermal condition was that the whole assembly was
at RT. The thermal load was highly complex as it originated from
running the engine and as such involved transients and gradients
over the assembly. To overcome this, the input originated from
thermal measurements at specific locations used to calibrate a
Computational Fluid Dynamics (CFD) simulation of the engine,
provided by the product owner. This thermal field under a
semisteady state was used to construct the thermal load for the
simulated section of the assembly. The heating cycle was nearly
linear to the steady temperature, and thus linear heating was
assumed. The thermal load was constructed as linear heating
from RT up to the semisteady state temperature field predicted
by the CFD simulation. This means that the gradients were also
reproduced implicitly, meaning that the linear heating rates varied in
the different parts of the cross-section as part of the approximation.

Material Constitutive Models
Referring to Figure 2, it can be seen that mainly steels of different
grades are used for most of the components except one which is

made of a magnesium alloy AZ91D. Due to the loads that were
applied, the steel components only deform elastically as a result of
the applied boundary conditions and loads. In Table 1, the
material elastic properties are shown. The magnesium alloy
component deformed elastically as well as plastically. In the
following section, the plasticity model used for the magnesium
component is described in detail.

FORMULATION OF THE CONSTITUTIVE
MODEL

Deformation of metals is commonly described by empirical
equations, relating flow stress to plastic strain, strain rate, and
temperature. Empirical models are determined by means of
fitting the model equations and parameters to experimental
data without consideration of the actual physical processes
occurring during the deformation. Despite good fit to
measured stress-strain data within the range of strains, strain
rates, and temperature, empirical relations typically lack
predictive capabilities beyond the range used for fitting the
parameters in terms of deformation conditions and material
microstructure.

Inelastic deformation of AZ91D alloy is controlled by
dislocation glide mechanisms with solute atoms as essential
obstacles and varying morphologies. The advantage of using
physically based flow stress models is an expected larger
domain of validity since these models possess predicting
capability outside the range of experimental data used for
calibration.

The present model is a type of von Mises plasticity that uses
von Mises function for deviatoric plasticity, and we assume
associated flow rule. The difference to empirical plasticity
models, that are of a curve-fitting nature, is that plastic strain
is not used as an internal variable. The presentedmodel includes a
coupled set of evolution equations for the internal state variables,
dislocation density, and vacancy concentration. The concept of
the dislocation density is the amount (length) of dislocations for a
representative volume element divided by its volume. The model
considers both mobile and immobile dislocations. The
microstructure is not represented explicitly but in an
averaged sense.

The user subroutine interface WKSLP was used to implement
a material model into MSC.Marc™ software. The subroutine
allows the introduction of relations for yield stress and
corresponding hardening slope as a function of strain, strain
rate, and temperature. The implementation used is based on the

FIGURE 3 | FE model of the cut section of the carburetor indicating the
boundary condition surfaces.

TABLE 1 | Material elastic properties used in the FE model.

Material Young’s modulus [GPa] Coefficient of thermal
expansion [10–6/K]

Steel_EN10130_DC01 201 15.5
Steel_EN10130_DC04 201 15.5
Steel_10_9 201 15.5
AZ91D 44 24.6
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additive decomposition of the spatial rate of the deformation
tensor. A midpoint-projection type algorithm was used for the
integration of the constitute relations.

Details of the model, including experimental procedures and
parameter optimization, are found in Lindgren et al. (2008) for
low strain rate applications, and modeling of high strain rate
phenomena is presented in Wedberg et al. (2012) for AISI 316L.
Dini et al. (2017) presented a dislocation density based
constitutive model, including the effects of microstructure
scale and temperature to predict flow stress of as-cast AZ91D
alloy. This model is the basis for the current work. The fitting by
Dini et al. (2018) was made on material produced with a wide
range of cooling rates to vary the secondary dendrite arm spacing.
The method used was a Bridgeman casting process that produces
a relatively large grain size. Jarfors (2018) showed that for the case
of Mg-alloys there is a physical significance of both primary grain
size and secondary dendrite arm spacing due to coinciding
growth directions and deformation planes which has
consequences for the Hall-Petch relationship. Basic equations
of the model are described shown in the next section, but the
parameters have been refitted to the behavior of the commercially
produced AZ91D material that had a significantly smaller grain
size than the materials used by Dini et al. (2018).

Flow Stress Physical Model
An incompressible vonMises plasticity model was used under the
assumption of isotropic plasticity. Flow stress was split into two
components. The first component was due to long-range barriers,
σG, which is unaffected by thermal energy, and a second
component arising from short-range barriers, σ*, which is
thermally activated; see Bergström (1969) and Lindgren et al.
(2008). Hence, the yield stress in Eq. 1 was defined as the sum of
the resistance from the long-range and short-range barriers:

σy � σG + σp. (1)

Long-Range Barrier Contribution
The long-range barriers from Eq. 1 are due to interactions with
the dislocation substructure and are directly related to the
immobile dislocation density; see Seeger (1956). This was
described as follows:

σG � mαGb
��
ρi

√
. (2)

Here, m is the Taylor orientation factor transforming the
effects of resolved shear stress in different slip systems into
effective stress-strain relations and is affected by the texture, α
is a proportionality factor that for the ideal theoretical case with a
Poisson distribution is ½ but for real materials may deviate, ρi is
the immobile dislocation density, G is a temperature-dependent
shear modulus, and b is the Euclidean length of Burgers vector.

Short-Range Term Contribution
The short-range term in Eq. 1 is the thermally activated flow
stress component. The strength of obstacles, which a dislocation

encounters during its motion, determines the dependence of flow
strength to applied strain rate. The velocity and density of mobile
dislocations are related to the plastic strain rate according to the
Orowan equation (Orowan, 1948),

_ε p � ρmbυ
m

, (3)

where ] is the average velocity of mobile dislocations having a
density ρm. This velocity is related to the time needed for a
dislocation to pass an obstacle. It was assumed that the
traveling time between two obstacles was negligible
compared to the dwell time at the obstacles. The dwell
time is related to the probability that the thermal
vibrations assist the dislocation to overcome the obstacle.
According to Frost and Ashby (1982), the velocity of
dislocation motion is defined as

] � Λυa exp(−ΔGkT). (4)

Here, Λ is the mean free path for dislocations between two
obstacles, υa is the attempt frequency, which depends on the
characteristics of obstacles, and k is Boltzmann’s constant; T is
the temperature in Kelvin. Using Eqs 3, 4, Orowan equation can
be rewritten as

_ε
p � ρmΛb]a

m
exp(−ΔG

kT
) � f exp(−ΔG

kT
). (5)

If the stress is insufficient to drive a dislocation to pass a
barrier having the activation energy ΔG, the probability that
dislocations will jump the barrier increases with increased
temperature. Different shapes of barrier energy distribution
result in different constitutive equations. A generalized
equation for these shapes was proposed by Kocks et al. (1975),
with two parameters, p and q, and is given by

ΔG � ΔF[1 − ( σp

σath
)

p

]
q

. (6)

Here, ΔF � Δf0Gb3 is the total free energy required for a
dislocation to overcome the lattice resistance or obstacles.
The quantity σath � τ0G is the athermal flow strength that
must be exceeded in order to move dislocations across the
lattice without the aid of thermal energy. Calibration
parameter τ0 is related to the shear strength of the
obstacle that has to be overcome in the absence of thermal
energy and calibration parameter Δf0 is related to the
activation energy necessary to overcome lattice resistance
without assistance of mechanical energy. The exponents
0< p≤ 1 and 0< q≤ 2 are related to the shape of energy
barriers. Guidelines for selection of Δf0 and τ0 were given
in Frost and Ashby (1982).

The strain rate dependent part of the yield stress from Eq. 1
can be derived according to the Kocks-Mecking formulation
(Kocks et al., 1975), as
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σp � τ0G{1 − [ kT
Δf0Gb3

ln(_εref
_ε
pl )]

1/q

}
1/p,

(7)

where _εref is the reference strain rate.

Dislocation Density Evolution Modeling
The equation for the flow stress, Eq. 1, requires evolution
equations for internal state variables, which are the dislocation
density and the vacancy concentration. The mobile dislocation
density was assumed to be significantly smaller than the immobile
dislocation density; see Bergström (1983). The immobile
dislocation density is expressed in terms of hardening (+) and
recovery (−) contributions. The presented model is tracing only
the density of immobile dislocations ρi

_ρi � _ρ(+)i − _ρ(−)i (glide) − _ρ(−)i (climb), (8)

where the index i denotes the immobile dislocation density.

Hardening Process
Mobile dislocations move over a mean free path Λ before they are
immobilized or annihilated. According to the Orowan equation,
the density of mobile dislocations and their average velocity are
proportional to the plastic strain rate. It is reasonable to assume
that an increase in immobile dislocation density also follows the
same relation. Thus the pile-up of immobile dislocation density
can be written (Bergström, 1983; Estrin, 1998) as

_ρ(+)i � m
b

1
Λ
_ε
p
. (9)

The mean free path can be computed from the initial grain size
g0, secondary dendrite arm spacing λ2, and the dislocation subcell
diameter s, see Dini et al. (2018), as

1
Λ � 1

λ2
+ 1
g0

+ 1
s
. (10)

The size of dislocation subcells is related to the immobile
dislocation density by the calibration parameter Kc. The
formation and evolution of subcells are modeled using a
relation proposed by Holt (1970)

s � Kc
1��
ρi

√ . (11)

It should here be noted that due to the unique relation of
dendrite growth directions and the slip planes in HCP materials
such as an AZ91D Mg alloy this description is still not sufficient
to be completely generalized, most likely due to the relationship
between twinning and grain size (Jarfors, 2018).

Restoration Processes
The creation and motion of vacancies are related to the recovery
of dislocations, which usually occurs at elevated temperatures.
The creation of vacancies requires energy and their concentration

increases with temperature and deformation. Recovery,
remobilization, and/or annihilation of dislocations are
proportional to the dislocation density and controlled by
dislocation glide and climb. Bergström (1983) described
dislocation recovery by glide as

_ρ(−)i (glide) � Ωρi _ε
p
, (12)

where Ω is a recovery function that depends on temperature and
strain rate. This model accommodates dynamic recovery due to
the strain rate. Static recovery controlled by diffusional climb was
assumed to have the following form; see Militzer et al. (1994).

_ρ(−)i (climb) � 2ccD]
c]
ceq]

Gb3

kT
(ρ2i − ρ2eq). (13)

In Eq. 13, cυ is the fraction of vacancies, ceq
υ

is the thermal
equilibrium vacancy concentration, and cc is a calibration
parameter related to the stacking-fault energy. The dislocation
density decreases toward an equilibrium value ρeg . The self-
diffusion coefficient Dυ is given according to Reed-Hill and
Abbaschian (1992)

Dv � a2υae
ΔSvm+ΔSvf

k e−
Qvm+Qvf

kT � Dv0e
−QvkT , (14)

where a is lattice constant, υ is the lattice frequency, ΔSvm is the
increase in entropy due to motion of vacancy, ΔSvf is the increase
in entropy when forming a vacancy, Qvm is the energy barrier for
vacancy motion, and Qvf is the activation energy for vacancy
formation. The more compact form is written with vacancy self-
diffusion Dv0 and activation energy for lattice diffusion Qv ; see
Frost and Ashby (1982).

Generation and Migration of Vacancies
The calculation of the vacancy concentration is required for the
solution of Eq. 13. When a crystalline material is kept sufficient
time at a given temperature, an equilibrium vacancies
concentration is reached. Deforming the material or changing
the temperature generates the excess vacancies, defined as

_cexv � (χ σyb

Qvf
+ ς

cj
4b2

) Ω0

b
_ε
p − Dvm(1

s2
+ 1
g2
)(cv − ceqv )

+ ceqv (Qvf

kT2
) _T . (15)

The stress σy in Eq. 15 is equal to the flow stress during plastic
deformation; the factor χσy _ε

p
is the fraction of the mechanical

work needed for the vacancy formation, Qvf is the activation energy
for forming a vacancy, Ω0 is the atomic volume, and cj is the
concentration of thermal jogs. The parameter ς describes the
neutralization effect by vacancy emitting and absorbing jogs, ceqv
is the equilibrium concentration of vacancies at a given temperature,
cv is the nonequilibrium vacancy concentration, and Dvm is the
diffusivity of vacancies. Details of the model for vacancies are to be
found in Militzer et al. (1994) and Lindgren et al. (2008).
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MODEL CALIBRATION

An in-house Matlab™ based software was used to obtain the
calibrated parameters of the model. The software uses constrained
minimization routine in Matlab™ and can handle multiple
experiments for the optimization. All parameters for the
dislocation model presented in Dini et al. (2018) were used as
initial values. In the next step, the initial parameters for as-cast
material were recalibrated using data from compression and tensile
tests performed on high-pressure die-cast material. This step was
necessary due to the nature of the Hall-Petch contribution in the
AZ91D Mg alloy as described by Jarfors (2018). The materials
constants of the model are to be found in Dini et al. (2018), while
the calibrated temperature-independent parameters for the model
presented in the current paper are collated in Table 2. The
temperature-dependent calibrated parameters are collated inTable 3.

The quality of the calibration and validation of the calibration
weremade through fitting and optimizing themodel through one set
of tensile tests and comparing these with another set of tensile tests
for the high-pressure die-cast materials with only six samples needed
for the recalibration. The fit between experimental data and tensile
data for validation is shown in Figure 4.

RESULTS AND DISCUSSION

Contact Pressure Evolution
The quality of a screw fitting is hard to evaluate, as there are many
loads and conditions that may determine this, but a first step is to

evaluate this as the evolution of the average contact pressure on
the mating surface of the contact pressure of the screw. This
surface and the pressure distribution on this surface at the end of
the simulation/assembly cycle are shown in Figure 5A. Here it
can be noticed that the contact pressure is highest near the
threading and lesser at the outer edge of the bolt head. This is a
clear indication that there is an elastic interaction and that the
distance from the threading increases the area of the bolt, and as
such, this should be proportional to the inverse of the square of
the distance from the threading. The pressure distribution is not
entirely symmetric which also reflects that the screw enters the
threading that is a helix and a slight asymmetry is to be expected
as the distance to the threading contact surface is asymmetric.
Similarly, as the screw is in the corner of the assembly, a slight
asymmetry in the substrate stiffness is also expected all showing
up as an asymmetry. One quality of the screw fitting design
would be the asymmetry of the contact as friction is not
maximized. In the current case for the real assembly the
washer is knurled, and the pattern on the surface would aid
the friction and secure the screw as long as the contact pressure
is sufficient.

In Figure 5B, the evolution of the contact pressure in the
quasistatic analysis is shown. Each step in the assembly is visible.
In the application of the torque the bolt is rotated till the required
moment of 18 Nm is achieved. In the very beginning there is no
contact between the bolt and surface, but once contact is made,
there is a steady increase until an approximate contact pressure of
50 MPa is reached corresponding to 1/3 of the yield strength at
RT. The conditions in the threads are discussed in the following
section as they require special attention.

After this first step, the combustion engine is started and run
at maximum power to reach maximum temperature meaning
that temperatures are well above the maximum service
temperature in some regions but also meaning that
significant temperature gradients are generated. This
temperature field was modeled by use of CFD and

TABLE 2 | Calibrated parameters of the model.

Notation Equation no Value Dimension

α (2) 0.609 —

ρi0 Initial immobile dislocation density 1.04·1013 m−2

Kc (11) — —

g0 (10) 8.0·10–6 m
λ2 (10) 6.0·10–6 m
cγ (13) — —

τ0 (7) — —

Δf0 (7) — —

Ω (12) — —

p (7) 0.55 —

q (7) 1.16 —

TABLE 3 | Calibrated temperature-dependent parameters of the model.

Temp (°C) Kc cγ τ0 Δf0 Ω

20 16.84 0.0634 0.01589 0.7237 10.598
90 14.45 0.0781 0.02021 0.2003 20.008
100 14.38 0.0624 0.02000 0.2000 20.000
120 17.84 0.0689 0.02614 0.4571 17.097
133 14.38 0.0624 0.02085 0.4179 21.085
150 18.58 0.0678 0.02083 0.4429 28.887
180 19.21 0.0765 0.04291 0.3750 33.346
210 25.35 0.0835 0.03529 0.4322 38.867
250 14.38 0.0624 0.06500 0.7500 14.991
350 14.38 0.0624 0.08500 0.9000 29.933

FIGURE 4 | Flow stress curves used for the calibration. The lines are
computed values.
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incorporated into the coupled thermal-structural finite
element model as linearly increasing from RT to the
steady state solution of the CFD simulation. As the thermal
expansion of the AZ91D alloy is higher than the surrounding
materials, the pressure is increased as the screw is pulled
toward the mating surface. The contact pressure here
reaches above 150 MPa and is in the range for yielding at
RT. Here it should be noted that it is likely that a limited plastic
deformation takes place at the contact surface.

The third step is the cooling of the engine to 125°C. This
implies that the temperature of the AZ91D alloy is made even and
all gradients are removed. Initially, there is an increase followed
by a decrease and then again an increase in the contact pressure.
The increase is a clear indication that there initially is a continued
expansion of the AZ91D alloy as the cooler regions of the engine
will increase in temperature and vice versa.

The fourth step is to hold the assembly at 125°C, and during
this step, there is a reduction of contact pressure, suggesting that

FIGURE 5 | Contact pressure at the mating surface of the screw: (A) the distribution of pressure on the screw head at the end of the assembly, (B) the evolution of
the average contact pressure on the contact surface.
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there is a relaxation process taking place. This is difficult to
resolve without making a thorough analysis of the events taking
place in the threading. Subsequent to the isothermal holding is
another retightening to 18 Nm. As the bolt is rotating during
simulation it was evident that relaxation had taken place despite
the fact that the contact pressure is higher than during the first
tightening. This also must be a result of conditions in the threads.
If it only were due to the contact between the bolt head and the
mating surface, then it would not have been possible to rotate the
bolt due to the frictions force required to turn the bolt as it would
be more than three times that of the first tightening. It should also
here be noted that the contact pressure at 125°C after tightening is
in the same range as the tensile strength at 120°C from the tensile
tests used to fit the parameters for the physically based material
model for AZ91D. That the material still manages is due to the
fact that there is a load distribution to a larger surface from the
carburetor washer and so forth. This does stress the need for an
analysis of the events in the threading.

The final step in the process is to cool down to RT. Due to the
differences in thermal expansion, the expectation is a reduction of
contact pressure as the AZ91D material should shrink more than
the rest of the assembly making the screw relatively longer.

Threading Deformation and Validation of
Simulation Results
As a first test, the predicted dislocation densities should be
reasonably correct for the simulation of the screw fittings. This
should provide a sound base for the model being accurate in the
approach takes and a quasistatic approach. The point of
validation is the first thread at which a slice was taken in the
model, and a physical part is studied metallographically using a
Scanning Electron Microscope and addressing the Kernel
Average Misorientation (KAM) in order to calculate the
dislocation density. In this way the Geometrically Necessary
Dislocations can be approximated which corresponds to the
currently calculated dislocation density in the current model,
due to the fact that the mobile dislocations are assumed to have a
short life span before immobilization and therefore should be the
same in the model as what you see in the Geometrically Necessary
Dislocations measurements.

The distribution of dislocations at the end of the assembly
process, Figure 6A, clearly shows that there has been a significant
increase from the initial value of 1.04·1013 m/m3. This is direct
evidence that in the model the AZ91D material was plastically
deformed in the threading. The Blue region is the screw pressing
the threading upwards with tension at the corner below the screw
and compression under a bending/shearing condition where a
broader region with high dislocation density is seen. Plotting the
distribution along the line and comparing to the measurements
using the KAM values, the result is shown in Figure 6B. The
overall trend is the same with a higher value at the tip of the
threading than in the root region passing through a maximum.
That this maximum occurs was visible from Figure 6A where a
shear band I generated from the root corner under tension to the
opposite side under compression. The discrepancy seen can
partly be explained by the assumption of the initial conditions.

In the model the dislocation density is 1.04·1013 m/m3 evenly
distributed in the whole volume and thus also along the line used
for comparison. In reality, the threading is cut resulting in plastic
deformation. This was assessed through KAM analysis of the
threading in the as-cut condition without having undergone
assembly. This thread cutting process resulted in an increase
of dislocation with nearly a factor 5 of an addition of 0.5 1014 m/
m3more dislocations at the top and a factor 2 or 0.1 1014 m/m3 at
the root. This means that adding this initial state in the
discrepancy should increase somewhat for the model and be
more tiled if the process was purely additive. Now, this is not the
case as the plastic deformation also will influence the yield point
for the start of the plastic deformation resulting in that the tip has
a higher yield point at the start of the process. Annihilation
processes and recovery during cooling and holding would also be
slightly different. The model is however relatively close and as
such should also be acceptable as it catches the trend and is
reasonable near the absolute values.

Making an analysis of the dislocation density in the top
threading as the assembly process is performed reveals several
essential events and observations. In Figure 7, the evolution of the
dislocation density for five points along the black line in
Figure 6A is shown. As the torque of 18 Nm is applied, the
tip of the top threading is plastically deformed, and plastic
deformation is just starting at the first point along the line
180 µm from the tip. In the real case this may not happen due
to prior deformation from the thread cutting.

Subsequently, the engine is started and temperature increases.
Thermal expansion in combination with the reduction of yield
strength results in significant plastic deformation and also a
strong deformation gradient from the thread tip and inwards.
This also corroborates with the sharp increase in contact pressure
as the threaded AZ91D material pulls the bolt downwards during
heating.

During the third step as the engine is cooled to 125°C, the
plastic deformation increases initially rapidly. It is also during this
step that the dislocation density rapidly increases inside the
threading as the point at 180 µm passes the tip and receives
more deformation. Here, it should be noted that the deformation
process is such that the deformation at the root is initially
significant and the point at 720 µm away from the tip is the
secondmost deformed point. This implies that the temperature of
the AZ91D alloy is made even and all gradients are removed. As
the temperature remains relatively high and the dislocation
density is a peak recovery start and as the temperature is
homogenized dislocation density was reduced. During the
fourth isothermal holding state at 125°C, the recovery initially
continued to reach a steady state at the end of the state. At the fifth
step with retightening at 125°C there is little contact with the top
thread as the weak recovery continues and the contact pressure
was reduced until contact was made. Again contact pressure
increased and plastic deformation was generated again. The
current simulation was quasistatic, and the rate of recovery is
hard to understand thoroughly under this mode. However, as the
end result the dislocation density measurement has a reasonable
agreement (see Figures 6b, 7) and it can be concluded that this
recovery period is of great importance as the material recovers
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FIGURE 6 | A cross-section of the attached screw in an attempt to illustrate the dislocation density (m/m3) in the top thread. The dislocation density is shown at the
end of the assembly process. (A) Distribution of dislocations at the end also showing the center line along which the dislocation density was taken for comparison with
measurements, (B) the simulated and measured dislocation density along the center line. The simulated average dislocation densities are given as function of the
distance from the thread tip after the complete assembly process, (C) the initial distribution of dislocations used in the model and the measured distribution.
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and allows retightening. Without this isothermal period
threading fracture would be likely as AZ91D is a material with
limited ductility and the recovery regains ductility and the
materials soften.

The final cooling down to RT generates huge amounts of
deformation and is as such the most dramatic event in the
assembly process where the dislocation density is
approximately doubled in the studied points. It should here be
noted that Dini et al. (2015) showed that there is significant
variability in the thermal expansion of AZ91D, brought on by the
precipitation of Mg17Al12. This change occurs in the range of
8–11%Mg17Al12 as there is a change in the mode of precipitation
from individual particles to a more continuous network. This
network formation is driven by both the alloy composition and
the grain size. The network is promoted by higher Zn contents
and by reduced nucleation rates with increasing grain sizes.

CONCLUSION

In the current paper the assembly process of a carburetor was
analyzed using a quasistatic finite element method. The complex
five-step assembly process, involving tightening, heating, holding,
and retightening, was difficult to analyze as it involvedmany steps
and also a complexmaterial behavior. To resolve this an advanced
material model was also used based on a physically based
principle with the dislocation density as an internal state variable.

The main conclusions were such that at the first stem with the
torque at 18 Nm the upper threads were brought to the yield point

of the material. For the subsequent heating to maximum use
temperature onset of plastic deformation occurred primarily due
to thermal gradients and thermal expansion and to a lesser extent
due to reduction of the yield point with temperature. In this state
any additional retightening would result in severe deformation
and possible fracture of the threads.

The physically based modeling revealed that, at the peak
temperature and during cooling to 125°C, a relaxation of the
material took place with dislocation recovery/annihilation as a
result despite the fact that the contact pressure initially increased.
This recovery also hinders failure of the threads in the assembly
process and is as such an essential element in a successful assembly
process. The test run to maximum use temperature is also the step
which is the most difficult to control accurately and to ensure that it
is repeatable. In order to get some control holding under isothermal
conditions at 125°C has been developed for the assembly sequence.

Retightening is a standard procedure for any process where
vibrations and elevated temperature are involved, and hence this
was also used. Retightening with the same peak torque ensures
that the contact pressure for the bolt head reached the maximum
value, but this did not result in the maximum deformation at the
top thread. In the cooling to RT thermal stress results in
significant deformation and dislocation generation despite the
fact that the bolt pressure is reduced.

The fact that the first heating step results in a significant
deformation, and the final cooling results in significant
deformation, stresses the importance of thermal expansion of the
AZ91D alloy. Dini et al. (2015) showed that there is a significant
variability in the thermal expansion of AZ91D that was brought on

FIGURE 7 | The dislocation density evolution at five (5) different locations along the black line shown in Figure 6A during the assembly process. The circles indicate
the different steps in the assembly process. The values at virtual process time 6, end state, are also shown as simulated data in Figure 6B.
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by the precipitation of Mg17Al12. The root cause of this variability is
that in the precipitation of Mg17Al12 range of 8–11% there is a
change in precipitation mode from individual particles to a more
continuous network. This is driven by both the alloy composition
and the grain size. The skeleton is driven by higher Zn contents and
by reduced nucleation rates with increasing grain sizes, stressing the
need and importance of further research and development of
inoculation of AZ91D.
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