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Abstract— The macroscale performance of halo impact protection
device, made of Ti-6Al- 4V alloy, used in F1 race cars is studied
using finite element (FE) simulations. The halo and its components
are designed based on FiA (F’ed’eration Internationale de
I’Automobile) standards. The halo is studied under static and
dynamic loading conditions. The dynamic impact loading analysis
is performed by considering a real-life F1 accident scenario, i.e.,
impact of moving halo at a high speed against a steel barrier. The
dynamic impact of the halo is studied by considering the Johnson-
Cook constitutive model and the input mechanical properties are
considered based on the different phases present in the material
during the impact. The static loading analysis shows that the
device is safe and adheres to FiA standards. The dynamic impact
loading analysis shows that the device fails and shows the regions
of high stress, plastic strain, and damage in the halo. The
simulations emphasize the importance of weld joints in deciding
the safety of the halo device of F1 race cars.
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I.  INTRODUCTION

Formula 1 (F1) is often regarded as the pinnacle of motor sport,
although the risk of injuries and fatalities is very high. The
safety of F1 drivers is less compromised in recent times, mainly
due to the series of safety innovations added to a F1 car. One
such safety innovation, introduced by the FiA (F’ed’eration
Internationale de 1’Automobile) after the death of a race car
driver due to head injury, was the Halo impact protection
system that protects the drivers from severe head injuries and
death [1]. The addition of the halo protection device has shown
to improve the driver’s survival rate by 17% [2]. The Bahrain
Grand Prix in 2020 justified the relevance of the halo in F1 as
one of the drivers, Romain Grosjean’s race car collided with a
stationary barrier that split open as the car passed through it at
approximately 140 miles per hour. The driver survived
miraculously, mainly due to the halo impact protection system
[3]. The addition of halo was further emphasized during the
2022 Great British Grand Prix when Zhou Guanyu’s car glided
across the track upside down on the halo and into the gravel and
finally stopped by the catch fencing, however without any
major injuries to the driver [4].

The performance of the halo during crash must be studied to
understand its behaviour under dynamic loading, which can aid
in improving the design of the halo. In addition, the
performance of halo under static loading should also be studied
to ensure that the design of halo is acceptable according to FiA
standards [5,6]. Finite element analysis (FEA) can provide
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insights into the macroscale performance of the halo under
different loading conditions [7]. However, the crash behaviour
of the halo has not been analysed using FEA by considering
realistic dynamic loading conditions and accurate material
properties as well as material models.

Grade 5 Titanium, i.e., Ti-6Al-4V alloy, has been selected as the
material for the halo after extensive research and testing by FiA
[8]. Phase transformations can occur in titanium alloys under
different thermomechanical conditions and can lead to various
phases, viz. a, f and @. At ambient pressure, Ti-6Al-4V alloy
transforms from a to o + f at 1070 K and to f at 1280 K [9,10].
o transforms to w, a brittle phase, at 26-33 GPa in a martensitic
manner [9,11,12]. a to w transformation has also been observed
in pure Ti during hydrostatic and non-hydrostatic pressure
loading [13,14] as well as during shock loading [14-16].

The formation of highly brittle @ phase during impact loading
can affect the mechanical properties of Ti—6Al-4V alloys and
consequently the performance of the halo. Therefore, its
formation during the impact loading should be accounted for
during the stress analysis of the halo to further improve its design
and performance. In the present work FEA is performed to
analyse the macroscale performance of the halo device under
static loading conditions and during the impact of the halo
against a steel barrier by considering the mechanical properties
affected by different phases, including the omega phase in Ti-
6AI-4V alloy.

II. FINITE ELEMENT ANALYSIS

Static and dynamic analyses are performed on the halo device
using the finite element analysis. The halo device is assembled
using the following components: a central pylon, two tubes that
make a U-section and two brackets with circular holes (Fig. 1a).
All the components are considered to be made of Ti—6 wt.%Al-
4 wt.%V alloy. Based on the FiA standards [5, 6], the
components and the assembled halo (Fig. 1a) are designed using
Autodesk Inventor [17]. Finite element analysis (FEA) of the
halo is performed using ANSYS software [18]. As the
components of the halo are usually welded, the joint regions
between the components are considered as ‘Bonded’ in FEA.
The pylon is connected to the front part of the vehicle through
the hole on the pylon whereas the two rear ends of the tubular
‘U’ section is attached to the rear of the vehicle by means of the
circular holes in the two brackets (Fig. 1a). Frictionless support
is considered at these three contact points (holes). As the rear
end of the halo is wrapped within the exterior surface of the F1
car, cylindrical support is considered on the two exterior faces
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of the brackets so that the brackets possess tangential freedom
and constrained in the axial and radial directions. A zero
displacement constraint in the X-direction is applied on the
bottom face of the pylon to ensure that the halo does not move
sideways when forces are applied. The mesh details and the
loading conditions are explained in the following sections.

A. Static Analysis

A triangular finite element mesh (Fig. 1b) with an element size
of 1 mm is considered in the regions where load is applied on
the pylon whereas in the other areas of the pylon an element size
of 6 mm is considered. Rectangular finite elements sized 6 mm
are considered in the other regions of the halo whereas in the
brackets the element size is 3 mm. A resultant force of 125 kN
is applied on the front part of the pylon (Fig. 1b) and the resultant
von Mises equivalent stress will be compared with the static
yield strength of the material to analyse the component’s
deformation behaviour. Based on FiA’s loading specifications
[6], this resultant force is composed of 116 kN in the negative Y
direction and a force of 46 kN acting in the negative Z direction.
In addition, the following loading requirements by FiA were also
adhered to: the load must be applied at a position of 190 mm
rearward of the front fixing axis and 170 mm above the front
fixing axis.

B. Dynamic Analysis

Dynamic analysis of the halo device is performed using the
finite element analysis (FEA). The halo device is assembled
using the following components: a central pylon, two tubes that
make a U-section and two brackets with circular holes (Fig. 1a).
All the components are considered to be made of Ti—6 wt.%
Al-4 wt. %V alloy. Based on the FiA standards [5, 6], the
components and the assembled halo (Fig. 1a) are designed
using Autodesk Inventor [17]. FEA of the halo is performed
using ANSY'S software [18]. As the components of the halo are
usually welded, the joint regions between the components are
considered to be ‘Bonded’ in FEA. The pylon is connected to
the front part of the vehicle through the hole on the pylon
whereas the two rear ends of the tubular ‘U’ section is attached
to the rear of the vehicle by means of the circular holes in the
two brackets (Fig. la). Frictionless support is considered at
these three contact points (holes). As the rear end of the halo is
wrapped within the exterior surface of the F1 car, cylindrical
support is considered on the two exterior faces of the brackets
so that the brackets possess tangential freedom and constrained
in the axial and radial directions. A zero displacement
constraint in the X-direction is applied on the bottom face of the
pylon to ensure that the halo does not move sideways when
forces are applied.

The dynamic analysis is performed by considering a real-life
accident of the collision of the moving halo against a stationary
ARMCO steel barrier [3]. The analysis is performed using
explicit dynamics suite in ANSY'S and by considering Johnson-
Cook (J-C) constitutive model [19-21].
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Fig. 1. (a) Components and the final assembly of the halo. Finite element (FE)
mesh used in the (b) static loading analysis of the halo and (c) impact loading
analysis of the halo against a steel barrier.

J-C strength model is expressed as [19, 20]:

rcem=uoe (sG]

M,

where o is the equivalent stress, € is the equivalent plastic strain,
A is the static yield strength, B is hardening modulus, C is strain
rate sensitivity coefficient, m is thermal sensitivity coefficient, n
is strain hardening coefficient, & is the strain rate, €. is the
reference strain rate, 7'is the deformation temperature, 7 is room
temperature and T, is the melting temperature.

J-C failure model is expressed as [21, 22]:

& = [D; + Dyexp(D3n)] [1 + D,ln (f)] [1 + Ds ( — )]

ef Tm=Tr
2),

where 7 is stress tri-axiality ratio and D; — Ds are material
parameters determined from experiments [21]. The input data
used in the J-C strength and J-C failure models are shown in
Tables 1 and 2, respectively.

TABLE 1 INPUT DATA USED IN J-C STRENGTH MODEL [19].
A (MPa) B (MPa) C n m T (K)

1030 380 0.042 | 0.578 | 0.633 1877

The static yield strength used in the static analysis and dynamic
impact loading (A in Eq. (1)) is estimated by considering the
phase composition of Ti-6Al-4V alloy after the standard heat
treatments [23, 24] and after the o—o phase transformation due
to impact loading. The phase fractions estimated are 15% a, 58%
B, 12% o’ and 15% o [23]. By considering the yield strengths of
a, B, o’ and @ as 694 [25], 1073 [26], 1200 [27] and 1075 MPa
[28], respectively, the static yield strength (A) of the material is
estimated as 1030 MPa (Table 1).
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TABLE 2 INPUT DATA USED IN J-C FAILURE MODEL [21].

D, D, Ds D, Ds

0.01546 | 1349 | -2.144 | 0.04323 | 0.6815

The halo, with a weight of 7 kg (m), attached to the vehicle is
considered to be travelling with a velocity (v) of 375 km/hr
towards the barrier. Due to computational limitations, only the
initial 1.5 x 1073 s of the collision are considered and the barrier
is positioned at a distance (d) of 0.25 mm away from the halo.
The impact force of the halo is calculated using Fmax = mv?/2d
as 151.91 MN.

An adaptive triangular mesh is used in the contact and welded
regions of the central pylon of the halo (Fig. 1c). In other areas
of the pylon a triangular mesh with element size of 15 mm is
used whereas 30 mm element size is considered in the U- section
of the halo. The steel barrier with a thickness of 3 mm is
constrained using a fixed support, applied to the three faces (top,
middle and bottom) of the barrier (Fig. 1¢). A displacement limit
is set in the Z-plane, which prevents the barrier from sliding
along the Z-axis. Rectangular mesh with an element size of 15
mm is considered.

III. RESULTS AND DISCUSSION

A. Static Analysis

The maximum von Mises equivalent stress resulting from the
static loading is 911.8 MPa (Fig. 2a) close to the position where
the load is applied on the halo. The maximum von Mises
equivalent stress is less than the yield stress (1030 MPa) and
hence the halo does not fail under these loading conditions.
Although the largest stress occurs near the weld joint, since the
stress is below the yield limit of the material failure of the joint
does not occur and the joint is considered to be safe.

The total deformation of the halo is shown in Fig. 2b. The
device experiences a maximum deformation of 2.2 mm which
is below the 3 mm limit set by the FiA [5, 6], highlighting the
superior properties of the material and the effectiveness of the
simplified halo design as it withstands a 125 kN static load.

B. Dynamic Analysis

The evolution of von Mises equivalent stress in the halo during
its impact against a steel barrier is shown in Fig. 3. The
equivalent stress distribution in the steel barrier and the halo is
shown in Fig. 4a. The evolution of von Mises equivalent stress
and plastic strain with time are shown in Fig. 3d. The von Mises
equivalent stress distribution in the halo before its failure is
shown in Fig. 3a. A maximum von Mises equivalent stress of
1298 MPa is obtained at 2.4 x 107 s (Fig. 3d) and it occurs in
the central pylon (Fig. 3a), i.e., the region of impact with the
barrier. Fig. 3d shows that the equivalent stress decreases after
the maximum value is reached. The stresses are relaxed due to
the drastic increase in plastic strain from this point onward (Fig.
3d). The sudden decrease in the equivalent stress after 6 x 107
s is due to the complete failure of the halo, i.e., separation of the
pylon from the U-section (Fig. 3b—c). The plastic strain remains
constant after the failure of the halo. However, the equivalent
stress still varies beyond this point as the broken pylon is still in
contact with the barrier for the rest of the simulation (Fig. 4a).
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(a) (b)

Fig. 2. Performance of the halo under static loading. (a) von Mises equivalent
stress (MPa) and (b) total deformation (mm).
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(c)
Fig. 3. von Mises equivalent stress in the halo during impact with a steel barrier
att=(a)2.4x10*s,(b) 6.9 x 10*s, (¢) 1.5 x 107 5. (d) Evolution of von Mises
equivalent stress and equivalent plastic strain in the halo during the impact.

The equivalent stress is initially concentrated near the area of
impact on the barrier and as time progresses, it is distributed over
the entire barrier (Fig. 4a). The maximum equivalent stress
obtained in the barrier is 3927 MPa, indicating failure of the steel
barrier. The failure and breakage of the halo can be seen. The
equivalent plastic strain, damage scalar (DAMAGEALL) and
temperature distribution in the halo at the final instance of the
loading, i.e., after breakage of the halo, are shown in Figs. 4b—d.
The DAMAGEALL value of 0.314 (Fig. 4c) corresponds to the
damage incurred by the central pylon and not to the entire halo
assembly. Although separation of the central pylon from the
tubular section can be seen in Fig. 4c, which would mean that a
DAMAGEALL value of 1 would be expected, we do not see
major damage to the individual components of the halo, e.g.,
central pylon, tubular section. Since the individual components
of the halo were designed individually and joined to each other,
ANSYS does not consider the entire structure as one single
component. Therefore, ANSYS does not consider the separation
between the tubular section and the pylon as damage. The
maximum equivalent plastic strain, maximum damage, and
maximum temperature (Figs. 4b—d) occur near the joint region
of the pylon and the U-section depicting the importance of weld
joints in deciding the safety of the halo impact protection device
of F1 race cars.

IV.CONCLUSIONS

The performance of the halo impact protection device used in F1
race cars under static and dynamic loading conditions is studied
using finite element analysis (FEA). The static loading
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Fig. 4. (a) von Mises equivalent stress, (b) equivalent plastic strain, (c) damage
scalar (DAMAGEALL) and (d) temperature in the halo during the final stages
of its impact with a steel barrier.

analysis shows that the device can safely withstand a 125 kN
static load as the maximum von Mises stress is less than the
static yield strength and the maximum deformation is 2.2 mm,
which is within the limit set by FiA.

FEA of the dynamic loading condition, i.e., impact of halo
against a steel barrier, is performed by considering Johnson-
Cook constitutive model. The results show that the maximum
von Mises equivalent stress is concentrated in the central pylon
where the impact occurs. Thereafter, the stress drops
significantly due to the relaxation provided by plastic
deformation and finally the halo device breaks, i.e., when the
pylon detaches from the U-section of the halo. The maximum
equivalent plastic strain, maximum damage and maximum
temperature occur near the joint region of the pylon and the U-
section. These results emphasize the essence of careful selection
of the joining method and joining process parameters in deciding
the failure of the halo impact protection device during F1 race
car accidents.

Advanced modelling approaches, such as phase-field method
[29-31] and molecular dynamics simulations [32,33], can be
used in future to study the microstructure evolution and
nanoscale phenomena during a—® phase transformation in Ti-
alloys under impact loadings.
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