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Abstract. High-strength steels are widely used in vehicle body-in-white, offering a good balance
between crashworthiness and lightweight design. The increased requirements of heavier electric
vehicles, in terms of fatigue resistance and crashworthiness, highlight that chassis parts have
remarkable lightweighting potential. However, applying these grades in chassis parts is not
straightforward, as the forming processes, like trimming, may introduce surface defects that
compromise the fatigue resistance of the component. This work presents a material selection
strategy for the applicability of high-strength steels in chassis parts of electric vehicles. The
proposed approach allows the evaluation of the key parameters of the chassis parts in a simple
way. The crash performance is evaluated through fracture toughness using the essential work of
fracture (EWF) methodology. The method is applied to thin high-strength steel sheets employing
double-edge notched tensile specimens (DENT). On the other hand, fatigue performance is
investigated in terms of fatigue resistance for both notched and unnotched specimens. The results
for different complex-phase and dual-phase steels show a good agreement between the EWF and
the fatigue notch factor. The method could help apply high-strength steel to chassis parts, as
designers will have a tool to focus the expensive fatigue tests on the best material candidates.

1. Introduction

Using high-strength steels in car body-in-white (BiW) is a well-established strategy for lightweighting.
Although the utilization of these materials has been focused on the BiW, they can also be used in chassis
parts, which represent over 20% of the structural weight of the car. This approach becomes more and
more relevant in the battery electric vehicles, as the heavy batteries increase their structural
requirements. Besides the required exceptional crashworthiness behaviour, the chassis parts must deal
with cyclic loads that can compromise the structural integrity of the vehicle. An improved fatigue
resistance will help to reduce the weight of the vehicle by gauge reduction, which also contributes to the
use of less material. This goal should be easily achieved by using high-strength steels with a yield
strength close to (or even above) 1000 MPa, as it is well-accepted that an increasing linear trend exists
between yield strength and fatigue resistance. However, when a defect is present in the material, this
linear relationship is not valid anymore, and an increase in fatigue resistance is harder to obtain.
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Fatigue resistance is a local plastic deformation occurring at high stressed points of the material,
either in an intrinsic defect, as an inclusion or discontinuity in the microstructure, or an extrinsic defect,
as a notch in the surface. When dealing with chassis parts, the extrinsic defects are related to the
manufacturing operations like trimming or punching. It has been shown that the edge morphology
depends on the material, shearing clearance and punch geometry, including the wear of the tool [1]. The
edge geometry becomes crucial when dealing with local formability, as a lousy edge quality could lead
to edge-cracking issues. These barriers were addressed through new approaches, such as fracture
toughness to understand better the fracture behaviour of new materials and propose solutions to avoid
fracture issues during part forming or develop materials with high cracking resistance. Previous works
showed that tougher materials are more tolerant to the edge damage induced in sharing [2]. Additionally,
improving the edge quality is beneficial for local formability, as shown in the hole expansion tests [3].
Similarly, improving the edge geometries by reducing the fracture zone or the burr is proven to be
effective in enhancing fatigue resistance. A clear example is the utilization of the double-shearing
strategy [4]. In this case, the consecutive shearing process removes a thin layer of damaged material,
leaving a smoother edge with less damage than after the first cutting operation. Post-forming operations,
like sandblasting or shot peening, also improve surface quality by smoothing the edge surface, rounding
the edge corners, and introducing compressive residual stresses [5]. The coining processes that
plastically deform the edge surface can also introduce these beneficial residual stresses. Although the
mentioned operations can improve fatigue resistance, fatigue strength is still reduced because of the
shearing process, which becomes critical in materials with high tensile strength.

Many factors affect the fatigue resistance of sheared edges, so developing solutions to improve the
fatigue behaviour is time-consuming. Accordingly, some works addressed the development of rapid
testing methodologies to shorten the testing time. Regarding the mechanical behaviour of sheared edges,
the use of the material property that informs about damage tolerance, i.e. the fracture toughness, could
bring valuable information to understand their fatigue resistance. Thus, this work proposes to combine
the rapid testing of the fatigue limit in smooth specimens with fracture toughness values to estimate the
fatigue notch factor of high-strength steels. The correlation between these properties could become a
powerful material selection tool for fatigue applications of chassis parts with sheared or trimmed edges.

2. Materials and experimental procedure

The three materials studied in this work belong to the Advanced High Strength Steels (AHSS) family.
The materials supplied by ArcelorMittal are two Complex Phase (CP) and a Dual Phase (DP) steel. HR
CP800 SF is a hot rolled (HR) steel with a microstructure composed of bainitic-ferritic matrix with
martensite and austenite islands, specially designed for a very good Stretch Flangeability (SF). Higher
tensile strength is achieved by the HR CP980 SF thanks to the complex microstructure composed of
tempered martensite and ferrite, combined with upper bainite and retained austenite islands, as shown
in figure 1. Both CP steels exhibit good formability, while the HR DP600 steel perfectly balances
formability and strength by combining a soft ferrite matrix with martensite islands. This combination
leads to an outstanding strain hardening and elongation at fracture. The rough chemical composition of
the investigated materials is given in table 1.

e St

(a) (b) (©)
Figure 1. Microstructure of: a) HR DP600, b) HR CP800 SF, and ¢) HR CP980 SF.
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Table 1. Chemical composition of the investigated materials in weight percentage. Balance is Fe.

Steel grade C Si Mn Cr Al
HR DP600 <0.10 <0.30 <1.50 <0.90 <0.06
HR CP800 SF <0.18 <1.00 <2.20 <1.00 0.015-1.2
HR CP980 SF <0.20 <1.00 <2.20 <1.00 0.015-1.2

Conventional tensile tests were carried out in an universal testing machine equipped with an
extensometer and according to 1SO6892-1 standard. The tensile specimens were machined at 90°
concerning the rolling direction (RD). The specimen type 2 geometry from ISO 6892 with an L, of 80
mm was used. The tensile results are summarized in table 2.

Table 2. Mechanical properties in terms of yield strength (oys), ultimate tensile strength (ours) and
elongation at fracture (Aso, gauge length 80 mm).

Steel grade t [mm] ovs[MPa]  ours[MPa] Aso [%0]

HR DP600 4.3 439 622 21
HR CP800 SF 3.4 778 835 17
HR CP980 SF 3.5 957 1034 13

2.1. Fatigue tests

Fatigue behaviour was evaluated using hourglass specimens following the 1SO 1099 standard.
Specimens with a radius of 1200 mm were machined by spark erosion at 90° concerning the RD and edge
polished to a specular finish or trimmed. The gap between the punching and the die in the trimming tool
was 0.3 mm, which means a trimming clearance of 7% for the DP600, 8.8% for the HR CP800 SF and
8.6% for the HRCP980 SF. This range of clearances is commonly used in the chassis parts. A drawing
of the specimen geometry is shown in figure 2. The fatigue limit (o7) was defined at 10° cycles, 2-10°
cycles. It was evaluated using the staircase or up-and-down method proposed by Dixon-Mood [6] and
the stiffness method for the polished and trimmed conditions. At least 15 specimens were tested at room
temperature for the conventional fatigue test, using a stress ratio of R = 0.1 and a frequency of 30 Hz.
The obtained fatigue limit will be compared with results obtained by the rapid testing approach to check
its accuracy.

Figure 2. Hourglass fatigue specimen (K:= 1.03) with the polished edge (in red colour). Dimensions
are expressed in mm.

The stiffness method relies on the measurement of the fatigue damage through the determination of
the specimen inelastic strains (As,) after each successive fatigue block [7]. The Ag, is then plotted against
the maximum stress (omax) Of each block. The ot was determined as the interception of the fitting line to
the x-axis, as schematically shown in figure 3. The length of the fatigue blocks was 6000 cycles, with
increasing stress of 25 MPa between each one. For the Ag, determination, the stress was set at ovs/2. At
least three specimens were tested for each material and condition, all at room temperature and using a
stress ratio of R = 0.1. Tests were performed in a servo-hydraulic testing machine MTS 322 Test Frame,
at a frequency of 30 Hz, equipped with a Digital Image Correlation (DIC) system GOM Aramis SRX
for Ag, measurements using a virtual extensometer with a length of 40 mm.
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Figure 3. Schematic representation of the stepwise loading test and inelastic strain range versus
maximum stress to determine the fatigue limit.

After the fatigue test, the total strain evolution rate (dAs/dN) is analyzed to identify the coalescence
of microcracks to a macrocrack. Only the Ag, prior to the macrocrack coalescence is used to determine
the fatigue damage (D) according to:

Agp—Agpo

P = =i v
where Ag, is the current plastic strain measured for each fatigue block, Agy is the initial inelastic
strain, and Ay corresponds to microcrack coalescence inelastic strain.

2.2. Fracture toughness tests
Fracture toughness was evaluated through the Essential Work of Fracture (EWF) methodology based
on Elasto-Plastic Fracture Mechanics (EPFM). The method, described in the CWA protocol [8], consists
of loading in tension a range of Double Edge Notched Tensile (DENT) specimens with different
ligament lengths (lo). The specimens shown in figure 4 were manufactured by wire erosion and fatigue
pre-cracked in a resonance testing machine Rumul Testronic. By testing those specimens up to fracture,
it is possible to determine the specific essential work of fracture (w.) by plotting the specific total work
of fracture (ws) against lo as represented in figure 4. The w; is obtained by integrating the area under the
load vs displacement curve for each tested specimen (W) and dividing it by the fractured area (lot).
Equation 2 defines we as the intercept and the specific non-essential work of fracture (w,b) as the slope.
Besides separating the ws the method also allows the separation of the energy required for crack initiation
and propagation. The specific work for fracture initiation (w.") is independent of the ligament length. It
is determined as the mean value of the specific total work of fracture to crack onset (wr), which is used
to define the we' as illustrated in figure 4. The measured we and we' are not intrinsic material properties,
as they depend on the sheet thickness.

Wy

ot = W = We + wpbl, 2)
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Figure 4. DENT specimen used to determine the EWF (lo refers to the different ligament lengths):
Schematic representation of the determination of Wr and Wy' for a given ligament length. Plot of w; vs
lo, the intercept gives the specific work of fracture, we.

At least ten specimens per material were tested in a 250 kN universal testing machine Instron 5585H,
equipped with a digital video extensometer. The crosshead testing speed was set at 1 mm/min. The load-
displacement measurements were carried out by a video extensometer using initial marks separated by
50 mm. The crack initiation was detected using a high-resolution video camera synchronized with the
testing machine. The w was determined for at least one specimen of each ligament length, and the we'
was determined as the mean value.

3. Results and discussion
Figure 5 shows a cross-section of the trimmed specimens for each steel. Sheared edges exhibit the four

well-known regions obtained by a shearing process [9]: rollover, smooth or burnish zone, fracture zone
and burr (Figure 5). Although the trimming clearance was almost the same, the shape of the trimmed
edges was slightly different. The HR CP980 SF presents a longer burnish zone and less rollover than
HR CP800 SF and HR DP600.

Blankholder l Punch
772

Sheet

Die

- & Clearance

R 3
|
‘l_2 1: rollover
2: smooth zone
/ 3 3: fracture zone
4: burr
—— 4 5: fracture angle
NE&
(a)
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Figure 5. a) Sheared edge profile characteristics and analysis for: b) HR DP600, ¢c) HR CP800 SF, and
d) HR CP980SF.

These differences in the shear edge, related to the material properties, may affect the fatigue
resistance as the burr, the defects in the fracture zone or the transition between the burnish to fracture
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zone act as stress concentration points [4]. Such locally higher stresses induce the nucleation of cracks
that propagate throughout the specimen, as observed in figure 6. The fatigue resistance of the polished
specimens is driven by the defects or roughness of the as-rolled surface, while the defects in the trimmed
edge govern the fatigue behaviour of trimmed specimens. Although the trimmed edge morphology and
the resulting defects are similar in all the investigated steels, their effect on the fatigue resistance is
different, as observed in the stiffness test data shown in figure 7. As expected, the polished conditions
can withstand higher stress, i.e. more fatigue blocks, during the rapid fatigue tests than the trimmed
specimens.

(@) (b)
Figure 6. Fatigue crack initiation and propagation for the HR DP600 in: a) polished, and b) trimmed
specimens.
5E-3
OHR DP600 - Polished |
mHR DP600 - Trimmed m|
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OHR CP980 SF - Polished
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Figure 7. Inelastic strain range versus maximum stress curves from the stiffness method for the
polished and trimmed conditions and investigated materials.

As summarized in table 3, the HR CP980 SF exhibits the best fatigue resistance for the polished
condition, while the HR DP 600 shows the lowest one. The results obtained by the conventional staircase
tests (or) and stiffness method (arsm) are in good agreement for all the conditions. However, the fatigue
resistance of trimmed specimens clearly decreases with respect to the polished conditions in both CP
steels compared with the HR DP600. This behaviour is well described by the fatigue strength reduction
factor (kf), and calculated as the ratio between the fatigue resistance of the sheared to polished edges at
10° cycles:
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ke = Of —Trimmed (3)
Of—Polished

Traditionally, it is accepted that of increases by increasing the tensile strength (ours), as shown in
figure 8a. However, although it is commonly known that high-strength steels are sensitive to pre-existing
defects [10], this relationship does not give enough information for material selection when dealing with
high-strength materials and defects. Instead, this information is found in the ability of the material to
resist the propagation of damage, as the defects in the trimmed edges in the present work. This behaviour
is rationalized by damage tolerance, which is closely linked to fracture toughness, i.e. a tough material
better tolerates the pre-existing defects, while a material with a lower toughness is more sensitive to
them. Damage tolerance has been conventionally related to ours and ductility, but in high-strength
materials, ductility and fracture toughness do not show the same trend [2,11]. In AHSS, fracture
toughness, evaluated in the frame of fracture mechanics, better represents the resistance of pre-existent
defects. Similarly, fracture toughness expressed in terms of we' (crack propagation resistance at crack
initiation) and we (overall fracture toughness) can be used to assess the fatigue behaviour of pre-existing
defects as it shows a good linear trend with the ks factor (Figure 8b). Although only material data for the
three investigated materials is available the observed trend path the way to further investigations with
more materials of different microstructures, strengths, and thicknesses. Materials with low sensitivity to
surface defects, i.e. with high damage tolerance, present a k; close to 1 and have a high we value. On the
contrary, materials with lower w, are more sensitive to surface defects, i.e. poor damage tolerance, as
the ki is far below 1. The same trend is observed by plotting the kr against the we'. Both we' and we are
good indicators of damage tolerance for AHSS sheets.

Such a good correlation between the fatigue notch sensitivity, in terms of k, and the fracture
toughness, in terms of we and we', means that the effect of trimming on fatigue can be readily determined
by experimentally simple tests, i.e. with a fatigue test in the polished condition and the EWF.

Table 3. Fatigue and fracture toughness results for the three investigated materials: fatigue limit by the
conventional tests (o) and from the stiffness method (or.sm) at R = 0.1 for each edge condition, fatigue
strength reduction factor (k), fracture toughness (we) and fracture toughness at crack initiation (we').

Steel grade Edge condition ot [MPa] otsm [MPa] ks We' [KI/m?]  we [kd/m?]
Polished 502 +5 465 + 10

HR DP600 Trimmed, Cl = 7% 1705t i4io0 098 285%20 481167
Polished 622+ 9 619 + 16

HRCP800 SF i med, Cl=8.8%  426+10  4dg+r11 075 195%28 299456

HR CP980 SF Polished 643+30 67814 68 107118 141445

Trimmed, Cl = 8.6% 429 + 11 464 + 67
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Figure 8. a) Fatigue resistance of polished (P) and trimmed (T) specimens against tensile strength
(ours) for the investigated AHSS between 3 to 4mm. b) Fatigue strength reduction factor (k) as a
function of specific work for fracture initiation (w.') and specific essential work of fracture (we).

4. Summary and conclusions
The results obtained in this work show that fracture toughness can be used to assess the fatigue strength
reduction of AHSS. The following conclusions can be drawn:

- The fatigue resistance can be readily determined through the stiffness method, in a quick and
reliable way, for both polished and sheared specimens.

- The fatigue strength reduction due to the sheared edge can be expressed as a fatigue strength
reduction factor, ks, which shows an excellent correlation to the fracture toughness measured in
terms of the EWF. It means that tougher materials have lower fatigue notch sensitivity.

- The proposed approach allows to rapidly determine the influence of the trimmed edge on the
fatigue resistance of AHSS through a rapid test in the polished conditions and the fracture
toughness obtained with the EWF method.
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