
Page 1/22

Study of Deformation and Fracture of High Strength
Steel Sheet during Conventional and Robust
Trimming by Conducting Partial Trimming Tests
Zeyuan Cui 
Daniel Green 
Ahmet Alpas  (  aalpas@uwindsor.ca )

University of Windsor

Research Article

Keywords: DP980 sheet, Partial trimming tests, Fracture mechanisms

Posted Date: March 9th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1406224/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1406224/v1
mailto:aalpas@uwindsor.ca
https://doi.org/10.21203/rs.3.rs-1406224/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/22

Abstract
High-strength steels are used in the automotive industry for weight reduction and improved vehicle
crashworthiness. In this work, an instrumented trimming die equipped with D2 steel inserts with sharp
edges was used to trim DP980 sheets with clearances of 10%, 20% and 30% of the sheet thickness.
Trimming trials were conducted either without a support pad under the scrap piece (conventional
trimming) or with it (robust trimming). The deformation and fracture mechanisms in the shear affected
zone (SAZ) at the sheared edge of DP980 sheet specimens were investigated by performing partial
trimming tests and using a new metallographic preparation method as well as 3D surface pro�lometry.
For 10% clearance under conventional trimming, the damage distribution within the SAZ was practically
symmetrical and the shearing mechanism consisted of cracks propagating simultaneously from the
upper and lower surfaces of the sheet toward each other. However, the damage distribution became
asymmetrical and the shearing mechanisms changed when the clearance was increased to 30%: the
crack was initiated from the upper surface and propagated toward the lower surface resulting in the
formation of a tensile-type burr. At 30% clearance, the robust trimming process (with a support pad)
prevented the bending of the scrap piece resulting in a symmetrical damage distribution within the SAZ.
In this case, a crack was initiated from the bottom surface of the sheet near the lower trim edge, and
subsequently, another crack initiated from the upper surface, result in a decrease in upper die
penetrations at the onset of fracture and at the end of trimming progress compare with conventional
trimming. By using sharp die edge under robust trimming process, an improved sheared edge quality is
achieved at larger clearances and this will help to reduce the production costs associated with dulling the
die edge and the alignment of trim dies when the clearance is tight.

1. Introduction
The efforts to reduce the weight of vehicle bodies and structures are driven by the need to improve their
energy consumption. And the constant increase in the use of advanced high strength steel (AHSS) sheets
for the manufacture of automotive body-in-white parts is indeed contributing to reducing vehicle weight
[1]. AHSS include Complex-Phase (CP) steels, Dual-Phase (DP, ferritic-martensitic) steels, TRIP
(Transformation Induced Plasticity) steels and TWIP (Twinning Induced Plasticity) steels. The
microstructure of dual phase (DP) steels, the most common grade of AHSS, consists of martensite
islands distributed in a ferritic matrix. This microstructure provides higher speci�c strength compared to
mild steel while still maintaining su�cient ductility [2, 3]. Trimming operations, which remove excess
material from stamped parts, are an integral part of the manufacture of automotive closures and
structural parts. The trimming is achieved by shearing the sheet metal part between an upper and a lower
die that are offset from each other by a speci�ed distance, called the clearance. In conventional trimming,
there is little or no constraint on the scrap-side of the workpiece, and therefore the trim dies apply a
signi�cant bending moment to the edge of the part at the beginning of the trimming operation; hence
conventional trimming is an asymmetrical shearing operation. [4, 5]. The subsequent penetration of the
trim die into the sheet leads to the formation of a rollover zone formed as a result of plastic deformation
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at the sheared edge. A burnish zone, with a smoother surface, and a width that depends on the depth of
penetration of the upper insert [5, 6] is normally formed below the rollover zone. Immediately below the
burnish zone, a fracture zone is generated. Finally a burr is usually formed at the exit side of the sheared
sheet metal part; the height of the burr depends on trimming parameters such as the clearance, trimming
angles and tool radius [5, 7–10] and on the mechanical properties of the sheet materials. Due to their
higher strength compared to mild, low carbon steels, the trimming of AHSS steels typically leads to
increased die wear and in some cases trim die failure. In addition, the trimming process must be
su�ciently robust such that the clearance between the upper and lower trim dies remains within an
acceptable tolerance. The overlapping of the upper and lower trim edges could occur in case of small
clearance due to unbalanced forces generated in the trim die, and this could result in the failure of the
trim die edge, an unacceptable quality at the edge of the sheared part and a decrease in trim die life [11].

Clearance and trimming angle are the most important process factors affecting the shearing forces and
the quality of the sheared edge. The clearance is determined by the mechanical properties and the
thickness of the sheet material and prescribed as a percentage of nominal sheet thickness. Hambli et al.
[12] measured the blanking force and tool wear for clearances between 5% and 20% on a carbon steel,
and suggested that a 10% clearance would minimize the shearing force and the tool wear. Hilditch and
Hodgson [13] conducted trimming experiments on low-carbon steels and concluded that both the rollover
and the burr increase with greater clearances and that the depth of the rollover depends on both the
clearance and the work-hardening behaviour of the sheet material. Choi et al. [5] studied the effects of the
clearance and of the trimming angle (i.e. the angle of the sheet relative to the trimming direction) on the
sheared edge characteristics of the sheared DP980. They found that the maximum trimming load
decreased with an increase in clearance, and that a negative trimming angle improved the edge quality
and decreased the trimming load. Le et al. [14] investigated the effects of cutting clearance on
longitudinal, transverse and diagonal orientations of the trim line relative to the rolling direction on a
broadly used aluminum alloy, 6111-T4. They found that for all the sheet orientations, an increase in the
cutting clearance resulted in a substantial reduction in material stretchability along the sheared edge. As
a result of their analysis of the effect of the cutting angle on stretchability, they observed higher
elongations with cutting angles of 10° and 20° for the typical 10% clearance, compared to orthogonal
(90°) cutting with an identical clearance.

A defect known to arise directly from the trimming process is the generation of burrs. Burrs decrease the
edge quality of stamped parts and are the sources of potential cracks in subsequent forming operations.
The formation of a burr is usually related to the fracture mechanisms during shearing process. Hilditch
and Hodgson [13] carried out trimming experiments on steel, aluminum and magnesium alloys and found
that different burr formation mechanisms were exhibited in the different classes of material. Rapid crack
propagation and part-scrap separation occurred at a low punch penetration in both the aluminum and
magnesium alloy specimens resulting in a curved fracture pro�le and ‘angle’ shaped burr. Slow crack
propagation occurred after crack initiation in the steel specimens, and subsequently, part-scrap
separation occurred at a signi�cantly higher punch penetration, resulting in a straight fracture pro�le and
a ‘vee’ shaped burr. Choi et al. [5] found that the increase in clearance (above 15.6%t) caused an increase
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in bending moment which lead to the crack initiating from the upper surface of the sheet, and a
hydrostatic tensile stress in the sheared zone resulted in a tensile-type burr.

The clamping force that is applied to grip the sheet metal just prior to trimming has a signi�cant impact
on the sheared edge geometry. Thorough clamping of the sheet near to the trim line is critical in order to
reduce the strains and distortions of the sheared edges. Ideally, cracks will start from each tool radius and
meet near the mid-thickness of the sheet [15]. Gustafsson et al. [16] studied the effect of clamping force
in steel sheet metal shearing and found that the force required to shear the sheet increased if an
additional clamping force was introduced from the bottom of the scrap side. Golovashchenko [9]
proposed a more robust trimming process by using an elastic support pad under the scrap piece and a
dull upper trim edge with a minimum radius: this process caused the cracks to initiate from the bottom of
the trimmed parts and consequently helped to reduce the occurrence of slivers, decrease burr height and
the tendency for splitting at the sheared edge of soft and highly strain hardening materials that were
trimmed with larger clearances, resulting in a high-quality sheared edge. However, published studies on
robust trimming of high-strength steel sheets using sharp trim edges are di�cult to �nd. Nevertheless,
trimming high-strength steel sheet metal parts is a common, but critical, operation in the manufacture of
lightweight automotive body parts. And while laser trimming is gradually gaining prominence, traditional
mechanical trimming is still preferred because of decades of accumulated knowhow and greater cost
effectiveness. Therefore, the optimization of the trimming process is very useful to autobody part
manufacturers. And this requires a comprehensive and systematic study of the process-dependent,
deformation and fracture mechanisms that occur in the sheared parts.

This work presents a quantitative analysis of the effect of clearance and support force on trimming
process for high-strength steel sheet and is expected to help optimize trimming process parameters so
that su�cient edge formability can be retained for subsequent forming operations. The objectives of this
work are to identify and understand the physical damage mechanisms that occur within the SAZ in both
conventional and robust trimming operations for various clearances. And this was achieved by
conducting a series of full, and partial, trimming tests using a dedicated laboratory facility, and by
optimizing the trimming process parameters in an effort to reduce the burr height at larger clearances,
since this will help to reduce the production costs associated with the alignment of trim dies when the
clearance is tight.

2. Experimental

2.1. Characterisation of material and description of
trimming tests
The as-received DP980 steel sheet used in these trimming trials has a yield strength of 775 MPa, and a
tensile strength of 999 MPa [17]. The microstructure of this DP980 steel sheet consists of martensite (α’-
Fe) plates (70 area %) distributed uniformly within the ferrite (α-Fe) matrix [18]. The trim dies were made
from uncoated AISI D2 of high-carbon, high chromium cold work steel containing a band of primary
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carbides [18]. The lower and upper die inserts had hardness values of HRC 61 ± 1 and HRC 58 ± 1,
respectively, using the heat treatment methods speci�ed by the automotive manufacturer.

2.2. Trimming tests
An instrumented trimming press was used to study the trimming process for DP980-type AHSS with an
upper die speed of 50 mm/s, which approximates the trimming process in the automotive industry.
Drawings of the trim die are shown in Fig. 1(a) and (b). The upper and lower trimming blades are bolted
to the die shoe. The clearance between them was adjusted to be uniform along the shearing line with an
accuracy of about ± 0.01 mm. The clearance was adjusted by using shims positioned between the lower
die block and the lower trimming blade. To prevent the clearance gap changing over time, a four-pillar die
shoe was used to ensure the precision and stability of the trimming process. A load cell (FUTEK LCM375)
with a 30-ton range was installed in the upper die block directly above the upper trim die insert and was
used to measure the trimming force. A Keyence laser displacement sensor (LK-G Series) with an error of
± 0.02% was installed on an isolated tripod beside the trimming press to measure the displacement of the
upper die. A National Instruments Data acquisition system (DAQ-9178) was employed to record the force
and displacement signals for post-processing the experimental data. Both upper and lower trim dies
started with sharp trimming edges and a zero degree trimming angle was maintained throughout this
study. The clearance (c) is the horizontal distance between the upper and lower trimming tools. The
trimming experiments were performed by feeding a 10-mm wide galvanized DP980 sheet with a
thickness of 1.0 mm into the press and conducting series of trimming cycles at a rate of 30 strokes/min.
In this study, the clearance was precisely controlled and adjusted at 10%, 20% and 30%, respectively, to
study the effect of clearance on conventional trimming process as shown in Fig. 1(c). And by using a
stressed spring (k = 17 lbs/mm) support pad under the scrap piece, robust trimming was also achieved,
as shown in Figs. 1(b) and (d).

2.3. Partial trimming tests
In order to investigate the fracture mechanisms within the SAZ during trimming under conventional and
robust trimming processes, partial trimming tests were conducted. The displacements recorded by the
laser sensor were used to determine the instantaneous penetration of the upper die. The trimming
process was interrupted at different stages of upper die penetration by a pneumatic control system that
could stop the press cycle. This approach was used to capture the damage features within the SAZ at
different intermediate stages of a normal trimming operation. Instead of the traditional way of analysing
the cross section of sheet specimens by mounting, polishing, and etching after the trimming test, the
cross section of undeformed sheet specimens was polished (without epoxy mounting) prior to the
trimming process. After the partial trimming test, the cross section of the partially trimmed specimen was
etched for 8–12 seconds with 4% Nital, washed in water and dried with compressed air. This sample
preparation methodology used for partially trimmed specimens avoided damaging the specimen surface
by the grinding work, and therefore all the evidence of plastic deformation and damage mechanisms
within the SAZ were preserved for subsequent observation.
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3. Results And Discussion

3.1. Characteristics of load-displacement curves and sheet
metal deformation and fracture behaviour during trimming
The trimming force and upper die penetration were measured for each trimmed coupon and a typical
force-penetration curve for 10% clearance is shown in Fig. 2(a). Five successive phases can be
distinguished as the upper die penetrates into the sheet metal and until the end of the press stroke. At the
beginning of Phase I, the upper trim die comes into contact with the sheet metal specimen. As the upper
die continues to penetrate into the sheet to the end of Phase I, it applies an increasing compressive stress
on the sheet metal strip which leads to elastic deformation of the sheet metal as shown in phase II. When
the compressive stress exceeds the yield strength of the workpiece material, plastic deformation of the
sheet metal occurs in phase III, and this corresponds to the formation of the rollover and burnish zones as
shown in Fig. 2(b). When the compressive fracture strength of the DP980 is reached as evidenced by the
cracks that are initiated and propagated within the SAZ, the �nal fracture occurs as shown in phase IV.
The sudden drop in force experienced in phase IV is accompanied by the separation of the scrap piece
from the strip and the formation of the burr. Finally, the reverse motion of the press causes elastic
vibrations in the upper trim die, as seen in phase V.

3.2. Effect of clearance on load-displacement curves in
conventional trimming
The clearance between the upper and lower dies is an important process parameter in the trimming
process. The clearance strongly affects the shearing load and the quality of the sheared edge [19, 20].
The typical curves showing variations of applied loads during trimming with the penetration of the upper
die into the sheet are shown in Fig. 3(a) for three different clearances. It can be observed that the
penetration of the upper die at the onset of separation increased with the increasing clearance. The upper
die penetration at the end of the trimming process increased from 0.603 mm to 0.996 mm as the
clearance increased from 10–30%. Also, the peak load decreased from 4677.2 N to 4135.6 N as the
clearance increased from 10–30%. At the smaller clearance of 10%, the de�ection of the sheet metal in
the gap between the upper and lower trim dies is much more di�cult. Therefore, the initial increase in the
trimming force occurs more rapidly during the elastic deformation (phase II) where the slope is high
(2.72×104 N/mm for 10% clearance). However, as the clearance increases, the constraints on the
unsupported sheet metal in the gap decrease and the slope of the force-penetration curve is also seen to
decrease (1.67×104 N/mm at 20% and 1.37×104 N/mm at 30% clearance). The increasing clearance also
affected the length of the deformed ligament prior to fracture as the upper die penetration at the onset of
fracture increased from 0.535 mm at 10% clearance to 0.889 mm at 30% clearance. This is due to the
shearing mechanism changing with the clearance, as will be further discussed in Section 3.5. The
amount of work done per trimming stroke with respect to upper die penetration was calculated by
integrating the load vs. penetration curve for each clearance and plotted in Fig. 3(b). It can be seen that
the trimming work that was done increased as the clearance increased. The elastic and plastic work can
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also be distinguished from the graphs in Fig. 3(a) and (b). The elastic work increased from 0.30 N.m at
10% clearance to 0.51 N.m at 30% clearance, and the plastic work increased from 1.52 N.m at 10%
clearance to 2.28 N.m at 30% clearance. The main outputs as a function of clearance obtained from the
load vs. penetration curves are summarized in Table 1, where the values shown are averages from three
different tests.

Table 1. The main outputs in conventional trimming (no scrap support pad) as a function of clearance
obtained from the load vs. penetration curve. The values shown are averages of three test results. 

Clearance Peak
load
(N)

Upper die
penetration at
peak load
(mm)

Upper die
penetration at the
onset of fracture
(mm)

Upper die penetration
at the end of trimming
progress (mm)

Trimming
work
done
(Nm)

10% 4677.2 
± 19

0.321 ± 0.002 0.535 ± 0.004 0.603 ± 0.002 1.82 ± 
0.12

20% 4371.3 
± 20

0.465 ± 0.001 0.712 ± 0.003 0.766 ± 0.002 2.29 ± 
0.15

30% 4135.6 
± 18

0.544 ± 0.003 0.889 ± 0.003 0.996 ± 0.001 2.79 ± 
0.11

3.3. Effect of clearance on load-displacement curve-under
robust trimming
The variations of trimming load and total work done during trimming with the upper die penetration for
different clearances using the robust trimming process are shown in Fig. 4(a) and (b), respectively. The
main outputs as a function of clearance obtained from the load vs. penetration curves are summarized in
Table 2. The peak load decreased from 5928.8 N to 5350.8 N as the clearance increases from 10–30%.
Upper die penetration at the end of the trimming process increased from 0.780 mm to 0.927 mm as the
clearance increased from 10–30%. The clearance showed less effect on trimming work done under
robust trimming which slightly increased from 3.14 N.m to 3.75 N.m when clearance increased from 10–
30%. The introduction of the support pad under the scrap piece reduced the de�ection of the scrap piece
induced by the increased clearance, and consequently the slope of the elastic phase (phase II) slightly
decreased with the increasing of clearance from 2.93×104 N/mm at 10% clearance to 2.61×104N/mm at
30% clearance.  
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Table 2
The main outputs in robust trimming (with a scrap support pad) as a function of clearance obtained from

the load vs. penetration curve. The values shown are averages of three test results.
Clearance Peak

load
(N)

Upper die
penetration at
peak load
(mm)

Upper die
penetration at the
onset of fracture
(mm)

Upper die penetration
at the end of trimming
progress (mm)

Trimming
work
done
(Nm)

10% 5928.8 
± 26

0.361 ± 0.003 0.529 ± 0.004 0.780 ± 0.003 3.14 ± 
0.15

20% 5516.3 
± 25

0.566 ± 0.003 0.685 ± 0.003 0.846 ± 0.003 3.54 ± 
0.14

30% 5350.8 
± 21

0.665 ± 0.002 0.788 ± 0.002 0.927 ± 0.002 3.75 ± 
0.11

When compared with the conventional trimming process, a more rapid increase of trimming force is
noticeable in phase II. The slopes obtained under robust trimming are greater than those for conventional
trimming (shown in Fig. 4). In addition, due to the introduction of the support pad under the scrap piece
during robust trimming, the stressed spring pad had a continuous contact with the upper die which led to
longer displacement under higher trim loads (Fig. 4(a)) compared with conventional trimming (Fig. 3(a)).
Consequently, the peak load and the total work done measured at the selected clearances (10%, 20% and
30%) are greater than those in conventional trimming (shown in Figs. 5(a) and (d)). The increasing of the
clearance under robust trimming also delayed the onset of fracture: the upper die penetration at the onset
of fracture increased from 0.529 mm to 0.788 mm as the clearance increased from 10–30%. It should be
noted that the upper die penetration at the onset of fracture under robust trimming (0.685 mm at 20% and
0.788mm at 30% clearance) is lower than that of conventional trimming (0.712 mm at 20% and 0.889
mm at 30% clearance), however, the penetrations at the onset of fracture under 10% clearance are
comparable under conventional and robust trimming (Fig. 5). This observation reveals that the
introduction of the support pad under the scrap piece expedited the fracture of the sheet at 20% and 30%
compared with conventional trimming and this will be further discussed in Section 3.5.

3.4. Effect of clearance and support force on sheared edge
quality
Cross sectional pro�les of trimmed and scrap pieces after conventional and robust trimming processes
for different clearances are shown in Fig. 6(a)-(f). It can be seen that conventional trimming provides a
good quality of the sheared edge for 10% clearance. At 20% a small burr was observed on the
conventionally trimmed part. For a clearance of 30%, the burr becomes signi�cantly larger. For robust
trimming, no burr was observed at 10% clearance, while at 30% a very small burr was visible. Compared
to the conventional process, robust trimming has the advantage of producing smaller burrs. It should be
noticed that the bending of the scrap (as marked in the red dash box in Fig. 6(a)-(c)) was observed under
conventional trimming for each of the selected trimming clearances. The bending of the scrap piece
results in additional tension near the upper trim edge and additional compression around the lower trim
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edge. However, no bending of the scrap piece was observed when the scrap support pad was present, (as
marked in the blue dash box in Fig. 6(d)-(f)), and both the trimmed part and the scrap piece showed
symmetrical pro�les. The absence of a scrap support pad will no doubt affect the crack propagation path
and the formation of the burr during conventional trimming.

Figure 7(a) shows the characteristics of the sheared edge of DP980 for different clearances under
conventional trimming. The rollover increases with increasing clearance due to the increase of the
bending moment in the sheet at the trim edge. The burnish also increases as the clearance increases. In
general, the height of the burnish zone has been observed to decrease with increasing clearances, since
the higher hydrostatic pressure generated within the SAZ improves the ductility of the sheet material, as
indicated by Yukawa et al. [21]. It was also observed that the length of the fracture zone decreased with
increasing clearances. For robust trimming (as shown in Fig. 7(b)), similar trends were observed
compared with the conventional trimming, however, the introduction of a support pad reduced the burr
height by 4.0, 4.6 and 16.3 times at 10%, 20% and 30% clearance, respectively. It should be noticed that
the height of the burnish zone at 20% and 30% clearances was less than that under conventional
trimming, which revealed that the upper die penetration at the onset of fracture decreased with the
presence of the support pad, as indicated by Fig. 5(c).

3.5. Effect of clearance and support force on crack initiation
and propagation during trimming of DP980 sheet
In order to investigate the effect of clearance on the fracture and burr formation mechanisms during
conventional and robust trimming, partial trimming tests were conducted. Figure 8 shows the partial
shearing in conventional trimming with a 10% clearance; the trimming was interrupted when the upper
trim edge reached a penetration of 20% of the sheet thickness. At this stage of upper die penetration,
cracks (identi�ed in the red and blue dashed boxes in Fig. 8(a) and shown at higher magni�cation in Fig.
8(b) and Fig. 8(c)) are seen to have initiated from the top and bottom surfaces of the sheet adjacent to
the locations of the upper and lower trim edges, respectively. Due to the shearing induced plastic
deformation in the SAZ, some horizontal cracks branching off the main crack can be observed in the
region close to the upper surface (Fig. 8(b)). It can also be seen that a band of martensite islands, which
was originally parallel to the rolling plane (normal to the shear plane), became displaced in the trimming
direction and small horizontal cracks are observed around the martensite islands, as shown in Fig. 8(b).
The shearing forces in the trimming direction caused the sheet material to plastically deform. And in
order to accommodate the plastic deformation between the upper and lower trim edges, decohesion
occurs at the interface between the hard martensite and the soft ferrite matrix and the martensite islands
tend to rotate. By using the sample preparation methodology proposed in Section 2.3, the cross-section
surface pro�le indicated within the white dash box in Fig. 8(a) was scanned with a 3D pro�lometer and is
shown in Fig. 8(d). It is evident that the sheet material near the corner indentation left by the sharp trim
edge was subjected to large plastic deformations. Moreover, the damage distribution is practically



Page 10/22

symmetrical and exhibits similar levels of plastic deformation in the vicinity of the upper- and lower trim
edges.

Figure 9 shows the partial shearing at a penetration of 30% in conventional trimming with a 10%
clearance. At this further stage of upper die penetration, the cracks that had previously initiated from the
top and bottom surfaces of the sheet (identi�ed by the red and blue dashed boxes in Fig. 9(a) and shown
at higher magni�cation in Fig. 9(b) and Fig. 9(c), respectively) are seen to continue to propagate with
increasing penetration. And the deformed martensite band experienced further displacement
accompanied with more horizontal cracks around the martensite, as shown in Fig. 9(b). Again, the
damage distribution (Fig. 9(d)) remains practically symmetrical, showing similar levels of plastic
deformation in the vicinity of the upper and lower trim edges. Assuming that accumulated plastic
deformation is the only factor driving the development of a fracture, the mechanism of shearing for 10%
clearance without support pad is based on cracks propagating from the upper and lower surfaces toward
each other and meeting somewhere in the middle of the sheet. Finally, it can be pointed out that the upper
crack is more signi�cant than the lower crack, which may indicate that the �rst crack to initiate is that
which occurs near the upper trim die.

Figure 10 shows the partial shearing to a penetration of 38% in conventional trimming with a 30%
clearance. At this level of die penetration and with the greater clearance, a crack (identi�ed in the red
dashed box in Fig. 10(a) and shown at larger magni�cation in Fig. 10(b)) initiated from the top surface of
the sheet near to the location of the upper trim edge, but no crack was initiated from the lower shearing
edge (Fig. 10(c)). The cross-section surface pro�le indicated within the white dashed box in Fig. 10(a)
was examined by 3D pro�lometer and shown in Fig. 10(d). It should be noticed that the area around this
sharp corner indentation left by the upper trim die was subjected to larger plastic deformation than that
near the lower corner indentation, the damage distribution is evidently asymmetrical, showing different
levels of plastic deformation in the areas near the upper and lower trim edges.

Figure 11 shows the partial shearing at a penetration of 45% in conventional trimming with a 30%
clearance. At this more advanced stage of the trimming cycle, the crack (located in red dashed box in Fig.
11(a) and shown at higher magni�cation in Fig. 11(b)) that initiated from the top surface of the sheet
continued to propagate, while no crack has formed from the lower surface. Due to the increased
penetration, the deformed martensite band experienced further displacement accompanied with more
horizontal cracks around the martensite islands, as shown in Fig. 11(b). The distribution of the damage
(Fig. 11(d)) within the shearing zone became increasingly asymmetrical as the upper die penetration
increased. At higher clearance (30%), bending of the scrap piece changes the overall symmetry of the
shearing process and creates additional tension near the upper die edge and additional compression near
the lower die edge. It is known that most materials have greater ductility in compression than in tension
[22], and this may provide a qualitative explanation for the preferential development of cracks from the
upper trim edge rather than from the compressed area near the lower trim edge.
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The constraining force from the support pad was shown to minimize the bending of the scrap piece
during trimming, as pointed out in Section 3.4 and this no doubt results in different fracture and burr
formation mechanisms. Fig. 12 shows the evolution of the cross-sectional pro�le of DP980 sheet at three
different stages during a trimming stroke with a support pad and for a 30% clearance. At 20% upper die
penetration, a crack initiated from the bottom surface of the sheet near the lower trim edge as indicated
by the blue box in Fig. 12(a), whereas no crack was observed at the top surface near the upper trim edge.
When the penetration was increased to 30%, it can be seen that the lower crack continued to propagate
upward through the sheet, as indicated by the blue box in Fig. 12(b). Meanwhile, a microcrack was
initiated from the top surface of the sheet near the upper trim edge as identi�ed by the red box in Fig.
12(b). When the penetration of the upper die increased to 38%, the upper and lower cracks continued to
propagate toward each other and intend to meet in the middle of the SAZ. The damage (Figs. 12(d)-(f))
within the shearing zone has an almost symmetrical distribution except that the area near the lower
corner indentation is subjected to a slightly greater plastic deformation than that of area near the upper
corner, and this observation is consistent with the crack initiating from the lower trim edge earlier than
that from the upper trim edge.

The different trimming clearances and the presence or absence of a support pad resulted in different
fracture mechanisms within the SAZ when using sharp trim edges. Consequently, the burr formation was
also affected by these parameters, as shown in Fig. 13. Figure 13(a) is an optical microscopy image of
the pro�le of the DP980 sheet at the onset of the separation of the scrap piece from the strip in
conventional trimming with a 10% clearance. Since the crack initiated from the lower surface of the sheet,
the burr is negligible. Figure 13(b) shows the optical microscopy image of DP980 sheet at the onset of
separation in conventional trimming with a 30% clearance. The mechanism of burr generation at 30%
clearance is different from that at 10% clearance: the cracks started near upper trim edge and then
propagated downward into the sheet metal until complete separation occurred. The bending of the scrap
during this conventional trimming process alters the overall symmetry of the deformation and damage
distribution. This bending moment creates a tensile stress near the upper surface and a compressive
stress near the lower surface resulting in the formation of a tensile-type burr. Figure 13(c) shows the
optical microscopy image of the DP980 sheet pro�le at the onset of separation in robust trimming with a
30% clearance. The mechanism of burr formation in this trimming con�guration is different from that in
conventional trimming. Since the bending of the scrap is prevented, the overall trimming process remains
symmetrical. The cracks started from both the lower and upper trim edges and then meet in the middle of
the SAZ. And once the shearing is complete, practically no burr can be seen during the robust trimming of
DP980 sheet with a 30% clearance.

The partial shearing tests with the presence of a scrap support pad con�rmed that a �rst crack is initiated
from the bottom surface of the sheet near the lower trim edge, and then this is followed by the initiation
of a crack from the upper trim edge. This leads to practically no burr at the sheared edge. In conventional
trimming, the bending moment has a very signi�cant effect on the deformation, damage distribution and
crack initiation, and the bending moment increases with increasing clearances. The signi�cant bending
of the scrap piece in the absence of a support pad applies additional stretching near the upper surface
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and additional compression near the lower surface, and therefore the �rst crack initiates from the upper
surface.

4. Conclusions
In this work, the characteristics of the sheared edge of DP980 sheets, which are commonly used to form
automotive body parts, was investigated with respect to the trimming clearance and the presence or
absence of a scrap support pad. On the basis of experimental results and observations, the main
conclusions arising from this work are as follows:

1. The maximum trimming load decreases with increasing clearance under both conventional and robust
trimming due to the increasing bending moment within the SAZ. The upper trim die penetration at the
onset of fracture and the total work done in a single trimming operation increased with increasing
clearance.

2. In conventional trimming with a 10% clearance, the shearing mechanism is characterized by cracks
propagating from both the upper- and lower-surfaces toward each other and meeting somewhere at the
mid-thickness of the sheet.
3. The shearing mechanisms in conventional trimming changed as the clearance was increased to 30%:
the crack initiated from the upper surface and propagated through to the lower surface, resulting in a
large, tensile-type burr.
4. Robust trimming with a 30% clearance and a sharp upper trim edge prevented the bending of the scrap
piece; moreover, a crack �rst initiated from the bottom surface of the sheet near the lower trim edge, and
subsequently, another crack initiated from the upper surface, resulting in a sheared edge with practically
no burr.
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Figure 1

Instrumented trimming die designed to study the trimming process for DP980: (a) general side view of the
setup, (b) transparent view of the instrumented upper and lower block for load and displacement
measurements, (c) representation of the conventional trimming process, (d) representation of the
trimming process with support force (robust trimming). DP980 strips are fed in the X-direction and the
trimming action is performed in the Z-direction
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Figure 2

Characteristics of a trimming operation: (a) trimming load versus the upper trim die penetration, (b)
corresponding zones at the sheared edge pro�le. 

Figure 3

(a) Trimming load with respect to upper die penetration for different clearances under conventional
trimming; (b) Trimming work done with respect to upper die penetration for different clearances.
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Figure 4

(a) Trimming load with respect to upper die penetration for different clearances under robust trimming;
(b) Trimming work done with respect to upper die penetration for different clearances.

Figure 5

Comparison of the main outputs from the conventional and robust trimming at various of clearances: (a)
maximum force, (b) penetration at maximum force, (c) upper die penetration at the onset of fracture, (d)
trimming work done. 
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Figure 6

Cross sectional pro�les of the trimmed part and scrap after conventional and robust trimming processes
for various trimming clearances: (a)-(c) in conventional trimming, (d)-(f) in robust trimming

Figure 7

Characteristics of the sheared edge with respect to clearance: (a) in conventional trimming, (b) in robust
trimming.
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Figure 8

SEM images of partial shearing (20% penetration) in conventional trimming with a 10% clearance: (a)
cross-sectional pro�le of shearing induced plastic deformation zone, (b) crack initiation and propagation
from the top surface of the sheet near the upper trim edge, (c) crack initiation and propagation from the
bottom surface of the sheet near the lower trim edge, (d) cross-section surface topography of the area
within the white dashed box in Fig. 8(a). 

Figure 9

SEM images of partial shearing (30% penetration) in conventional trimming with a 10% clearance: (a)
cross-sectional pro�le of shearing induced plastic deformation zone, (b) crack propagated from the top
surface of the sheet near the upper trim edge, (c) crack propagated from the bottom surface of the sheet
near the lower trim edge, (d) cross-section surface topography of the area within the white dashed box in
Fig. 9(a).

Figure 10

SEM images of partial shearing (38% penetration) in conventional trimming with a 30% clearance: (a)
cross-sectional pro�le of shearing induced plastic deformation zone, (b) crack initiation and propagation
from the top surface of the sheet near the upper trim edge, (c) no evidence of crack initiation from the
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bottom surface of the sheet near the lower trim edge, (d) cross-section surface topography of the area
within the white dashed box in Fig. 10(a).

Figure 11

SEM images of partial shearing (45% penetration) in conventional trimming with a 30% clearance: (a)
cross-sectional pro�le of shearing induced plastic deformation zone, (b) crack initiation and propagation
from the top surface of the sheet near the upper trim edge, (c) no evidence of crack initiation from the
bottom surface of the sheet near the lower trim edge, (d) cross-section surface topography of the area
within the white dashed box in Fig. 11(a).
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Figure 12

Evolution of the cross-sectional pro�le of DP980 sheet subject to robust trimming with a 30% clearance
and for increasing values of upper die penetration: (a) 20% penetration, (b) 30% penetration, (c) 38%
penetration, (d)-(f) cross-section surface topography of the area within the white dashed box in Figs.
12(a)-(c).



Page 22/22

Figure 13

Optical microscopy images of the pro�le of the DP980 strip at the onset of separation for different
trimming process con�gurations: (a) in conventional trimming with a 10% clearance, (b) in conventional
trimming with a 30% clearance, (c) in robust trimming with a 30% clearance.


