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Abstract

The milling process is the standard method for producing flat tensile test specimens from sheet metal. However, alternative
methods employed in the industry for cutting sheet metal include abrasive water jet cutting, laser cutting, punching, and, to
a lesser extent, electrical discharge machining. Among these, abrasive water jet cutting stands out for its superior material
integrity, versatility, precision, and efficiency, making it a preferred choice. Previous studies consistently show that speci-
mens cut by abrasive water jetting exhibit lower ultimate tensile strength and higher percent elongation than those obtained
by milling in standardized tensile tests. This study investigates this behavior across different types of steel and alloys. Both
steel types were subjected to milling and water jetting processes, followed by an analysis of their experimental and simulated
mechanical behavior to identify discrepancies between the two methods. The findings suggest that milling, influenced by
factors such as feed per tooth and cutter diameter, introduces geometric stress concentrators. This relative increase in ultimate
tensile strength and decrease in percent elongation are observed consistently in milled tensile specimens compared to those
cut by water jet, regardless of material type or thickness. Additionally, the effects of perimeter hardening resulting from
superficial plastic deformation caused by the cutting edge, likely due to its small thickness, do not influence the observed
trends significantly.
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1 Introduction

The mechanical properties of a sheet are typically character-
ized by constructing a specimen of standardized dimensions,
with the axial axis parallel to the rolling direction, for ten-
sile testing. International standards recognize milling as the
only accepted manufacturing method for creating flat tensile
specimens [1]. This method is preferred because milling is a
well-established conventional process that allows for a wide
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range of cutting conditions and an almost unlimited variety
of tools [2]. Other industrial methods for cutting sheet metal,
such as laser cutting, abrasive water jet cutting (AWJC), and
punching, are less suitable for producing flat tensile speci-
mens. Laser cutting is generally avoided due to the heat-
affected zone it creates, which alters the ductility of the cut
perimeter [3]. Punching with a cutting die or a CNC punch-
ing machine induces significant hardening in the specimen’s
perimeter due to plastic deformation, rendering it unsuitable
unless the hardened area is removed [4]. In contrast, AWJC
is a common alternative due to its versatility and efficiency,
allowing for producing specimens with mechanical prop-
erties representative of the sheet under study [5]. Despite
this, all these processes—milling, laser cutting, AWJC, and
punching—influence surface integrity [6], generating stress
concentrators [7, 8] and microstructural modifications that
can affect the ductility of the cut perimeter [9].

Milling significantly impacts the machined perimeter, as
demonstrated by various studies. Santos et al. [10] found that
strain hardening is influenced by the percentage of austenite in
the deformed layer when working with duplex stainless steel.
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Similarly, Sun and Guo [11], while machining a titanium alloy,
observed an increase in surface hardness between 68 and 80%,
noting that higher cutting speeds resulted in lower hardness
due to thermal softening. Further research by Wang and Yu
[12] on titanium alloy TC21 revealed that different lubrica-
tion methods—dry milling, high-pressure air cooling, and
minimum quantity lubrication (MQL)—affect microscopic
topography, surface roughness, and microhardness, with MQL
effectively suppressing plastic deformation and surface defects.
Xu et al. [13] studied the GH4169 superalloy and found that
surface roughness and the depth of the plastic deformation
layer differ little between wet and dry milling. However, sur-
face microhardness is slightly lower in dry milling. Marakini
and colleagues [14] reported that in high-speed milling of
magnesium alloy, the type of insert (PVD or uncoated) and
cutting conditions could increase hardness by 33 to 60% to
a depth of about 50 um, attributing this to milling forces and
thermal softening. Lastly, Laamouri et al. [15] compared up-
milling and down-milling of X160CrMoV 12 steel, concluding
that down-milling induces poor surface integrity with severe
defects and reduces the fatigue limit by about 21% compared
to up-milling.

Several publications have explored the impact of the AWJC
process on the cut perimeter. For example, Hlavacova et al.
[16] investigated the thermal adaptability of different steel
grades subjected to various heat treatments, including nor-
malization annealing, soft annealing, quenching, and quench-
ing followed by tempering. They experimented with carbon
steel C45, micro-alloyed steel 37MnSi5, and low-alloy steel
30CrV9, concluding that the homogeneity of the steel micro-
structure was crucial for cutting quality. They found that
greater differences in hardness among structural components
in an inhomogeneous microstructure resulted in higher surface
roughness values. Gembalova and her co-workers [17] studied
the comminution effect of #80 abrasive particles during and
after cutting different materials, ranging from an aluminum
alloy to tool steel. They discovered that the particles were
significantly reduced in size, ranging from 8 to 24 um, and
that post-cut particles were similar in shape and size to those
retained on the cut walls. In two related studies, Bankowski
et al. [18, 19] examined the thermal transfer to the cut mate-
rial caused by abrasion and plastic deformation from the abra-
sive particles. They noted that the amount of heat transferred
depends on the material thickness and the cutting velocity,
with thicker materials and lower velocities resulting in greater
heat transfer. Specifically, for a 4.5-mm-thick S235JR steel
cut at a feed rate of 50 mm/min, they measured an average

hardness increase of 46% at about 20 um from the edge using
a nanodurometer [19].

Consequently, when determining the mechanical proper-
ties of a material through a tensile test on a specimen cut
from a sheet, if the standard cutting method is milling, using
an alternative process can modify these properties due to
alterations in the surface integrity of the cut perimeters.
Martinez Krahmer et al. [5] compared tensile specimens
manufactured by milling and four alternative methods (laser,
abrasive water jet, CNC punching, and wire EDM) on two
very different materials—very low carbon steel (%C < 0.06)
in three different thicknesses and Inconel 718. They found
the AWJC process is the best alternative to milling, as it
produces the smallest difference in mechanical properties.
However, a consistent trend observed in all cases analyzed
was that specimens cut by AWJC always showed decreased
ultimate tensile strength (UTS) and increased elongation
(A%) compared to those obtained by milling. Additionally,
Goshert et al. [20] and Chang and co-workers [21] found
similar trends, although they did not explain the reasons.
This work aims to clarify why, across all materials and thick-
nesses tested, AWJC specimens consistently show increased
elongation and reduced ultimate stress compared to milled
specimens. To investigate this behavior, a new series of ten-
sile tests were performed on milled and AWJC specimens
from two steel plates (including one high-strength steel). The
combined effects of stress concentration and hardening of
the cut perimeter were analyzed, along with simulated semi-
circular stress-concentrating tensile tests similar to those
produced by the milling process. Therefore, the novelty of
this work lies in evaluating whether the AWJC process could
serve as a standard method for manufacturing flat tensile test
samples in the industry, given its simplicity, and its advan-
tages of low thermal impact and reduced mechanical stress.

2 Materials and methods

A total of 48 specimens were machined and tested. These
specimens resulted from using two processes on two grades
of steel (SPC 270 and SPC 980) with 12 repetitions each.
Table 1 shows the nominal chemical composition by weight
of the analyzed sheets, while Table 2 presents the geomet-
ric variability of the specimens, grouped by type of steel
and process. This includes the average width in the reduced
section (A), the associated standard deviation (o), and the
average taper in the reduced section (C).

Table 1 Chemical composition

- Steel %C %Si %Mn %P %S %Al Hardness HV10
(% by weight) of SPC 270 and
980 steels SPC 270 0.02 0.02 0.22 0.01 0.01 0.05 124.7+8.6
SPC 980 0.17 1.40 2.00 0.02 0.002 — 304.0+7.0
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Table 2 Geometric variability

T . Steel AWIC Milling
of milling and AWJC specimens
A (mm) 6 (mm) C (mm) A (mm) 6 (mm) C (mm)
SPC 270 25.12 0.02 0.03 24.95 0.05 0.02
SPC 980 25.19 0.02 0.07 24.94 0.06 0.02
Table 3 Cutting conditions for both processes 3.1 Tensile tests
Cutting parameters Milling AWIC ) . o )
Regarding the geometric variability of specimens produced by
Feed rate (mm/min) 150 700 both processes (see Table 2), the following observations arise:
Spindle speed (rpm) 1060 Notapply (1) AWIC process shows less dimensional variability among

Table 3 shows the cutting conditions used in the mill-
ing and AWJC processes. The parameters for milling cor-
respond to a 6-mm-diameter high-speed steel cutter used
in the final contouring pass of the reduced section of the
tensile specimens, machining a low to medium carbon
steel. The cutting tool was a four-cutter at a feed rate per
tooth of 0.035 mm/v and a 20 m/min cutting speed [22].
The conditions for the AWJC process were set accord-
ing to the manufacturer’s software (Flow Mach 3, model
1313b) based on the thickness of the steel sheet being cut
(range 0.6 to 1 mm), using a stand-off distance of 2.5 mm,
an offset of 0.5 mm, and a mass flow rate of 400 g/min.

The water jet machine has a 60,000-psi intensifier
pump. It uses an abrasive called garnet #80, with an aver-
age diameter for the abrasive particles of 0.163 +0.113
mm (similar to the size indicated in [23]). Table 4 pre-
sents the semiquantitative analysis of garnet, resulting
from the average of 5 measurements, similar to those
reported by Hashish [24].

To eliminate the potential influence of residual
stresses, all specimens were subjected to a stress-reliev-
ing process at 650 °C for 2 min [25] in an Indef 1250
°C-5.6 kW furnace. Figure 1 shows the set of machines
and parameters used in the two methods studied to manu-
facture the flat tensile specimens.

3 Results and discussion

The results of this study are presented in the following
subsections: tensile tests, stress—strain diagrams, effects
of stress concentration, and finite element simulation.

specimens, but they exhibit higher taper, especially in SPC 980
steel. (2) The milling process produces specimens with greater
dimensional variability, albeit with lower taper.

Two main properties are considered for analysis regarding
the results from tensile tests: UTS and percentage of elonga-
tion (A%). Table 5 shows the comparative values from previ-
ous studies, while Table 6 exhibits the materials studied in the
current work. The results show the difference between UTS
and elongation using the two methods for preparing flat tensile
specimens: AWJC and milling. Based on the values presented
in these two tables, the average percentage difference in UTS
between specimens cut by AWJC and milling across all materi-
als and thicknesses is —2.5%. Conversely, the average differ-
ence in elongation is+3.3%.

3.2 Stress-strain diagrams

The relationship between UTS and elongation is explored
through relative pair diagrams for two types of cold-rolled
carbon steels: SPC 270 and SPC 980. Figure 2 exhibits a com-
parative analysis of the mechanical properties of specimens
machined using AWJC and milling processes. Specifically, it
shows variations in UTS and elongation between the two cut-
ting methods across the two material compositions.

In SPC 270 steel, a distinct trend is observed where milled
specimens consistently demonstrate an increase in UTS
alongside a reduction in elongation compared to those cut by
AWIC. This trend underscores the effectiveness of milling in
enhancing the material’s UTS while compromising elonga-
tion, a characteristic often desirable in applications requiring
high strength and structural integrity. Conversely, the trend
is less pronounced in SPC 980 steel, suggesting a nuanced
response to machining methods. Nevertheless, when averaging
across SPC 980 specimens, those cut by AWJC show a mod-
est decrease of — 1.4% in UTS compared to milled specimens,
accompanied by an average increase of +3.4% in elongation.

Table 4 Semiquantitative values

% O
of garnet components (% by i

% Fe

% Si

% Al % Mn % Mg % Ca

weight)

42.5+4.0 243+18

15.8+2.0

10.0+1.4 1.2+0.8 2.0+£0.7 1.1+£0.5

@ Springer



The International Journal of Advanced Manufacturing Technology

Fig. 1 Overall composition of a)
the equipment and parameters
used: a the AWJC machine and
its cutting parameters; b the
milling machine and its cutting
parameters; ¢ the universal ten-
sile machine; d the steel tensile
flat specimens

Abrasive Water Jet
Flow Mach 3, ref. 1313b

b)

S I Travis Milling CNC Machine

Pressure = 60,000 psi
Abrasive Garnet #30
Va =700 mm/min

S =1060 rpm
Va =150 mm/min

Tensile speed = 5 mm/min

Table 5 Relative percentage differences for UTS and A% from previ-
ous studies [5]

Material Thick- Mechani- Difference %
ness cal
(mm) property
Cold-rolled sheet of very low 0.5 UTS -35
carbon steel (%C between 0.05 A% 0.7
and 0.06) 10 UTS ~23
A% 4.7
1.5 UTS -19
A% 1.9
Inconel 718 5.0 UTS -14
A% 2.8

Table 6 Relative percentage differences for UTS and A% correspond-
ing to the current study

Material Thick-  Mechani- Difference %
ness cal prop-
(mm) erty
Cold-rolled steel sheet SPC 270 0.6 UTS -2.2
A% 3.0
Cold-rolled high-strength steel 1.0 UTS -14
sheet SPC 980 A% 34
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| Wy Set of tested AWJC 980 MPa tensile specimens

This indicates that, on average, AWJC maintains a comparable
trend in mechanical properties across both steels despite vari-
ations observed within SPC 980.

3.3 Effects of stress concentration

The systematic behavior observed in the mechanical prop-
erties of milled specimens versus those cut by AWIC is
attributed to the interaction of the semi-circular stress con-
centration effect produced by the cutter diameter combined
with the feed per tooth. To highlight the stress concentra-
tion effect, specimens were fabricated using AWJC from the
material that exhibited greater sensitivity in distinguishing
between cutting processes through mechanical properties
(see Fig. 2), namely SPC 270 steel. Accordingly, a total of
16 specimens were machined and tested, comprising four
types of sample notches (plain, line, triangle, and semi-cir-
cle) with four repetitions each. The radius at the bottom of
the triangular notch is the minimum achievable value using
the AWJC machine. Accordingly, Fig. 3 shows the notch
geometries analyzed in the flat tensile specimens and the
average values and percentage standard deviation among the
different notches analyzed in SPC 270 carbon steel. The rela-
tive UTS is calculated with respect to the sample without a
notch, which is assumed as the baseline.
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Fig.2 Normalized UTS versus
elongation for SPC 270 and

SPC 270 Elongation [%]

SPC 980 carbon steels 12

10

Normalized UTS [%]
o
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Milling -+ 10
° ®
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SPC 980 Elongation [%]

Fig.3 Relative diagram UTS

- ' Triangle
versus elongation for different
SPC 270 carbon steel notch
types. Note that the notch
dimensions are in millimeters
Line
.. Semicircle

Overall, the presence of notches does not substantially
alter the UTS; however, it significantly reduces the percent
elongation due to localized stress concentration. Similar
results were reported by Goanta et al. [26]. In the specific
case of specimens with a semi-circular notch, particularly
concerning UTS, a more detailed analysis was conducted
using finite element simulation to understand why UTS
increases compared to notch-free specimens. It is observed
that all notch shapes markedly decrease elongation, but
those with a circular shape also increase UTS above 10%.
This behavior resembles milled specimens, where a cir-
cular stress concentrator forms at the perimeter due to the
combination of the cutter radius and the feed per tooth.
According to Campbell [27], the stress concentration fac-
tor in specimens with semi-circular notches depends on
the ratio between the notch radius and the width of the

O Line ATriangle O Semicircle XNor

115 f

110 } é
105 |
&

Relative UTS (%)
8 & 8

o]
wm
T

50 60 70 80 90 100
Relative elongation (%)

[}
o

specimen. When using standardized specimens, only the
notch radius remains as the variable factor.

Regarding the specimens of SPC 270 and SPC 980 steels,
a summary of the absolute results obtained for UTS and A%,
including the strain hardening coefficient SH, this coefficient
can be obtained from a stress—strain diagram as indicated by
Xu et al. [28]. Table 7 presents the disaggregated behavior
of the coefficient by material and cutting process.

Upon analyzing Table 7, it becomes evident that tensile
specimens cut by milling and AWJC from identical sheets
exhibit distinct mechanical properties. Specifically, milled
specimens consistently demonstrate lower elongation and
higher UTS than those cut by AWIJC. For SPC 270 steel,
milling reduces elongation by an average of 3.0%, whereas
for SPC 980 steel, the reduction is more pronounced at 3.4%.
Conversely, UTS shows an average increase of 2.2% for SPC
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Table 7 Results of UTS, A%,

. Steel Milling AWIC
and SH in SPC 270 and SPC
980 carbon steels UTS (MPa) A% SH UTS (MPa) A% SH
SPC 270 297.5 62.2 0.669 291.0 64.1 0.650
SPC 980 1011.3 17.6 0.322 997.1 18.2 0.316

270 and 1.4% for SPC 980 steel in the milled specimens
compared to those cut by AWJC. Regarding strain hardening
coefficient (SH), milling results in a 2.9% increase for SPC
270 steel specimens and a slightly lower increase of 1.9% for
SPC 980 steel specimens compared to AWJC-cut specimens.
This suggests that higher material strength correlates with
a smaller change in strain hardening, thus narrowing the
differences observed. This conclusion aligns with findings
from other studies. For instance, Paetzold et al. [9] observed
a significant increase in hardness in punch-formed speci-
mens from high-strength DP800 steel. Meanwhile, Hilditch
and Hodgson [29], in the case of punching an AA6111 alu-
minum alloy (low strength), using clearance between 5 and
51% of the thickness, achieved hardness increases of HV not
less than 57% up to a maximum of 100%. Lastly, Dieter [30]
states that if hardening increases, more stress is required to
break the specimen.

The primary limitation of this study lies in the restricted
scope of investigations into how cutting conditions affect
geometric stress concentrators. In the AWJC process, con-
ditions depend solely on the material type and thickness,
leaving no other variables to experiment with. In contrast,
milling allows for a wide variation in the diameter of the
cutting tool, sharpness, material, and coating, potentially
influencing the observed repetitive trends. Feed rates, in
particular, significantly impact the effectiveness of cutting
processes and the formation of geometric stress concentra-
tors. Overall, lower feed rates are generally favorable for
maintaining material integrity and controlling stress concen-
trators, whereas higher feed rates, although more efficient,
pose risks to cut quality and structural soundness [31].

3.4 Finite element simulation

FEM models have been developed with ANSYS®. Simula-
tion is quasi-static, considering the slow load speed. The
elements used are 8-node (linear) hexahedra, and their for-
mulation accounts for large displacements. Four different
mesh configurations were analyzed for the smallest notch
radius of 0.5 mm, ranging from 5000 to 20,000 elements.
These configurations varied in mesh size and thickness.
Results do not change significantly between meshes. Thus,
a mesh of about 10,000 elements with a larger density
at a notch location has been adopted for the final analy-
sis. One-eighth of the probe is modeled for all cases, and
displacements on the axial direction have been imposed.

@ Springer

Two types of finite element simulations were conducted on
standardized tensile specimens, all 0.6 mm thick: (a) one
considering the semicircular stress concentrator produced
by the milling cutter diameter, and (b) another account-
ing for hardening around the specimen perimeter due to
plastic deformation caused by the cutting edge. Given the
heightened sensitivity in behavior (see Fig. 2), this section
focused on SPC 270 steel. The mechanical behavior was
reproduced by fitting an experimental Ludwik model to the
material’s obtained values, resulting in the specific equa-
tion 6 =175 +460e%%. Assuming a standardized cross-
Sect. (25x 0.6 mm) in all cases, semicircular stress con-
centrators with radii of 0.5, 2, and 3 mm were considered.
Results indicated an increase in UTS and a decrease in
A% with increasing radius, as depicted in Fig. 4. A radius
of 3 mm was chosen since the contouring operation was
performed with a 6-mm-diameter milling cutter.

This situation was simulated given the existing experi-
mental evidence of how milling processes create a hard-
ened subsurface zone beneath the machined surface. Ini-
tially, two specimens without notches were considered:
one with a 20% [32] hardened perimeter and 100 pm
thickness [33, 34] and another without hardening. In this
first case, no modification was observed in the mechanical
behavior curve of the analyzed specimens. Subsequently,
the process was repeated with tensile specimens featur-
ing 2-mm-radius semicircular notches (see Fig. 3), one
with a 20% hardened perimeter and 100 pm thickness, and
another without hardened perimeter. The same results were
obtained in the previous case, indicating that the perimeter
hardening did not affect the mechanical behavior. From the
simulations conducted, it is concluded that the perimeter
hardening caused by the cutting process does not appear to
influence the achieved results. On the contrary, the semi-
circular stress concentrator characteristic of peripheral
milling contributes to the increase in UTS and reduction
in elongation of milled specimens compared to those cut
by abrasive water jet machining. Supporting this observa-
tion, a study comparing punched tensile specimens with
milled specimens obtained from the same sheets, ranging
in thickness from 0.5 to 2.5 mm, showed that the punched
perimeter exhibited a maximum average perimeter hard-
ness increase of 64% compared to the original material
with a plastic deformation affected depth of 0.65 mm.
Despite such alteration, the UTS showed no significant
changes [5].
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Fig.4 Reproduction of the
mechanical behavior of SPC
270 steel with different notch
radii. Note that the notch dimen-
sions are in millimeters

To further enhance the accuracy and efficiency of the FEM
analysis, it would be advantageous to incorporate automatic
remeshing during the deformation process. This approach
offers significant benefits, including reducing computational
time and the precise representation of large strains, particularly
at critical points such as notches. The dynamic adjustment of
the mesh ensures that the model maintains high resolution in
areas experiencing substantial deformation, thereby improving
the fidelity of the stress—strain curve analysis. Preliminary tests
using the MOOSE (Multiphysics Object Oriented Simulation
Environment) open-source software have already demon-
strated the potential of this method. These initial experiments
indicate that MOOSE’s capabilities in adaptive meshing and
handling complex multiphysics problems are promising for our
specific application. In addition to refining the mesh adaptation
strategy, exploring the effects of different notch geometries is
crucial. Variations in notch shape can significantly influence
the local stress distribution and strain concentration, impacting
the overall mechanical behavior of the material. By systemati-
cally analyzing different notch configurations, we can better
understand the stress—strain response and identify any critical
geometrical features that may exacerbate or mitigate material
failure. Future studies should include a detailed comparison
between the stress—strain curves obtained from models with
automatic remeshing and those from traditional static mesh
approaches. Moreover, the influence of various notch shapes
on mechanical performance should be thoroughly investigated,
potentially leading to optimized designs that enhance durabil-
ity and resistance to failure under load.

4 Conclusions

The main conclusions derived from this study can be sum-
marized as follows:

Engineering Stress [MPa]

300
2751
250 1
2251
200
175 1

Notch radius

150 1 — 0.5mm

- 2.0 mm

1251 —— 3.0mm

0 5 10 15 20 25 30 35 40
¢ [%]

e The feed per tooth in milling generates a semicircular
geometric stress concentrator on the cut surface, with its
magnitude scaling with the radius of the milling cutter
employed. This geometric feature significantly influences
mechanical properties in specimens cut by milling com-
pared to AWJC, resulting in an average increase in UTS
of +2.2% for SPC 270 steel and + 1.4% for SPC 980 steel,
along with a decrease in elongation by —3.0% for SPC
270 steel and — 3.4% for SPC 980 steel.

e The mechanical properties of notched specimens by mill-
ing exhibit a predictable decrease compared to unnotched
specimens. Circular notches demonstrated about 10%
superior UTS among the various notch geometries tested
due to their less severe stress concentration effects. Addi-
tionally, AWIJC also creates a geometric stress concentra-
tor, but due to the significantly reduced particle size post-
cutting (8 to 24 um), its impact on mechanical properties
resembles that of a zero-radius notch.

e Simulations revealed that specimens with a 20% hard-
ened perimeter and 100 um thickness showed no sig-
nificant deviation in mechanical behavior compared to
those without hardening. Furthermore, specimens featur-
ing 2-mm semicircular notches confirmed that perimeter
hardening did not alter mechanical properties noticeably.
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