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Characterization of the milling-induced hardness gradient in
the near-surface material volume of high manganese TWIP
steel 1.7401 by nanoindentation

S. Wolke * , M. Smaga, T. Beck
Institute of Materials Science and Engineering, University of Kaiserslautern-Landau,
Germany

ABSTRACT

(- The hardness gradient induced by up and down milling in the near-surface material volume of high-\
manganese TWIP steel 1.7401 was characterised up to a surface distance of 50 p m using
nanoindentation. Hereby, even the influence of various small indentation depths was such pronounced
that the indentation size effect influenced the measured hardness significantly and was, hence, studied. In
afirst step, the effect of uniaxial, quasi-static deformation on hardness was investigated, which serves as a
comparison to hardening by milling which is associated with a complex, multiaxial deformation.
Subsequently, suitable parameters for characterization of the milling induced hardness gradient were
identified through variation of indentation depths and indentation depth-to-indent spacing ratios.
Additionally, the near-surface hardness gradient was examined transversely and longitudinally to the
feed direction to analyse whether possible process-induced differences occur due to intermittent cutting.
Furthermore, the hardness in the nanocrystalline layer was examined in detail and correlated with the
respective microstructures, observed through FIB cutting and ion beam imaging. Finally, the hardness
gradients after up and down milling were compared, the effect of electrolytic polishing on the near surface
hardness gradient was analysed and the hardness in the rolling skin, representing the initial state, was
studied. Milling results in a maximum increase in hardness of approximately 50 % in comparison with the
base material, and the hardness decreases degressively with increasing distance to the surface up to a
depth of approximately 20 p m. Hardness increases in the milling-induced near-surface material which
can be attributed to higher dislocation density. The near-surface layer, measuring 1-2 p m in depth,
consists of fine-grained material, and the transition to coarser grains corresponds with a change in
hardness slope. No significant hardness gradient was detected along the feed direction, and up and down
milling results in similar hardness gradients.

Keywords: Nanoindentation Indentation size effect Continuous stiffness measurement Surface
hardening Milling

- /

1. Introduction

Milling is a well-established manufacturing process for producing components with a defined
geometry. In addition to the component geometry, milling of metallic materials produces a surface layer,
which differs from the base materials in terms of hardness, grain morphology and microstructure as well
as residual stresses [3—7]. A detailed examination of the material’s property gradients after milling is of

both academic and technical interest, since the material properties in the surface layer can be of decisive
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importance for component properties such as fatigue life and wear resistance [3—11]. In addition, the
characterization of the hardness gradient in the near surface material volume enhances the
comprehension of the machining process, facilitating optimization strategies for machining of difficult-

to cut materials such as high manganese steels [12,13].

The increase in hardness of the near-surface material volume observed during milling compared to the
initial state [3—5] is attributed to plastic deformation during machining. The thickness of the near-
surface material volume influenced by milling is in the range of a few micrometres, making depth-
resolved characterization of the local mechanical properties challenging, but possible with the aid of
nanoindentation. In this context, high manganese TWinning Induced Plasticity (TWIP) steels are
particularly suitable for characterising the hardness gradient in the material volume modified by milling,
as a comparatively large increase in strength and hardness for metallic materials can be assumed in

material areas that are plastically deformed during milling.

Nomenclature Hy hardness in the limit of infinite depth

S elastic unloading stiffness
dg distance to the surface Sa Profile height's mean value according to [1].
d; distance between two neighbouring indents Sz Profile’s maximum height according to [1].
Ac projected area of the indenter tip z Topography profile’s height
E, reduced modulus £ constant for calculation of h, according to [2].
F indentation force £ strain
Frnax maximum indentation force £ total strain
h indentation depth £ strain rate
h indentation speed p dislocation density
Himas maximum indentation depth Pe density of geometrically necessary dislocations
h* characteristic length according to Ps density of statistically stored dislocations
he contact depth ¢ stress
H hardness for a given indentation depth

The high, particularly quasi-static hardening potential of TWIP steels is largely due to the formation of
twins during deformation, which reduces the dislocation mean free paths and is therefore named
"dynamic Hall-Petch effect". A detailed overview of the TWIP effect and the properties of high
manganese steels is provided by De Cooman et al. [14] and Bouaziz et al. [15]. The extent to which the
TWIP effect occurs during milling has not yet been investigated in detail and elaboration of adequate
hypotheses are challenging, since time-variant temperature, stress, strain and strain rate fields need to be
considered [16].

For metallic materials in general and austenitic steels in particular, only limited work has been published
on the depth-resolved characterization of the milling-induced hardness gradient in the near-surface
material volume. Klein et al. [3] carried out instrumented cyclic indentation testing based on the work of
Kramer et al. [17] on the high-manganese TWIP steel HSD®600 after up and down milling. Hereby, ten
indentation cycles were performed on every measurement point with a maximum force was 1000 mN.

The indentation tests were iteratively repeated after defined electrolytic polishing steps, so that after
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removing the near surface material volume established by up milling until to a depth of 54 u m through 4
polishing steps, no difference to the base material was detected. The measured hardness decreases
continuously from the surface to the base material. The increase in hardness due to up milling was
approx. 10 % compared to the base material, whereas the increase in hardness in the case of down
milling was approx. 5 %. It should be noted that the authors estimated the elastically-plastically
deformed material depth to be up to 75 p m based on Johnson’s work [18], taking into account the

indentation diagonal after ten cycles.

Further work on the characterization of the hardness gradient after up and down milling was carried out
by Laamouri et al. [4] on the high-alloyed steel X160CrMoV12. In this work, instead of flat surfaces, V-
shaped notches were milled. The authors characterised the depth-resolved hardness in the notch base
through hardness measurements perpendicular to the surface with a load of 490.5 mN. It is neither
detailed how the gradual material removal took place, nor how large the elastically-plastically deformed
material volume was. For both up and down milling, a decreasing hardness curve from the surface to the
base material was determined. While an increase in hardness of 75 % was induced on the surface
compared to the base material during up milling, this increase was only 45 % after down milling.
Furthermore, the transition from the hardened material volume to the base material was detected after up
milling at a surface distance of 300 u m, whereas in case of down milling a hardness increase was only

detected until to a depth of 50 pm.

In addition to the work on high-manganese TWIP steel HSD®600 and on the high-alloy steel
X160CrMoV 12, the work of Yao et al. [4,5] on titanium alloy TB6 deals with the near surface hardness
gradient after milling. However, the authors do not detail the sample preparation for this investigation,
but an iterative material removal can be assumed, since the first measured value is given directly on the
surface. Besides, it is not specified whether the measurement was carried out on the circumferentially
milled or face-milled side, although a measurement on the face-milled side is likely due to the sample
geometry. Using a load of 245.25 mN and a gradual increase of the surface distance by 10 pu m during
their measurements, the authors determined a depth-resolved hardness curve after milling. Here, an
increase in hardness of approx. 15 % compared to the base material up to a surface distance of 30—40 pm
with a continuous decrease from the surface to the base material in agreement with the results of

Laamourietal. [4] and Klein et al. [3] was detected.

Besides the work by Klein et al. [3], studies on the hardness change due to machining of austenitic steel
are only available for cryogenic turning of the corrosion-resistant steels AISI 347 [7,8,19] and AISI
904L [7] with external CO , cooling [7,8,19] or a metal working fluid based on monoethylene glycol [7]
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In this context, Boemke [7], Skorupski et al. [8] and Mayer et al. [19] carried out microhardness
measurements in cross sections with a maximum indentation force of 100 mN, whereby the minimum
distance to the surface was at least 20 p m. In accordance with the work of Klein et al. [3], a decreasing
hardness with increasing surface distance was determined, whereby the properties of the base material
were reached at a depth of between 150 pm and 400 u m. Consequently, the depth of the turning induced
hardened material was greater than after milling of TWIP steel HSD®600 [3]. The maximum hardness
measured at a surface distance of 20 p m differed depending on the feed rate and was up to twice as high
as that of the base material. In comparison to the work on austenitic steels, the hardness curve measured
by Guo and Sahni [20] in the cross-section of AISI 52100 after hard turning with a load 0f 245,25 mN is
of interest. Up to a surface distance of approx. 20 p m, the authors identified a "white layer" that was 40
% harder than the base material, while a "dark layer" that was approx. 10 % softer was determined at a
surface distance of approx. 20 p m—40 p m. Consequently, the turning induced hardness variations and
the depth of the modified material volume was greater for the initially softer AISI 347 than for the
initially harder AISI 52100. Thus, the material’s mechanical properties influence the depth and hardness
increase by machining. In contrast to all previously mentioned studies [3,4,8,19, 20], Javidi et al. [21]
found no increase in hardness in the near-surface region after conventional turning of 34CrNiMo6,
whereby the minimum distance to the surface was approx. 10 um. In this study, sections transverse to the
cutting direction and along the feed direction were studied with a maximum indentation force of 100

mN.

Oevermann et al. [9] investigated the increase in hardness after deep rolling at room temperature and
550 ° C on the hardness HVO0.2 of the high-manganese TWIP steel X40MnCrAl119-2. Although deep
rolling differs fundamentally from milling, the observation of the increase in hardness and hardness
gradient is of interest since the same material was investigated in the present study. At the smallest
surface distance of 100 um examined in this study, the increase in hardness compared to the base
material was approx. 75 %. Furthermore, the hardness decreases continuously with increasing surface
distance, which is analogous to the situation found after milling [3—5]. The thickness of the hardened
zone was approx. 1000 um. Considering the beforementioned studies on hardness in the surface layer
after machining, it can be assumed that the thickness of the hardened zone after deep rolling is

significantly greater than after up or down milling.

To increase the resolution of hardness gradient in depth direction, the smallest possible forces and
penetration depths should be applied. During measurements with indentation depth h <1000 nm,
indenter tip impressions become too small for precise area determination through light optical imaging.

Thus, the hardness is determined based on the indentation force F- indentation depth h curves. The
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model proposed by Oliver and Pharr [2,22] has been widely used for this purpose. As this model was

used in the present study, the basic principles are briefly summarised for the convenience of the reader. In

this model, the contact depth hc is used for determination of the area used for hardness calculation. As

schematically shown in Fig. 1a), it represents the length along which the indenter and the material to be

tested are in contact projected in loading direction. It is derived from the force-displacement curve

through equation (1)which is represented geometrically in Fig. 1a). Hereby, the stiffness S represents the

slope of the F-h-curve during unloading near Fux. €1 1s a constant depending on the indenter tip geometry

and, in the present work, €1=0,75 as a Berkovich indenter was used.

The area of the indenter tip in contact with the tested material pro

a)
F "
Indenter ¢ Initial surface
h
Surface profile after load Surface profile under load
b)

max

Loading

Unloading

Force F

indentation depth h
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Fig. 1. a) Schematic representation of indentation depth h and contact depth hc during indentation and b)

determination of hc based on the Force F —indentation depth h curve adapted from Ref. [2].

jected into a plane perpendicular to the load direction Ac is as a function of the contact depth hc which is
determined through a calibration procedure. During subsequent indentations in various materials, Ac
can be calculated based on hc, so that hardness H is determined through equation (2).

he = Amax — E'i(mec /S) (Eq. 1)

H:Fmo_x/Ac (Eq. 2)

Thus, hardness is calculated based on the projected contact area at maximum indentation force instead of
the conventional determination based on the projected area of the indent after unloading. Nevertheless,
Oliver and Pharr [2] showed that their approach leads to results which are in excellent agreement to those

determined via conventional area determination.

Besides challenges regarding area determination, indentation depths h <approx. 1000 nm [22] with self-
similar bodies such as Berkovic tips result in an increase in hardness with decreasing indentation depth,
which is described as the indentation size effect. Pharr et al. [22] and Voyiadjis and Yaghoobi [23], for
example, provide an overview of the large number of studies investigating this phenomenon. Among
other aspects, the authors discuss the highly regarded model by Nix and Gao [24], which explains the
indentation size effect for a conical tip on the basis of geometrically necessary dislocations. For this
purpose, Nix and Gao [24] calculate the length of the geometrically necessary dislocation rings as a
function of the indentation depth based on the geometry of the indenter tip. It is assumed that the
geometrically necessary dislocations are located below the tip within a hemisphere with the radius of the
indent at the surface [24]. In addition, a relationship is established between the shear yield stress and the
dislocation density according to Taylor’s relation, the shear stress is converted into a normal stress using
the von Mises flow rule and the normal stress is converted into a hardness using Tabor’s factor [21]. This
results in Eq. (3), delineating the ratio of hardness H and the theoretical hardness HO, resulting
exclusively from the statistically distributed dislocations without geometrically necessary dislocations,
as a function of the ratio of the scaling variable h* and the indentation depth h [24]. Note that h* is
constant during indentation but a function of the indenter geometry and the density of the statistically

distributed dislocations in the tested material.

H/Ho —/1+ (h'/h) (Eq. 3)

In the context of the indentation size effect, the technique of continuous stiffness measurement (CSM) is

particularly useful as it allows continuous, contact depth-resolved measurement of the reduced modulus
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and hardness. Hereby, the indentation depth or indentation force is superimposed with an oscillating
movement of a small amplitude compared to the total indentation force or indentation depth,
respectively. A sufficiently large amplitude of the oscillating force enables a determination of the
stiffness during loading and consequently a contact depth- resolved determination of reduced modulus

and hardness. A detailed overview of CSM and the various fields of application can be found in Ref. [25].

2. Materials and methods

In the present study, the high-manganese TWIP steel 1.7401 from thyssenkrupp Hohenlimburg GmbH
was analysed. The sheet material with a thickness of 6.0 mm was hot rolled, pickled, oiled and skimmed
into sheets with a width of 645 mm and a length of 1200 mm. Its chemical composition given in Table
Iwas measured by optical spectral analysis. A stacking fault energy of 26 mJ/m2 at room temperature

was calculated based on the chemical composition using the model of Curtze etal. [26].

The TWIP steel exhibits a fully austenitic microstructure with a homogeneous distribution of the

equivalent grain diameters as shown in

Table 1

Chemical composition of the investigated TWIP steel 1.7401 measured by optical spectral analysis.
Alloying element [ Mn Cr Al Si Ti P s Ni Mo Cu Fe
Content in wt.-% 0.36 19,64 1,63 1,16 0,31 0,03 0,02 0,01 0,06 0,25 0,04 rest

BRI T
72 S

Fig. 2. Inverse Pole Figure maps of high manganese TWIP steel 1.7401 in the initial state investigating
a) a cross section along the rolling direction b) a cross section transverse to the rolling direction and ¢) a

section parallel to the rolling skin.

Fig. 2. The material’s biggest equivalent grain diameter is about 30 um and the average equivalent grain

diameter is approximately 11 pm.
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To investigate the uniaxial quasi-static behaviour of the test material, four specimens designed in
accordance to DIN EN ISO 6892-1 [27] were water jet cut from the sheet material. The quasi-static
behaviour of the test material was characterised on a Zwick/Roell Z250 tensile testing machine from
Zwick Roell (Ulm, Germany) with a strain rate of " €=0,25*10 3 1 s in accordance to DIN EN ISO 6892-
1 [27]. The specimen temperature was measured during the tensile tests in the centre of the gauge section
using a type K thermocouple. In addition, tensile tests were carried out up to a defined total elongation of
et =15 %, 30 %, 45 %, 60 % and until fracture to determine the increase in hardness as a function of the
uniaxial quasistatic deformation. Samples were then taken from the gauge length section and specimens
for nanoindentation were produced by grinding and mechanical polishing, whereby a suspension with a
grain size <40 nm was finally used. Hereby, the specimens were prepared longitudinally (LS) and

transversely (CS) to the loading direction during prior monotonic deformation.

For production of specimens with milled surfaces, waterjet cut sample blanks with an overmeasure of 1

mm in the gauge length were firstly made. From these blanks, fatigue specimens were produced by up

_I_ ’?2_5&?

2L

45 ol R

m
10

1 - %
s !
g faal

Fig. 3.Geometry of the milled fatigue specimens before sample preparation for

nanoindentation.

and down milling on all four sides of the gauge length until the geometry given in Fig. 3was achieved.
Note that the results of fatigue testing will be published elsewhere. Since the machining of high
manganese steel has hardly been researched, the milling parameters successfully used by Klein et al. [3]
to machine the high manganese steel HSD®600, given in Table 2, were applied. In addition to the

specimens with milled surface, an up milled sample was electrolytically polished using a Polectrol
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device and electrolyte A3, both by Struers GmbH (Willich, Germany). To polish only the gauge length
and the transition radius, the sample shafts were masked with adhesive tape. The polishing process was
then carried out for 15 s with an electrical voltage of 30 V. Note that the samples with rolling skin were
only milled on the waterjet cut sides, but only the side with rolling skin is of importance for the present

work.

Topography measurements were conducted using a confocal microscope “psurf explorer” from
NanoFocus AG (Oberhausen, Germany). Focused Ion Beam cuts were established and documented
with a “GAIA3” FIB-SEM system produced by Tescan s.r.o0. (Brno, Czech Republic), which was also
used for scanning electron microscopy and Electron Backscatter Diffraction (EBSD) measurements
using an EBSD camera “Hikari-Plus” from Ametec Inc. (Berwyn, USA). The indentation tests were
performed using a nanoindenter type "FT-104" from FemtoTools AG (Buchs, Switzerland), equipped
with a FT-S20.000 sensor capable of measuring forces up to 20 mN and featuring a Berkovic tip made of

diamond.

The data analysis for hardness calculation according to the model of Oliver and Pharr [2,22] was
automated in the operating software for conventional single indentation as well as for CSM. The
indentation was carried out with controlled penetration depth h and an indentation speed of * h=100nm/s
for both conventional single indentation and CSM. In case of conventional single indentation, various
series of measurements were carried out with maximum indentation depths hmax = 50 nm, 100 nm and
200 nm. The dwell time was 0.1 s and the unloading speed was 50 nm/s. In case of CSM, the maximum
penetration depth was always hmax =200 nm and the superimposed oscillation of the tip for continuous

stiffness measurement was performed with an amplitude of

Table 2

Milling parameters used during up and down milling.
Revolutions per Feed per tooth Cutting width in  teeth  Tool
minute in mm mm coating
5091 0.025 0.1 4 AlITiN

2 nm and a frequency of 150 Hz. Furthermore, no hold time was performed, and the unloading speed of
10 um/s was significantly faster than for single indentations, as the unloading after reaching hmax is not

relevant for determining the stiffness during CSM.

The area function of the tip A =f(hc) according to Ref. [2] was verified using CSM on a fused silica
sample, which was supplied with the nanoindenter. The sample exhibits a hardness 0f 9.434 GPa and the
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combination of sample and diamond tip results in a reduced modulus Er =70.25 GPa. In this sample, 20
indentation depth controlled CSM were carried out with an indentation speed of * h =0.012 pm/s. The
superimposed oscillation movement of the indenter was performed with an amplitude of 2 nm and a
frequency of 150 Hz. The measurement was ended at the maximum indentation force of the measuring

head of 20 mN. This results in the H-hc- and reduced modulus Er-hc curves shown in Fig. 4.

For hc >40 nm, the variation of the Er-hc and H-hc curves is significantly smaller than the standard
deviation, so that a reliable measurement is guaranteed. Between hc =40 nm and he =15 nm, the standard
deviation increases by less than a factor of two and the arithmetic average at a given he deviates stronger
from the expected value than for larger hc, but only by a maximum of 1 % which is tolerable. Thus, this
range can be used reasonably but it is slightly less reliable than in case of hc >40 nm. For hc <15 nm, the
deviation from Er and hc from the known fused silica’s properties is such pronounced that
measurements in this range were not considered in this study. These deviations can be attributed to tip

rounding.

Sample preparation aiming the characterization of the milling- induced hardness gradient by
nanoindentation was realised through cutting out the fatigue samples’ gauge lengths in a first step. Then,
an approx. 60 um thick nickel layer was applied to the milled surface by electrolytic plating.
Metallographic sections were then produced by grinding and mechanical polishing. The smallest grain
size of the polishing paste was 1 um, because polishing with a smaller grain size resulted in a gap
between the nickel layer and the TWIP steel. However, this preparation method resulted in a sufficiently
smooth topography with Sa <10 nm. For milled samples, sections perpendicular to the feed direction are
termed cross sections, while the longitudinal section is orientated along the feed direction as
schematically represented in Fig. 5 a). Note, that the feed direction was perpendicular to the rolling
direction. The polished sample was only investigated in a section transverse to the feed direction of

previous up milling and the rolling skin was investigated in a section longitudinal to the rolling direction.

Conventional single indentation as well as Continuous Stiffness Measurements (CSM) were performed
40 times for each material state to determine the arithmetic mean as well as the empirical standard
deviation of the hardness. Hence, 40 measurements were performed for one data point indicating the
hardness of the initial state or themonotonically deformed material volume. For hardness gradient
determination in the near surface material volume, 40 measurement points were investigated for each
distance to the surface ds indicated, so that 40 indent lines from the nickel layer to the bulk material
schematically represented in Fig. 5b) were recorded for each combination of hmax and di. The indentation

positions were defined using an integrated optical microscope. Due to small position shifts of <3 um
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between the defined spot and the actual indentation spot due to imperfections during position
calibration, the position of the indentations was checked after each measurement using the integrated
optical microscope for hmax > 50 nm. The positions of indents for hmax =25 nm were verified using the
beforementioned “GAIA3” FIB-SEM system. Furthermore, nickel coating and the TWIP steel cannot
be distinguished through examination of Er as they do not differ significantly resulting in a necessity of
indent position verification through light optical microscopy. Therefore, the beforementioned procedure
using the light optical microscope was used. Note that no relevant deviation from the distance di
between to neighbouring indents occurred. In case of distances between the nickel layer and the middle
of an indent <0.5 di, the respective measurement was not considered valid due to the possible influence
of the nickel layer on the measured hardness. In that case, the subsequent indent was the first to be
considered for hardness gradient determination. Hence, the indicated surface distance accuracy is Ads =
+0,5 di.

3. Results

3.1. Hardness after uniaxial quasi-static deformation

The monotonic stress-strain curve of the investigated high- manganese TWIP steel is shown in Fig. 6for
one representative specimen. The TWIP steel exhibits a tensile strength of 875 +£6 MPa, a yield strength
Rp0.2 0f353.6+6.5 MPa and an elongation at fracture of 69 % +1 %.

Fig. 7shows the hardness of the material as a function of the uniaxial deformation. As mentioned before,
the material was deformed up to the indicated total elongations &t. Note that the plastic deformation after
unloading is smaller due to reversible elastic deformation. Nevertheless, the respective material states
are differentiated according to the applied total elongation t. For et <60 %, higher strains result in higher
hardness. At et =15 %, the gradient of the H-&t curve exhibits an increase, reaching a relatively stable
plateau between et =15 % and &t =45 %. Subsequently, a slight decrease in slope is observed, with
hardness approximately maintaining a constant level for et >60 %, considering the inherent scatter in the
data. Furthermore, the hardness differences between the longitudinal and cross sections for a given st are

significantly smaller than the scatter.

In addition to the conventional indentation, H-hc curves of the
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Fig. 4. a) Reduced Modulus and b) Hardness as a function of contact depth for the Calibration

sample made of fused silica.
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50 pm

Fig. 5. a) Illustration of the orientation of cross and longitudinal section with respect to the feed
direction and b) schematic representation of the indent positioning

and related parameters ds and di.
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Fig. 6. Monotonic stress-strain curve of the investigated 1.7401 as well as corresponding change in

specimens’ temperature in the middle of the gage length AT.
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Fig. 7. Hardness of 1.7401 as a function of uniaxial straining through quasi

static tension loading.

investigated material in the initial state as well as after monotonic deformation shown in Fig. 8 were
determined using CSM in order to measure the influence of the contact depth on the hardness
continuously. In the initial state, H declines with increasing hc from approx. 4 GPa to approx. 3 GPaina

degressive way. A larger deformation before indentation always results not only in higher hardness, but

alsoina
82 ®  Failure CS
Failure LS
5.0} = 60% CS
: - 60% LS
S0 | w 45% CS
R 4.5 o 45% LS
o = 30%CS
& 4.0 o 30%LS
< = 15%CS
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Fig. 8. Hardness as a function of contact depth of 1.7401 in the longitudinal

and cross section after tensile deformation to different total strains.
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smaller decrease in hardness with increasing hc, resulting in approximately linear curves with -if any-
small slope for € t > 60 %. Consequently, bigger differences in hardness are measured between the

various deformation states at larger hc .

For clarity, the curves including the scatter of H for the initial state and et =30 and 60 % are shown in Fig.
9 for the cross and longitudinal sections. The difference between the H-hc curves of the cross and
longitudinal section is always significantly smaller than the scatter of H. For et =60 %, the scatter of H is
bigger than the difference to the mean value curves for et =45 %, and the material condition after
specimen failure, besides clear differences between et = 45 % and et = 60 % regarding mean values,
revealing that at least 40 measurement points are necessary for determination of meaningful differences.
Furthermore, the H mean values and empirical standard deviation determined via CSM coincides with
the values determined using conventional single indentation for all deformation states in case of

comparable hc , making CSM with the used parameters a reliable procedure.

In analogy to the H-hc curves, the E r-hc curves given in Fig. 10 were determined for the initial state as
well as after monotonic deformation. The material in the initial state, as well as after monotonic
deformation, shows similar curves. Moreover, the curves of the cross and longitudinal section are
similar, too. The reduced modulus varies between 160 Gpa and 170 MPa with a tendency to higher
values in case of larger hc. However, the change in Er as a function of hc is s lower than the scatter inEr

givenin Fig. 11 for the cross and longitudinal section of the initialstate as well as t=30 % and et =60 %.
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Fig. 9. Hardness as a function of contact depth including scatter for in the initial state and after
tensile deformation until 30 % and 60 % for a) the longitudinal

section and b) the cross section.
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Fig. 10. Reduced modulus as a tunction ot contact depth ot 1.7401 in the

longitudinal and cross section after tensile deformation to different total strains.

3.2. Surface topography and near surface grain structure of surface

morphologies

The topographies of the analysed sample surfaces are shown in Fig. 12 and the resulting roughness
parameter SZ representing the pro file’s maximum height [1] as well as the profile height’s arithmetic

mean value S a determined according to Eq. (4) [1] are givenin Table 3 [1].

1
S, = E// z(xyy)|dxdy (Eq. 4)
A

The rolling skin exhibits the roughest surface, while the milled samples show comparable topographies
and thus roughness parameters. In case of the surface produced by up milling, a stronger ripple due to
movement of the milling tool in feed direction occurs compared to the surface produced by up milling.
Transverse to the feed-related ripple, a surface structure composed of alternating peaks and valleys
extends uniformly along the feed direction across the entire measured length. However, the distance
between peaks and valleys is approximately three times smaller compared to the feed-related ripple. The
formation of this surface structure can be explained by the milling tool’s cutting edge topography. In the
case of the sample which was electrolytically polished subsequent to up milling, the feed-induced ripple
was removed and the surface structure transverse to the feed direction is characterised by a greater peak-
to-peak distance than that of the milled samples. Furthermore, pits with a diameter < 200 u m can be

recognised, revealing locally higher material removal.

Focused Ion Beam (FIB) sections were made after specimen manufacturing orthogonal to the surface to
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‘characterize the near surface grain structure. Note that the cut surface was for all specimens along the

loading axis of the fatigue specimens and thus along the feed direction for the milled surfaces as well as
the polished specimen and transverse to the rolling skin. Furthermore, a platinum-layer was applied

before cutting to improve the FIB cut’s quality in terms of topography. A

a) b)
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Fig. 11. Reduced modulus as a function of contact depth including scatter for in the initial state and
after tensile deformation until 30 % and 60 % for a) the

longitudinal section and b) the cross section.

zin um (c)
H4

Fig. 12. Topography of the surface morphology after a) up milling b) down milling c¢) up milling and

subsequent electrolytical polishing as well as d) rolling.

Fig. 13. Cross sections obtained by FIB techniques showing the grain structure within the near
surface material after a) up milling b) down milling ¢) up milling and

subsequently electrolytical polishing and d) rolling.

Table 3

Roughness parameters of the investigated surfaces.
Surface morphology Sz Sa
Up milled 3.86 0.49
Down milled 4.18 0.54
Polished 4.79 0.80
Rolling skin 19.00 2.55
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nanocrystalline layer with a thickness of 1-2 um below the surface was detected in the milled
specimens. Beneath the fine crystalline surface layer, material contrast variations reveal elongated, line-
like regions with widths in the nanometre range. These regions, coarser than the fine-grained surface
layer, indicate plastic deformation beneath the nanocrystalline structures. Accordingly, these structures
could represent deformation twins or dislocation structures, which could only be clearly analysed with
further investigations that go beyond the scope of the present work, such as a determination of the local
grain orientation by means of transmission electron microscopy. The polished specimen is devoid of a
nanocrystalline surface layer, but the line-like regions remain intact. The rolling skin shows only locally
finer-grained areas near the surface compared to the base material, but these are more inhomogeneous
regarding their thickness and grain size than the nanocrystalline layers of the milled surfaces.

Furthermore, the maximum depth of the finer-grained areas is approx. 5 um.

3.3. Determination of parameters for the characterization of the near

surface hardness gradient

The indentation size effect shown in section 4.1 leads to a conflict of interest when choosing the
indentation depth: Smaller hmax enable closer spacing between successive indentations and a closer
positioning of the indents to the surface, thus providing a finer resolution of hardness gradients within
the zone of interest. However, smaller hmax lead to smaller hardness differences between differently
deformed material due to the indentation size effect according to section 4.1, which is undesirable when
characterising hardness gradients. To determine the impact of the indentation size effect on the measured
milling-induced hardness gradient, the near-surface material volume after up milling was examined
perpendicular to the feed direction. This approach, as opposed to cutting along the feed direction,
minimizes the likelihood of hardness gradients within a cut, attributed to the intermittent cutting action
during circumferential milling. The characterization of a section longitudinal to the feed direction is

given in chapter4.4.

In analogy to the investigations on the uniaxially deformed TWIP steel, CSM was used to investigate the
indentation size effect through determination of H-hc curves for different distances to the surface ds. Fig.
14a) shows H-ds curves for hmax =200 nm, 100 nm and 50 nm, revealing a hardness gradient for all
hmax such that the hardness degressively decreases with increasing ds and asymptotically transitions to
the H of the base material. Fig. 14b) details the influence of hc on H through continuous H-hc curves for
different ds. H exhibits minimal decreases with increasing hc for ds =4 um, indicating a negligible
influence of hc on the measured H. For ds >8 um, H decreases as a function of hc and the decrease in

hardness is bigger for larger ds. The closer the curves were determined to the surfaces, the greater the
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of increasing ds on the H-hc curves. Thus, differences between softer and harder material volume
become smaller with decreasing hc. Moreover, the detection of the transition area from the hardened
zone to the base material is less precise for smaller hmax: In case of hmax =50 nm, H is comparable between
ds =16 pm and ds =24 um, while a decrease of H is detected between ds =16 pm and ds =20 um for hmax
=100 nm as well as hmax =200 nm. Therefore, hmax =100 nm was chosen as a suitable compromise

between resolution in H and ds.

For clarity, the H-hc curves including standard deviation are shown in Fig. 15for four surface distances
within the zone of milling-induced hardness increase. The scatter of the measurements for ds =4 pm and
8 um is about twice as large as for the base material at ds =28 um. Furthermore, the scatter for ds =4 um

and 8 um is approx. 1/3 of the difference in hardness between ds =4 um and ds =28 pm.

To increase the resolution of the hardness gradient within the hardened zone, the possibility of reducing

the di/hmax ratio for single indentation and hmax =100 nm was investigated. For this purpose, the H-ds
curves in the near-surface material volume produced by up milling was determined in a section
transverse to the feed direction. Considering the work of Phani et al. [28], di/hmax ratios of 20, 15 and 10
were selected. The H-ds curves for the different di/hmax ratios are shown in Fig. 16. For all curves, the
trend is identical and the differences between the curves do not exceed the scatter at any ds. While the
curve for di/hmax =15 is shifted by approx. 100 MParespectively 3 % towards smaller values compared to
that of di/hmax =20, the curve for di/hmax= 10 is shifted by approx. 200 MPa or approx. 6 % to larger values
fords>45 um.

3.4. Influence of the cutting process on the hardness gradient in feed

direction

During circumferential milling, the tool cuts the material
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Fig. 14. a) Hardness H as a function of distance to the surface ds after up milling for three different
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indentation depth and b) Hardness H as a function of contact depth hc for five different distances to the

surface.
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Fig. 15. Hardness as a function of indentation depth including scatter for four different distances to

the up milled surface.
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Fig. 16. Hardness as a function of the distance to the surface for a maximum indentation depth of 100 nm

and three different step size to indentation depth ratios.

intermittently, so that the chip formation takes place discontinuously. In this respect, a hardness gradient
in feed direction is possible. For this reason, the hardness gradient of the near-surface material volume
produced by up milling was investigated not only transverse, but also along the feed direction. The H-ds
curves in a section longitudinal to the feed direction are compared to the respective cross-sections’ H-ds
curves in Fig. 17. The curve for the longitudinal section tends to exhibit larger values than that for the
cross section, particularly in the base material, whereby the differences are in the range of the standard

deviation of the individual measuring points or even smaller.

In addition to the curves shown in Fig. 17, ten indent lines transverse
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Fig. 17. Up milling induced hardness gradient measured in a section perpendicular to the feed direction

(cross section) and in a section in feed direction (longitudinal section).

to the feed direction were made within the feed length, which was 100 um, so that the indent lines
exhibited a distance of 10 um to the neighbouring indent line. The resulting H values along the feed
direction are represented in in Fig. 18for five different distances to the surface (ds =1 um, 2 pm, 3 pm, 9
um and 40 um). In accordance with the mean values shown in Fig. 17, no trend such as an increase or
decrease in hardness as a function the position within the cut occurs. Hence, the milling tool’s movement

does not resultin a significant hardness gradient in feed direction.

3.5. Characterization of the hardness of the nanocrystalline surface layer

According to the FIB cuts shown in Fig. 13, the milled sample exhibits a fine crystalline layer directly
below the surface, which changes discontinuously into a coarser-grained structure. Considering the
Hall- Petch relationship, a discontinuous change in hardness is possible where the grain size increases
discontinuously. As the fine crystalline layer exhibits a thickness of approx. 1-2 um, characterising the
hardness gradient in this layer is challenging and not possible with the test parameters used in the
previous series of measurements. Thus, additional measurements were carried out with hmax =25 nm,
di/hmax =10 and consequently di =250 nm in the cross-section of an up milled sample. The indents were
assigned to the nickel layer or the TWIP steel respectively using SEM images so that the ds were
determined reliably. The H- ds curve resulting from this measurement procedure is shown in Fig. 19. No
change in hardness can be determined up to a surface distance of approx. 1.25 um. Subsequently, the
hardness decreases with increasing ds continuously, but no sharp hardness drops at the transition from

the fine crystalline layer to the coarser-grained structure are found.

4. Discussion
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The extent to which uniaxial quasi-static deformation influences H was investigated. Considering the
monotonic stress-strain curves in Fig. 6, the hardness increases substantially for et <45 % with
increasing deformation, so that that the quasi-static hardening affects the H determined by means of
nanoindentation. Hereby, the differences between the longitudinal and cross sections are smaller than
the standard deviation, so that no significant difference was detected. However, the difference in H
between et =0 % and &t =15 % is small compared to the monotonic hardening according to the stress-
strain curve shown in Fig. 6. Therefore, an influence of indentation induced strain [29] and associated
dislocation density [24,29,30] is likely. Hence, the comparatively small H differences with increasing

monotonic deformation are likely to be affected by a maximum dislocation density. This is reached

T
R [dsinym: m 1 m 2 m 7 m 9 m 40
70F Ppax = 100 nm
o d=1pm
6.5 o
E m o - = 2
:‘260 - R = . 0
o n
O55F o - o
c n | u
b B n -
T50F m - = "
. [} a]
45 n =
= E
4.0 . "m " :
. 2} [ ]
35 1 1 L L L
0 20 40 60 80 100

distance to reference along feed direction in um —
Fig. 18.Hardness distribution along the feed direction with a step size of 1/10 feed for four different
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Fig. 19.Hardness evolution in a distance up to 4 um for detailed characterization of the hardness within

and close to the nanocrystalline surface layer established by up milling.
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before specimen failure in the tensile test, due to the superposition of the indentation-induced
deformation and the preliminary monotonic deformation. In this context, the H-hc-curves based on
CSM measurements provide additional information to support the theory of geometrically necessary
dislocations affecting H. To avoid redundancy, the influence of the monotonic deformation on the

hardness is discussed using the continuous H-hc curves.

It is well known [23,24] that the indentation size effect occurs for hmax <1000 nm and is hence of
importance in the present study considering hmax <200 nm. In this context, a detailed discussion of the H-
hc curves based on CSM measurements is helpful. According to Figs. 8 and 9, H decreases from
approximately 4 GPa—3 GPa between hc =50 nm and 200 nm, revealing a significant influence of hc on
H. On top of that, a smaller decrease in H as a function of hc occurs in case of a larger uniaxial
deformation before indentation. Thus, uniaxial deformation before indentation affects not only H, but
also the slope of H-hc curves. Consequently, hc affects the relative differences in H between differently
deformed parts of the material volume. Note that scatter of H is in the order of magnitude of the
differences between the curves of e.g., et =30 % and et =45 %. Therefore, it is necessary to determine an
average curve from 40 indents, as in the present study, or even more. The considerable scatter may be
attributed to the comparatively small, superimposed oscillation amplitude of 2 nm, which has the
potential to increase the influence of surface roughness on measured H. Further potential reasons
include hardness differences due to the grain orientation distribution and potential orientation-

dependent twining [31], as well as grain boundary effects.

In all deformation states, the H-hc curve’s trend is asymptotic, and it is appropriate to assume that H

determined at hmax =200 nm in the present study differs by less than 10 % to the asymptotic limit.

The determination of H based on the model proposed by Oliver and Pharr does not consider pile-up or
sink-in of material during indentation. However, the reduced modulus Er provides additional
information about errors in determination of the contact are due to potential pile-up or sink-in effects.
The average value of Er of approximately 165 GPa is coherent considering Eq. (5) and the diamond tip
with Ei =1140 Mpa and vi =0,07 as well as the TWIP steel’s young’s modulus E =182 MPa determined
via tensile testing and v =0,24 [32—34]. According to Figs. 10 and 11, Er is similar for the initial state and
the monotonically deformed material in the cross and longitudinal section. Furthermore, no influence of
hc on Er was observed considering scatter shown in Fig. 11. Thus, potential pile-up or sink-in effects are

marginal so that the investigations in in the present are not relevantly affected.

—= +— (Eq. 5)
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The dependence of H on hc can be explained considering the model developed by Nix and Gao [24]: The
measured H depends significantly on the dislocation density p. The dislocations can be divided into
geometrically necessary and statistically distributed dislocations. Considering the numerous studies on
the uniaxial, quasi-static hardening of TWIP steels, summarised by De Cooman [14] and Bouaziz [15],
the dislocation density increases in addition to the twin density when TWIP steels are deformed. The
difference between the TWIP steel in its initial state and after uniaxial deformation before indentation
can be considered in the context of Nix and Gao’s model [24] by attributing a higher density of
statistically stored dislocations ps for the uniaxially deformed material compared to the initial state.
Furthermore, Nix and Gao’s model [24] does not take the twin density into account, which is why this the
role of twinning is discussed in the following paragraph separately. According to Nix and Gao [24], ps
remains approximately constant during nanoindentation, whereas pg decreases as a function of hc. For
€t >45 %, H decreases only insignificantly with increasing hc. Consequently, it can be assumed that ps >
pg, so that the influence of pg on H is negligible. Furthermore, a possible maximum of dislocation
density could be reached for et>45 % due to the indent’s pg. For et <45 %, H decreases significantly with
increasing hc, which can be explained by a lower ps compared to et >45 %. As a result, the decreasing pg
with increasing hc influences H. On top of that, the influence of pg on H is greater for smaller et and
therefore, the increase in H with increasing et is small compared to hardening observed in the monotonic
stress-strain curve (Fig. 6). With increasing et, this phenomenon declines as the ratio of pg/p becomes

smaller.

According to the model from Nix and Gao, the relation between H and h is given by Eq. (3)which can be
transferred into Eq. (6)indicating a linear relation between H2 and 1/h.

1

H* = Hj + h'Hi (Eq. 6)

To evaluate the accordance of the TWIP steel’s mechanical behaviour during nanoindentation with Eqgs.
(3)and (4), the H2-1/h curves are shown in Fig. 20. For et <30 %, H2 increases linearly with increasing 1/
h. For et =45 %, a linear trend occurs for 10 <1/h <20 whereas H is constant for h <10 which can be
explained by dislocation density saturation characterised by significantly lower pg compared to ps.
Consistently, H2 is approximately constant in case of et >60 %, too. As the H2-1/h curves agree with the
prediction expressed in Eq. (4) for et <30 %, either indentation does not result in twinning or hardening

dueto
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Fig. 20.H2 as a function of 1/h for verification of the agreement with the
model from Nix and Gao [24].

twinning fulfils Eq. 4, too. Shang et al. [31] showed that the twin formation during nanoindentation of
high manganese TWIP steel depends on the grain orientation while formation of dislocation structures
occurs independently of the grain orientation. Considering the large number of indents summarised in
Fig. 20, it is reasonable to assume that twinning occurred in some, but not necessarily all indentions.
However, the H2-1/h are in good accordance with Eq. (4), which relies on a model that is solely based on
dislocations. This suggests a minor contribution of twin boundaries to hardening through the reduction
of the mean free path of dislocations in contrast to a major contribution of dislocation density to
hardening of TWIP steel which is in accordance with the work of Liang et al. [35] and the literature

review of De Cooman et al. [ 14], both on the monotonic hardening of TWIP steel.

In accordance with the CSM measurements on uniaxially deformed material, the H-ds curves shown in
Fig. 14illustrate the necessity to considerate hmax when interpreting milling-induced hardness
gradients as well. On the one hand, smaller hmax enable smaller di without influencing neighbouring
indents, so that the hardness can be measured closer to the surface, resulting in larger maximum H values
in the cross- section according to Fig. 16. On the other hand, H of softer materials conditions increases
more than in case of harder material conditions with decreasing hmax due to the indentation size effect,
resulting in smaller H differences for smaller hmax. This leads to a detection of the transition zone from
the base material to the hardened layer at shallower depths in case of smaller hmax, resulting to an

underestimation of the depth of the material volume hardened by milling.

This phenomenon provides further insights regarding the hardening behaviour during milling: Despite
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different stress states during deformation, the near-surface material volume hardened by milling
exhibits a similar tendency regarding the H-hc-curves as the uniaxially deformed material does. A
comparison of Figs. 8 and 14b) reveals that in both cases, areas of higher H show a smaller decrease of H
as a function of hc than in areas with smaller H. Consequently, the H-hc curves can be interpreted in such
a way that H and the decrease of H as a function of hc qualitatively reflects the amount of plastic
deformation in the material volume. Thus, a higher H and a greater decrease in the H-hc curves
qualitatively reveals stronger deformed material. Considering the work of Nix and Gao [24] in this
context, higher milling induced H is a consequence of higher p. Thus, the H-hc curves enable qualitative
comparison of p in different material volumes. Furthermore, the unknown deformation degree in the
near surface material volume after milling can be qualitatively characterised and comparison to the
uniaxially deformed material allows quantitative estimations of local plastic strains considering the

relation between H and quasi-static 6 shown in Fig. 20.

As hmax should not be reduced below 100 nm to guarantee a sufficient sensitivity of H for
characterization of differently deformed material, a reduction of the ratio di/hmax is of interest to
decrease di and thus increase the resolution in ds. A priori, an increase of H is likely if di/ hmax is such that
the material deformed during successive indentation is partially overlapping. However, the differences
in the H-ds curves for the investigated di/hmax ratios of 10, 15 and 20 shown in Fig. 16are within the
hardness scatter, so that they cannot be clearly attributed to the decrease of di/hmx ratio. Hence, a

reduction of di/hmax to a value of 10 is reasonable in accordance with the results of Sudharshan et al. [28].

The previously discussed results were established at cross sections transverse to the feed direction, but
an examination of the longitudinal section is of interest due to the intermittent cutting during milling.
The H-ds curves of longitudinal and cross sections in Fig. 17do not differ significantly which coincides
with the examination of H at defined distances along the feed direction and at identical ds, shown in Fig.
17. Hence, no significant variation of H due to the cutting process was detected along the feed direction.
Consequently, the discontinuous cutting process has no considerable effect on the hardness gradient in
the material volume close to the surface. Accordingly, it is not relevant whether the hardness gradient is

determined at the longitudinal or cross sections.

Through indentation with hmax =25 nm it was shown that H de creases continuously fromd =1.25 um
on, so that the discontinuous grain size differences determined using the FIB technique do not lead to a

local hardness drop at the transition from finer to coarser grains considering Fig. 19.
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The discontinuous change in grain size determined using the FIB technique shown in Fig. 13 result
according to Fig. 19 in a change in the gradient of the H-h c-curve, whereas no distinct hardness drop at
the interface between nanocrystalline layer and the underlying microstructure is seen in Fig. 19. A sharp
decrease in hardness could be expected considering exclusively the Hall-Petch relationship. Several
authors (e. g. Refs. [3,7,36—41]) reported a nanocrystalline surface layer after maching of metallic
materials. In the present work, the generation of these nanocrystalline structures is likely to be attributed
to dynamic recovery or dynamic recrystallisation [39—41]. Both mechanisms result on the one hand in a
decrease of dislocation density, which reduces hardness [39]. On the other hand, grain boundaries are
generated which increases hardness [39]. Thus, the transition zone from the nanocrystalline surface
layer to the coarser grained material volume is characterised by a change in the H-hc . -curve’s gradient
which can be explained by the onset of dynamic recovery or recrystallisation at a critical d s
Furthermore, H decreases slightly in the nanocrystalline surface layer with increasing ds, revealing that
the combination of p and grain boundaries results in H exceeding the biggest hardness in the coarser
grained material volume with biggest slope of the H-d s p . However, the smaller curve in the
nanocrystalline surface layer compared of that to the coarser grained material volume suggests that
thermally activated reduction in p is more pronounced at shallower ds due to higher temperature [16].
Note that the existence of deformation twins in either region of the material volume modified by milling
cannot simply be investigated using nanoindentation. An appropriate approach would be detailed

transmission electron microscopy investigations that go beyond the present investigations.

Based on the previously discussed influences of hmax and di, hmax =100 nm, d =1 pm and the observation
of the cross section were identified as suitable for the comparative analysis of the hardness gradient in
the material volume near the surface after milling. Using these parameters, the hardness gradient was
determined after up milling, down milling, up milling and subsequent electrolytic polishing as well as in
the rolling skin representing the initial state. According to Fig. 21, the hardness gradient after up and
down milling is comparable despite the different kinematics during machining. In addition to the up and

down milled surface morphologies, Fig. 21 shows a hardness increase in the
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Fig. 21. Hardness gradient in the near surface regime after down and up milling, up milling and

subsequent, electrolytical polishing as well as after rolling.

material volume near the surface despite electrolytic polishing. In the present case, material volume up
to a depth of approx. 3 pm was premoved, so that the hardness-surface distance is shifted by approx. 3
m to smaller surface distances. Furthermore, the material volume close to the rolling skin has an
insignificantly lower hardness compared to the base material according to Fig. 21. In this respect, the

rolling process does not lead to a hardened surface layer.

The decreasing hardness for the milled surface with increasing ds , which asymptotically approaches the
hardness of the base material according to Fig. 21 is consistent with work on surface morphologies
established by milling [3,4] as well as turning [7,8,19,20]. However, Klein et al. [3] and Laamouri et al.
[4] found differences between the near-surface material volumes produced by up and down milling
regarding the maximum increase in hardness compared to the base material and the depth of the material
volume hardened by milling, which was not observed in the present work. On top of that, the increase in
hardness compared to the base material of approximately 50 % is significantly greater than the increase
in hardness of approx. 10 % in the case of up milling and 5 % of down milling of the high-manganese
steel HSD®600 measured by Klein et al. [3] normal to the surface with Fmax = 1000 mN. Furthermore,
the depth of the material volume modified by milling is with 54 pm considerably bigger in the work of
Klein et al. [1]. As the depth of the elastic-plastically deformed material volume during indentation
testing with Fmax =1000 mN was estimated by Klein et al. m, the hardness Klein et al. [3] measured at the
surface results from a material volume exhibiting a pronounced hardness gradient. This explains the

lower hardness increase through milling compared with the results from the present work.
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The hardness increases of 75 % determined by Laamouri et al. [4] after up milling and 45 % after down
milling of the high-alloy steel X160CrMoV12 is closer to the hardness increase determined in the
present study than the results of Klein et al. [3]. The depth of the up milled layer was tremendously
bigger in the work of Laamouri et al. [4] facilitating the determination of the hardness slope through
higher indentation forces and depth. Furthermore, the hardness increase of approximately 100 %
determined by Boemke et al. [ 7], Skorupski et al. [8] and Mayer et al. [19] after turning with cryogenic
cooling of AISI 347 and AISI 904L is greater than the hardness increase determined in the present work.
With 150 p m—400 pm [5,7,16], the depth of the material volume hardened by turning was also greater
than the transition depth from the hardened layer to the base material determined in the present study.
Although a slight underestimation of the depth is possible in the present work due to the indentation size
effect, the differences to the discussed studies [3,4,7,8,19] are too large to be based on this phenomenon.
Overall, the hardness gradients in the near-surface material volume after milling have not been
investigated enough to be able to explain differences conclusively when influencing factors such as

mechanical properties of the machined material and cutting parameters are excluded.

5. Conclusion

The hardness increase due to uniaxial, quasi-static deformation was determined for six different
elongations. In addition, CSM was used to show that the indentation size effect influences the measured
hardness significantly. With increasing deformation and hardness, the decrease in hardness as a function
of contact depth becomes smaller. This can be explained by an increase in dislocation density during
quasi-static deformation, revealing that CSM measurements provide indications of the deformation-
induced increase in dislocation density, which can be useful for the analysis of highly localized
deformation fields, e.g. after milling. The indentation size effect was also studied in the context of
milling- induced hardness gradient characterization. Smaller h max enable a more detailed resolution of
the hardness gradient, a closer positioning to the surface and thus higher maximum hardness values. In
contrast, the indentation size effect results in smaller hardness differences between different material
conditions, leading to an underestimation of the hardened zone with decreasing h max . A suitable
compromise between sensitivity and resolution was identified as h ¢ max =100 nm. These results were
further analysed using CSM, analogous to the quasi-static, uniaxially deformed material conditions. In
agreement with the quasi- statically deformed material conditions, a greater hardness in the zone
affected by milling correlates with a lower decrease in H as a function of h . In this respect, the increase in
hardness in the milled zone can also be attributed to an increased dislocation density compared to the

base material.
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For further improvement of the hardness to surface distance curve’s resolution, it was tested whether the
ratio di/hmax could be reduced to 10. The difference in the H-hc curves for di/ hmax =20, di/hmax =15
and di/hmax =10 is so small that di/hmax =10 was identified as suitable in accordance with the

literature.

As the surface generation during milling is generated by interrupted cuts, the hardness gradient was
analysed in a longitudinal section along the feed direction. No difference in hardness could be identified
along the feed direction at defined surface distances, i.e., there is no hardness gradient in the feed
direction that goes beyond the scatter of the measurement data. Furthermore, the locally discontinuous
transition from the fine- grained layer, which comprises the first 1-2 p m of the near-surface material
volume established by milling, to the significantly coarser- grained material volume was investigated. In
the transition zone, an increase in the H-d s curve’s slope is observed, in contrast to the decreasing slope
outside this material volume. This suggests a reduction in dislocation density within the nanocrystalline

surface layer, likely due to thermally activated mechanisms leading to the fine-grained material volume.

Finally, the hardness-depth curves in the near-surface volumes produced by up and down milling were
compared, and no significant differences were identified. The maximum increase in hardness at a surface
distance of 1 pmis approx. 50 % and the depth of the material volume modified by milling is approx. 20
p m. The hardness decreases degressively with increasing surface distance, resulting in an asymptotic
approach of the base material’s hardness. After electrolytic polishing, the hardness-surface distance
curve is shifted approximately 3 p m towards smaller surface distances compared to that after up milling,
revealing that not the whole hardened volume was removed and conf irming the presented method as

reliable for the characterization of different milling induced hardened material volumes.
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ABSTRACT

4 2\
Cyclic bending is conducted on pre-notched microscale cantilevers fabricated from Si-modified Inconel

939 and Inconel 718 alloy specimens made by laser powder bed fusion additive manufacturing. Under a
fixed cyclic loading condition, we show that this test can be used to determine the number of loading
cycles needed to initiate an actual fatigue crack from a notch fabricated by focused ion beam milling.
Further, we show that this threshold cycle number to crack initiation (Nth) obeys Weibull statistics when
repeat tests are conducted on multiple cantilevers with notches fabricated under nominally the same
conditions. The present microscale testing protocol allows a more detailed examination of the various
factors influencing fatigue crack initiation from notches. As an example, the dependence of N#k on
loading frequency is measured for Inconel 718 alloy specimens over a frequency range wider than what is
possible from macroscale testing.

1. Introduction

It has long been known that measurements of fatigue life exhibit marked variability and should be
represented in statistical terms [1]. Fatigue stress — life (S-N) data obtained from widely varying
mechanical loading configurations under fixed cyclic loading conditions have been shown to obey
Weibull statistics, examples include bending fatigue [2], rolling contact fatigue [3], alternating torsion

fatigue [4], and tension-tension fatigue [5].

It is also well accepted that total fatigue life consists of two phases: the fatigue crack initiation (FCI)
phase followed by the fatigue crack growth (FCG) phase until eventual specimen failure [6,7]. While
fatigue cracks are recognized to start usually at free surfaces in unnotched and structurally homogeneous
specimens [ 7], defects within engineering materials are often observed to dominate crack initiation, e.g.,
large pores in aluminum castings [5,8]. In alloy specimens fabricated by laser powder bed fusion
additive manufacturing (L-PBF AM), the common observation from a large body of fatigue testing has
been that fatigue failure most often occurs through crack initiation from defects generated during the

printing process [9], e.g., lack-of-fusion pores [9,10].

To date, measurements of FCG have predominantly been carried out using specimens with

characteristic sizes in the macroscopic scale (>1 cm), following well documented procedures [11]. The
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same statement applies to FCG measurements performed on L-PBF AM alloy specimens [12]. In such
macroscale specimens, conventional machining techniques, such as electric discharge machining,
mechanical milling or broaching, are used to fabricate notches with large tip radii p specification: p <75
u (example m [11]). As notches with such large tip radii do not constitute actual cracks, such test
procedures dictate that “pre— cracking” is to occur before data are recorded to ensure that a sharpened
fatigue crack is present as the test starts. While this is aimed at eliminating any influence of the machined
notch on subsequent FCG data [11], this act of pre-cracking foregoes obtaining any information on the
transition from a notch to an actual crack. A similar comment can be made about S-N measurements on
unnotched specimens at fixed loading conditions or stress levels [13]: only the total number of loading
cycles until specimen failure is recorded in such tests, thus the test again offers no information on the
number of loading cycles needed to initiate a crack, whose subsequent propagation results in specimen
failure. In the present literature regarding fatigue testing of specimens processed by L-PBF AM, it is
recognized that a clear distinction between the crack initiation phase and crack growth phase is often not

made in the dataacquired [14].

A prevalent narrative in the present AM literature professes that fatigue strength and life of AM
materials are dominated by the defect of the largest size within the printed material volume [15]. Such an
extreme value statistics approach [15] is based on the rationale that the process of FCI from a defect is so
easy that it can be ignored, and consequently the largest defect present can be regarded as the largest
crack present [16,17]. In reality, even though defects generated during AM processing can have rather
sharp features, e.g., with the minimum radius of curvature of the lack-of-fusion pores in L-PBF AM
materials in the range of tens of nm [10], they are blunt from an atomistic perspective, being tens to
hundreds of atomic planes wide. The process of fatigue crack initiation from a notch is a process of
affecting additional separation of atomic planes from such atomistically blunt features, and
measurements capable of quantifying such an FCI process can thus be used to better gauge the various

factors influencing this process. One of such factors is the loading frequency.

Frequencies of cyclic loading carried out on macro-sized specimens with hydraulically driven machines
are typically limited to below 100 Hz [18]. Ultrasonically driven fatigue testing techniques have been
developed more recently, with a typical loading frequency around 20 kHz [19]. It is recognized that
engineering materials are often subjected to loading at variable stress amplitudes and frequencies in
application settings [20]. It has also been reported previously that changing the loading frequency from
<100 Hz to 20 kHz can have a significant effect on the measured total fatigue life as well as the fatigue
strength [8,21].
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Therefore, it can reasonably be asked whether loading frequency would influence the process of crack
initiation from a notch of a given geometry. Concrete results in answering this question may provide
clues to a better understanding of the physics controlling FCI from notches under cyclic loading. In this
paper, we report the results of cyclic bending tests performed on pre-notched microscale cantilevers
fabricated from Si-modified Inconel 939 and Inconel 718 alloy specimens made by L-PBF AM. We
show that, in contrast to macroscale S-N and FCG measurements, cyclic bending of pre-notched micro
cantilevers is sensitive to crack initiation from the notch and can offer a quantitative measure for it.
Repeat tests under a fixed loading condition on separate cantilevers, with pre- notches fabricated by
focused ion beam (FIB) milling under the same beam parameters, show that the number of loading
cycles to initiate an actual fatigue crack can be measured, and that this threshold cycle number (Nth)
obeys Weibull statistics. Weibull statistics can in turn be used to better quantify the influence of loading

frequency on FCI from a notch.

2.Methods

Morphological, structural, compositional characterization and nano/ micro scale machining were
carried out using X-ray, electron, and ion beam methods. X-ray diffraction (XRD) was performed on a
PANalytical Empyrean system with Cu Ka radiation. Symmetric 6/20 scans were conducted in the
angular range 0f 20—120° 26. Milling with Xe+FIB, scanning electron microscopy (SEM), X-ray energy
dispersive spectroscopy (EDS), and electron backscatter diffraction (EBSD) measurements were
carried out on a Xe+plasma focused ion beam/scanning electron microscopy instrument (PFIB/SEM,
ThermoFisher Helios G4) housing an Oxford EDS/EBSD system, an EasyLift® nanoprobe for
specimen lift- out, and a MultiChem® gas injection system for ion beam catalyzed, spatially selective
deposition of W. EDS mapping and EBSD mapping were conducted at electron beam voltage and
currentof 20kV and 1.6 nA, respectively.

Two different alloy specimens processed by L-PBF AM were used in the present study. First, a custom-
built selective laser melting machine [22,23] was used to process mixtures of commercial gas-atomized
Inconel 939 powders (Carpenter Additive, USA) with 3 wt% of added commercial Si particles (99.5 %+,
Alfa Aesar, USA) into Si-modified Inconel 939 (IN939-Si) alloy specimens. As-printed IN939-Si
specimens were disk-shaped with dimensions of 10 mm x10 mm x6 mm. As-printed disks were
mechanically polished so that the normal of the flat top and bottom disk surfaces was parallel to the AM
build direction (BD). Further details on the L-PBF AM processing parameters for the IN939-Si
specimens were reported elsewhere [24]. Second, L-PBF AM Inconel 718 (IN718) alloy specimens

were obtained from a previous benchmark study in which different geometrical shapes were built on
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top of an IN718 base plate, with design specifications following standard guidelines for AM parts [25].
As-printed IN718 shapes received a stress relieving heat treatment at 1066 °C for 90 min followed by a
slow furnace cool, and no other known heat treatment [26]. Further details on the IN718 specimen
fabrication process were also given in Ref. 26. Out of the various shapes built by AM in the benchmark
study, the In718 specimens used in the present experiments were extracted from the “Simulated Inducer
Freeform Surface” shape. The simulated inducer had a complex spiraling shape built on a flat base
several mm in thickness. Flat IN718 disks were mechanically cut from this flat base region and polished
into disks, with the normal of the flat top and bottom disk surfaces parallel to the AM BD. The
benchmark study documented in Ref. 26 involved IN718 parts fabricated by 16 vendors, and it was
unknown to the present investigators which vendor fabricated the simulated inducer part used in this

study.

IN939-Si and IN718 disks were mechanically polished to possess smooth and parallel top and bottom
surfaces and 90°edges with respect to the top and bottom surfaces. The PFIB/SEM instrument was
employed to fabricate one-end-attached micro cantilever beams onto the mechanically polished disks
by sequential Xe+FIB milling of the disk edge region from the top surface and the front side surface, as
illustrated in Fig. 1(a). All cantilevers were aligned with disk edges, with overall dimensions of ~100 pm
x~25 um %~25 um. Procedures for FIB milling were applied consistently for all cantilevers: the Xe+ion
beam voltage was held at 30 kV while the beam current decreased in steps, from 2.5 pAto 1 pA, 0.20 pA,
60 nA, and 4 nA. A pre-notch was milled onto the cantilever top surface at ~25 pm from the bulk
attachment for all cantilevers. The pre-notch depth was about 1/3 of the cantilever beam thickness (~8
um). The pre-notch was milled using the line cut mode of the PFIB instrument, with the Xe+ion beam
parameters set at 30 kV and 4 nA. Right after cantilever fabrication, dimension measurements were
conducted to record the cantilever thickness t, width B, length 1, pre- notch depth ao, and distance
between the notch tip to the cantilever bottom t-ao (Fig. 1(b)). The load length IL, i.e., the distance
between the actuator contact point on the cantilever and the pre-notch, was measured prior to the start of

each cyclic bending test (Fig. 1(b)).

Cyclic bending of pre-notched cantilevers was performed using an instrumented uniaxial
nanomechanical actuator (FemtoTools NMT-04) within an SEM (FEI Quanta3D FEG). As shown in
Fig. 1(b), the shape of the Si actuator tip was modified by FIB milling to fit the cantilever dimensions.
One group of cantilevers were fabricated from as-deposited L-PBF AM IN939-Si disk following the
protocol described above. Five groups of cantilevers were fabricated from as-deposited L-PBF AM
IN718 disk following the same protocol. The IN939-Si cantilever group was tested under cyclic bending

at a fixed loading frequency f of 100 Hz and fixed maximum/minimum bending forces (Fmax/Fmin) of
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49500 puN and 4500 pN, and thus at a fixed load ratio R =Fmin/Fmax of 1/11. The five groups of IN718
cantilevers were tested under cyclic bending at five different f values of 40, 100, 400, 500, and 600 Hz,
all under the same fixed Fmax and Fmin 0of 80000 uN and 50000 uN, and thus at a fixed R value of 5/8. The
Fmax and R values used for testing IN939-Si and IN718 cantilevers were determined experimentally
through separate runs, such that cantilever failure was neither premature (e.g., failure within a few tens
of'loading cycles) nor overly extended (e.g., no failure in several million cycles). The increased Fmax and
R values for IN718 testing as compared to those for IN939-Si testing reflect the increased difficulty in

failing IN718 cantilevers as compared to IN939-Si cantilevers.

Load and actuator displacement were measured continuously during cyclic bending tests. Before
running an actual test, the actuator system stiffness was measured by performing a compression test with
the same actuator on the surface of the disk bulk, away from the cantilever. This system stiffness was
subtracted from the test data to obtain the true actuator displacement. Fig. 2(a), (b), and 2(c) show,
respectively, typical data segments acquired during cyclic bending of pre-notched In718 cantilevers at f
=100, 400, and 600 Hz. The corresponding load- displacement data are shown in Fig. 2(d), (e), and 2(f),

respectively,

Xe'focused ion beam

Fig. 1. (a) A schematic illustration of the Xe + FIB milling setup for micro cantilever fabrication; (b)
a typical IN939-Si pre-notched micro cantilever prior to cyclic bending within an SEM. The
cantilever long axis is oriented perpendicular to the L-PBF AM build direction (BD)
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Fig. 2. Load and frequency control in cyclic bending experiments: (a/b/c) typical bending load force vs.
time at frequencies of 100, 400, and 600 Hz; (d/e/f) corresponding load vs. displacement obtained from
the dataset shown in (a/b/c). The solid red lines in (d/e/f) are linear least squares fits to the load vs.
displacement data, from which the bending stiffness is obtained. (For interpretation of the references to

colour in this figure legend, the reader is referred to the Web version of this article.)

from which the cantilever bending stiffness is obtained. The same level of frequency and force control as
demonstrated in Fig. 2 was achieved in all cantilever bending tests. Prior to the actual cyclic bending test
conducted on a micro cantilever, the initial bending stiffness of the cantilever was recorded for a short
duration of less than 1 s. This measured initial stiffness was used to set a criterion for test stopping: i.e.,
the test will stop when measured cantilever bending stiffness drops to a preset fraction of the initial

stiffness.

To better characterize how a fatigue crack initiates from the pre- notch, we first quantify the geometry of
the pre-notch in as-fabricated cantilevers by FIB milling. Destructive three-dimensional (3D)
tomography of as-fabricated cantilevers was performed on the PFIB/SEM instrument using the “slice-
and-view” technique, where the Xe + ion beam was employed for serial sectioning at a preset slice
thickness and the electron beam was used for secondary electron imaging of the sectioning surface after
each slice. A part of the as-fabricated cantilever containing the pre-notch was milled off from the
attachment, lifted out using the EasyLift® nanoprobe following standard procedures, and attached to the
edge of a Si wafer. The lifted-out and attached chunk was then flipped manually so that the pre-notch
faced downward, away from the slicing Xe ion beam. A ~400 nm thick W layer was ion beam deposited
onto the top left corner of the chunk. A fiducial mark was FIB milled into the W layer and served as the
reference point for aligning the ion and electron beams during successive slicing operations. No
additional protective coating was applied to the surface. The cantilever chunk was sliced using the Xe +
ion beam at voltage and current of 30 kV and 4 nA, respectively. The slicing thickness was set to 700 nm,
providing sufficient resolution for the analysis. SEM images were acquired in the immersion mode after
each slice at beam voltage and current of 5 kV and 0.1 nA, respectively. Following the slice-and-view

experiment, image processing and 3D reconstruction were conducted using the Avizo software (Avizo
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3D 2021.1). Initially, all the acquired SEM images were manually aligned using the Align Slices tool.
Segmentation of the notch (empty) and cantilever (solid) areas was then completed in the Segmentation
Editor. Finally, the segmented images were compiled into a 3D model through Volume Rendering. In the
3D model built from low magnification images, each voxel measured 10 nm along the x- and y- axes and
700 nm along the z-axis. For the 3D model built from high magnification images, each voxel measured 1
nm along the x- and y-axes and 700 nm along the z-axis. To illustrate the initiation of fatigue crack from
the pre-notch after mechanical loading, the same slice-and-view protocol was used to examine

additional cantilevers after they have been cyclically loaded.

3. Results and discussion

The present authors have previously conducted quantitative FCG measurements on IN939-Si alloy
specimens processed by L-PBF AM through cyclic bending of pre-notched micro cantilevers [27]. As
shown in Fig. 1(b), one-end-attached pre-notched micro cantilevers fabricated from as-printed IN939-
Si were fabricated via Xe + FIB milling (B = t =25 p m, ao~ t/3), with the cantilever long axis
perpendicular to the AM BD. Cyclic bending within an SEM was executed at a fixed frequency f= 100
Hz and a fixed load ratio R = 1/11. Bending stiffness S was measured as a function of loading cycle N,
converted into a measure of the fatigue crack length a vs. N through comparison with elastic FEA
simulations, with the conversion confirmed through post-test microscopy of the fracture surface [27].
The mode I stress intensity factor KI associated with bending load F, crack length a, load length 1L, and
specimen dimensions B and t was calculated by taking results from a prior micro cantilever bending
study [28],

_F,
Kf _Bt\j-’zf(ﬂ/t)‘ (1)
and
fla/t)=77.608(a/t)’ — 48.422(a/t)* + 24.184(a/t)"' + 1.52. (2)

This KI calculation was confirmed through comparison between calculated K values and measured

bending compliance C as a function of a (K’ vs. dC/da; C=1/S) [27].

Fig. 3 (a) shows the raw data for one typical IN939-Si cantilever cyclic bending measurement, plotted as
bending stiffness S vs. the number of loading cycles N. The raw data are taken from the previous study
described in Ref. 27. After converting the S — N data to crack length a vs. N, the crack growth rate da/dN
is obtained by taking a numerical derivative of the a— N curve. Fig. 3(b) shows the corresponding crack

growth curve, da/dN vs. AK with AK = K(F max ) — K(F min). This crack growth curve exhibits
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characteristics similar to those observed from macroscale FCG measurements. Despite the small
specimen size, both the threshold regime and the Paris-law regime of crack growth are evident, as
highlighted respectively by the blue and red dashed lines, representing power law fits through the
corresponding data segments. Data shown in Fig. 3(b) exhibit an extended subthreshold regime with
da/dN values persisting around 10 um/cycle or below. This is better illustrated in Fig. 3(c), where the
same data is plotted as da/dN vs. N: da/dN values stay at 10° pm/cycle or below for ~5 x 10 4 cycles
before a rapid and significant upturn is observed. It is noted that both positive and negative da/dN values
are exhibited in the subthreshold regime shown in Fig. 3©. This is a result of taking numerical derivative
on the raw a — N data, and the noisy a — N data reflect the fact that little crack growth occurs in this
subthreshold regime. By fitting a linear function to the upturn portion of the da/dN vs. N data and
extrapolating to da/dN = 0, a threshold number of loading cycles, N th, is obtained. That a threshold
number of loading cycles, Nth, are needed for da/dN to in crease beyond the subthreshold regime (e.g.,
>2 x 10-3 um/cycle) is clearly illustrated in Fig. 3(c) but not stated in Ref. 27. Further, the existence of
Nth is born out of the cyclic bending measurements, notwithstanding the noisy measurement evidenced
in Fig. 3©. Because da/dN — N curves exhibit a sharp and significant upturn at N th , while a— N curves

varies more smoothly with N (compare Fig. 3(a) and (c)), itis
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Fig. 3. Cyclic bending of IN939-Si pre-notched micro cantilevers: (a) one measurement of bending
stiffness vs. number of loading cycles with the cantilever long axis oriented perpendicular to the L-PBF
AM BD; (b) the corresponding da/dN - AK curve. The blue and red dashed lines are power law fits to the
data points in the threshold and Paris-law regimes, respectively; (c) the same data shown in (a) and (b)
plotted as da/dN vs. N. The red line is a linear fit to the data points near the da/ dN threshold; (d) the
number of cycles to da/dN threshold (Nth ) plotted vs. a 0 ; (e) N th plotted vs. AK th ; (f) a Weibull

probability plot of Nth values measured from 11 separate cantilevers. The Weibull reference line and 95
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% confidence bands are generated through maximum likelihood fitting. (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article.)
believed that using da/dN vs. N is preferable for Nth determination.

Repeat measurements were conducted on 11 separate IN939-Si micro cantilevers under the same
loading conditions following the same procedures, with their pre-notches fabricated using the same Xe+
FIB milling parameters to similar pre-notch length ao. The values of so- measured Nth are plotted
against ao in Fig. 3(d) and the corresponding threshold AK value (AKth) in Fig. 3(e). It is evident from
Fig. 3(d) and (e) that measured Nth values vary over almost three orders of magnitude, and that
correlation between Nth and either ao or AKth, if any, is not strong. This wide-ranging variation in Nth
value is not reflected in the representation of fatigue crack growth data (Fig. 3(b)), as the da/dN vs. AK
plots from measurements on the 11 IN939-Si cantilevers show similar shape and characteristics (AKth

and Paris law exponent m) [27], regardless of the Nth value.

We contend that the so-determined Nth value yields a measure of the number of loading cycles needed to
initiate an actual fatigue crack from the FIB milled notch, and that the variation in measured Nth values
mainly reflects the variation in fatigue crack initiation under the same loading conditions and pre-notch
geometry. We explored whether the widely varying Nth values measured in repeat cyclic loading
experiments under nominally the same conditions would conform to two-parameter Weibull statistics

[29], with a distribution function for Nth of

BNy, fi-1 Ny, i
f[Nxh}=E(?) ﬂ‘P[— (?) :|:- (3)

where 6 >0 and B >0 are, respectively, the Weibull scale parameter and the Weibull shape parameter

(Weibull modulus). The cumulative distribution function is

FNw) = [ flt)de— Ny
Na)= [ fode=1-ewp| - (Z2) ), @
0

leading to the well-known linear relationship between log of the measured Nth value and double log of

the associated cumulative probability F(Nth),

In[(—1)In(1 — F(Ng))| = In (%) : (5)

With the 11 separate measurements made on IN939-Si cantilevers, the measured Nth values were rank
ordered [Nth(I), 1 =1, ...,n, n =11; Nth(i) <Nth(i+1)], and the associated values of the cumulative
probability F (Nth(I)) were estimated through the Bernard approximation for the median rank (MR(I))
ofthe beta distribution B (i, n+1-1) [30],
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F(Ng())=MR(i) = (i—0.3) / (n+ 0.4). (6)

Fig. 3(e) plots the 11 data points (MR(i), Nth(i)) in a Weibull probability plot, in which the data points are
shown together with the Weibull fit line and the 95 % confidence bands, obtained through maximum
likelihood fitting using the Origin software (OriginPro, Version 2020, Origin lab Corporation,
Northampton, MA, USA). A reasonable fit is evident in Fig. 3(e): a linear least squares fit following Eq.
(5)yielded an R2 value of 0.96. This indicates that the threshold number of loading cycles to initiate an
actual fatigue crack from the FIB milled notch, Nth, indeed obeys Weibull statistics under fixed loading

conditions and fixed notch geometry for the IN939-Si cantilevers examined.

The results of cyclic bending of pre-notched IN939-Si micro cantilevers, summarized in Fig. 3, indicate
that this test protocol is sensitive to crack initiation from a notch and can offer a quantitative measure for
it. As reported previously [24], L-PBF AM IN939-Si specimens have a rather distinct microstructure,
with ay matrix decorated with dense cells of brittle Si-/Ti-/Nb-rich precipitate aligned with the AM build
direction (BD) [24, 27]. It is therefore prudent to establish whether the presently described microscale
testing protocol can yield a measure of Nth for fatigue crack initiation from a notch in other L-PBF AM
alloys. For this reason, further measurements were performed on pre-notched microcantilevers

fabricated from the L-PBF AM IN718 specimen.

Fig. 4(a) shows the XRD symmetric 6/26 scan of the as-printed L-PBF AM IN718 disk, from which the
micro cantilevers were fabricated. All the major peaks are indexed to a single FCC structure. The inset in
Fig. 4 (a) shows the Nelson-Riley extrapolation [31] for the unit cell dimension of the FCC structure,
which yields a lattice constant of a=3.599+ 0.005 A. The red arrow highlights a minor peak not indexed
to the FCC structure. The value of the so-determined lattice constant and the presence of the minor peak
not indexable to the FCC phase are both consistent with the as-printed IN718 being predominantly in the
v phase, with minor fractions of non-y precipitates [32]. Fig. 4(b) shows a large area EBSD inverse pole
figure (IPF) Z map acquired from the top surface of the same disk. Fig. 4(b) shows no strong alignment
ofthe AM BD (Z direction) with any single crystallographic direction of the y matrix, consistent with the
presence of all major FCC reflections in Fig. 4 (a). In Fig. 4(b), the unindexed spots in the IPF Z map
correspond to non-y precipitates, dispersed sparsely and randomly in the y matrix. The average grain size
is determined to be ~27 um from the EBSD Z map, using the boundary intersection method present
within the EBSD software. It is noted that the absence of strong texture aligned with L-PBF AM BD
differs from what is typically observed in as-printed specimens, and that the stress relieving heat

treatment at 1066 °C for 90 min was the likely cause of the microstructure shown in Fig. 4.
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Fig. 5(a) shows an SEM image of a typical IN718 cantilever. Both the cantilever top and front surfaces as
well as the Xe+FIB milled pre-notch are evident. The inset in Fig. 5(a) is an overlay of the band contrast
image of the EBSD mapping area on the cantilever top surface. Fig. 5(b) shows the same EBSD band
contrast image together with the IPF X, Y, and Z maps. Fig. 5(c) shows another SEM image of the same
IN718 cantilever. The inset in Fig. 5O is an overlay of the band contrast image of the EBSD mapping
area on the cantilever front surface. Fig. 5(d) shows the same EBSD band contrast image together with
the IPF X, Y, and Z maps. Fig. Sshows y grain sizes consistent with what was determined from the large
area EBSD map shown in Fig. 4and that there is no strong alignment of any one crystallographic

direction with the AM BD (Z direction in Fig. 5(b) and Y direction in Fig. 5(d)).

ig. 6(a)—(b) show, respectively, SEM images of the top surface and front surface of the same IN718
cantilever shown in Fig. 5. The insets in Fig. 5(a)—(b) show, respectively, the EDS mapping areas on the
cantilever top and front surfaces with overlays of Ni Ka, Fe Ka, Cr Ka, Nb La, Mo La intensities. EDS
Ni Ko, Fe Ka, Cr Ka, Nb La, Mo La, and Ti Ka intensity maps of the cantilever top surface and front
surface are shown in Fig. 6(c)—(d), respectively. It is seen that the cantilever consists of a Ni-Fe-Cr
matrix with a relatively uniform composition with randomly dispersed precipitates that are rich in Nb,

Mo, and Ti, consistent with data shown in Fig. 4.

The geometry of the Xe+FIB milled pre-notch in as-fabricated IN718 cantilevers prior to mechanical
testing was quantified through destructive 3D tomography by “slice-and-view” performed on the PFIB/
SEM instrument. Fig. 7(a) shows a low magnification SEM image taken after one “slice” of a slice-and-
view experiment on one as-fabricated IN718 cantilever. The PFIB instrument uses the fiducial mark on
the upper left portion of the cantilever lift-out to automatically align the ion and electron beams during
successive slicing operations. A close to complete characterization of the cantilever pre-notch geometry
was achieved through an extended slice-and-view operation, covering a total volume of ~15 x~25 x~21
pm3. The entire slice-and-view experiment can be viewed in Supplemental Information (SI) Movie 1.
Fig. 7(b) shows a higher magnification image of the entire pre-notch, taken of the same slice shown in
Fig. 7(a). Fig. 7(c) shows a high magnification image of the notch tip region after additional slicing
operations. The same high magnification image, without and with a white circle with radius adjusted to
fit that of the notch tip, is displayed in the left and right parts of Fig. 7O, respectively. This notch tip
radius fitting was performed on similar high magnification images taken of the notch tip region after

each slicing operation, yielding collectively an average notch tip radius
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Fig. 4. Structure of as-printed IN718: (a) a symmetric /20 XRD scan of the as-printed L-PBF AM
IN718 disk from which the micro cantilevers are fabricated by Xe + FIB milling. The red arrow
highlights a minor peak not indexed to the y matrix; (b) a large area IPF Z map of the same specimen.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

Fig. 5. Structure of IN718 pre-notched micro cantilevers: (a) an SEM image of a typical cantilever
showing the top and front surfaces together with the Xe + FIB milled pre-notch, the notch tip region on
the front surface is highlighted by the red arrow. The inset is the band contrast image of the EBSD
mapping area on the cantilever top surface; (b) the same EBSD band contrast image shown in (a)
together with the IPF X, Y, and Z maps; (c) another SEM image of the same cantilever. The inset is the
band contrast image of the EBSD mapping area on the cantilever front surface; (d) the same EBSD band
contrast image shown in (c) together with the IPF X, Y, and Z maps. The red arrows in (d) highlight the
location of the PFIB milled pre-notch. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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of 5.4 +2.6 nm. Fig. 7(d) shows a 3D view of the Xe + FIB milled pre- notch, reconstructed from all the
high magnification images taken near the notch tip region, after segmentation of empty (notch) and solid
(cantilever) areas and elimination of the segmented notch area. A 3Dstacking of high magnification
images taken around the Xe+FIB milled pre-notch region after each slice can be viewed in SI Movie 2.
Another slice-and-view experiment performed on a separate IN718 cantilever yielded an average notch
tip radius of ~7 nm, demonstrating the degree of reproducibility of the geometry of the notch tip milled
under the sameXe+ FIB conditions. With the y phase lattice constant measured at 3.599 A, the (111)
lattice spacing is ~2.1 A or~0.2 nm. While the pre-notches in as-fabricated cantilevers, with a sub-10 nm
average tip radius, are “sharp” as compared to those in macroscale test specimens [11], they are still

“blunt” from an atomistic perspective, i.e., ~30 atomic planes wide at the notch tip.

The occurrences around Xe + FIB milled pre-notches in tested cantilevers after da/dN exhibits the sharp
upturn due to cyclic bending are documented in Fig. 8. Fig. 8(a) shows typical cyclic bending data for
two IN718 cantilevers, plotted as da/dN vs. N. The two red lines in Fig. 8(a) are linear fits to the data
points near the respective da/dN thresholds, from which N th values are obtained. It may be noticed that
the extent of scatter in da/dN values in the subthreshold regime (envelope of positive and negative da/dN
values shown in Fig. 8(a)) appears to decrease as N approaches N th . A similar trend may be noticed in
data shown in Fig. 3 ©, albeit not as pronounced as in Fig. 8(a). This may be a reflection of an
accelerating decrease of bending stiffness S as N approaches N th (see e.g., Fig. 3(a)). On top of this
nascent trend, the sharp and significant upturn in da/dN when N th is reached is unmistakable. After
cyclic loading, slice-and-view experiments on tested cantilevers were carried out. Fig. 8(b) shows a low

magnification image taken after one slice ofa

y/—// ‘/QH*// P
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Fig. 6. Composition of IN718 pre-notched micro cantilevers: SEM images of the (a) top surface and (b)
front surface of the same cantilever shown in Fig. 5. The insets in (a) and (b) show the EDS mapping
areas with overlay of NiK o, Fe Ka,CrKa,NbLa, Mo L aintensities. EDSNiK o, FeKa,CrKa,
NbLa,MoLa,and Ti K aintensity maps of the cantilever (c) top surface and (d) front surface. The red
arrows in (a/b/c/d) highlight the location of the Xe+FIB milled pre-notch. (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of this article.)

slice-and-view experiment on one IN718 micro cantilever after test. The slice-and-view experiment can
be better viewed in SI Movie 3. Fig. 8© shows a higher magnification SEM image after another slicing
operation. A crack is clearly seen to emanate from the tip of the pre-notch. Fig. 8(d) shows a high
magnification SEM image of the notch tip after additional slicing operations. In addition to further
confirming that an actual fatigue crack emanates from the pre-notch tip, a comparison of cracks shown in
Fig. 8(c)—(d) indicate that the actual fatigue crack does not stay as a flat sheet. Rather, the crack shows

some meandering from slice to slice, throughout the width of the cantilever. Fig. 8(e) shows a 3D view
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Fig. 7. Geometry of the Xe + FIB milled pre-notch: (a) a low magnification SEM image taken after one
“slice” of a “slice-and-view” experiment on one as-fabricated IN718 micro cantilever; (b) a higher
magnification image of the same slice; (c) a high magnification image of the notch tip region without
(left) and with (right) a white circle with radius adjusted to fit that of the notch tip; (d) a 3D reconstruction
by Avizo of the notch from segmentation of high magnification images taken near the notch tip at every

slice.

of the cracked notch, reconstructed from high magnification images taken near the notch tip region at
every slice, after segmentation of empty (notch) and solid (cantilever) areas and elimination of the
segmented notch area. Data displayed in Fig. 8 show unambiguously that the actual fatigue crack
emanates from the tip of the Xe+FIB milled pre-notch after cyclic bending. While FIB milled pre-
notches are ~30 atomic planes wide at the notch tip (see Fig. 7), the crack morphology as observed in Fig.
8(d) shows that additional separation of neighboring atomic planes occurs when fatigue cracks form.
The process of fatigue crack initiation is associated with how this additional atomic plane separation
occurs from a notch that is several tens of atomic planes wide. We suggest that this process of going from
a notch to a crack is associated with the observation of the sharp da/dN upturn in da/dN — N curves, as
exemplified in Fig. 3(c)—8(a). The results of slice-and-view experiments, shown in Figs. 7 and 8, help to

illustrate this process of fatigue crack initiation from a notch.
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Repeat cyclic bending tests on pre-notched IN718 cantilevers were conducted, and Nth values were
measured for each test. Fig. 9(a), 9(b), 9 (¢), 9(d), and 9(e) show, respectively, Weibull probability plots
for Nth measured at =40, 100, 400, 500, and 600 Hz, plotted following the same procedure used for the
IN939-Si data shown in Fig. 3. The Weibull reference lines and 95 % confidence bands are again
generated through maximum likelihood fitting. The data shown in Fig. 9 demonstrate that the number of
loading cycles required to initiate an actual fatigue crackin IN718 cantilevers from Xe + FIB milled pre-
notches with a fixed notch tip geometry under nominally identical loading conditions follows Weibull
statistics for loading frequencies ranging from 40 Hz to 600 Hz. The fact that measured Nth values for
IN718 cantilevers obey Weibull statistics at different loading frequencies provides a more solid means to
quantify fatigue crack initiation. Fig. 10(a) plots AKth versus f for all tests performed on IN718
cantilevers and shows a relatively constant AKth from 40 to 600 Hz. Since all tests were conducted at
relatively constant values of loads (Fmax , Fmin ), load length (/L), specimen dimensions (B, t), and the
depth of the pre-notch (ao), the constancy of the AKth valuesshown in Fig. 10(a) is thus consistent with
crack initiation occurring at the tip of the pre-notch, supporting direct observations shown in Fig. 8. The

12

average of AKth values shown in Figs. 10(a), 5.2 = 0.1 MPa m ", lies within the range of AKth values
obtained for L-PBF IN718 alloys through multiple macroscale measurements, 3-15 MPa m '* , as
summarized by Gruber et al. in Ref. 12. Fig. 10(b) plots B versus f and shows a relatively constant
Weibull modulus from 40 to 600 Hz, suggesting that there are no significant shifts in crack initiation
mechanism. Itis noted that the Weibull scale parameter 6 provides a more statistically grounded measure
of the number of cycles needed to initiate a fatigue crack from a notch of fixed geometry under fixed
loading conditions, with N =8 yielding a ~63 % probability for crack initiation. Fig. 10© plots o versus f
and shows a relatively constant 6 value from 40 Hz to 400 Hz as well as an increasing  value as f
increases further from 400 Hz to 600Hz, from slightly less than 200,000 cycles at 40 Hz and 400 Hz to
slightly more than 300,000 cycles at 600 Hz. The present observation of Nth increasing with increasing
loading frequency is qualitatively consistent with previous observations of increasing total fatigue life

and fatigue strength as loading frequency increases from <100 Hz to 20 kHz [8, 21]. The results

summarized in Figs. 3, 8 and 9 indicate that cyclic

bending of pre-notched micro cantilevers is indeed sensitive to initiation of a fatigue crack from a FIB
milled sharp notch for both IN939-Si and IN718, two alloys having rather different microstructural
characteristics. It is thus surmised that the present microscale testing protocol can be used to gauge
fatigue crack initiation quantitatively in a wide range of alloys. The present measurements also show
that N th obeys Weibull
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Fig. 8. Crack initiation from Xe + FIB milled pre-notches: (a) cyclic bending data for two cantilevers
(data points shown in black and blue) plotted as da/dN vs. N. The two red lines are linear fits to the data
points near the da/dN threshold; (b) a low magnification image taken after one “slice” of a “slice-and-
view” experiment on one IN718 micro cantilever after test; (c) an image after another slice of the notch
tip from which the fatigue crack emanates; (d) a high magnification image after another slice of the notch
tip region; (e) a 3D view of the cracked notch reconstructed by Avizo from high magnification images
taken near the notch tip at every slice after segmentation. (For interpretation of the references to colour

in this figure legend, the reader is referred to the Web version of this article.)

statistics for both IN939-Siand IN718, despite the significant differences in their microstructure.

Fatigue crack initiation from a notch, the process of generating additional atomic plane separation from
the tip of a notch that is sharp on a macroscopic scale yet blunt from an atomistic perspective, is a
consequence of dislocation motion under cyclic stresses [33]. Mura and Nakasone have discussed the
process of fatigue crack initiation through a vacancy — dislocation dipole model of persistent slip band
[34]. They listed several variables that can influence the S-N curve for crack initiation, including
frictional stress, Young’s modulus, surface energy, half-length of the persistent slip band, and height of
the dislocationdipole [34]. For the present experiments on IN718, variations in frictional stress and
Young’s modulus can be eliminated from consideration as the predominant y matrix remained a constant
factor throughout. Intrinsic variabilities exist in the present experiments, as the cantilevers and pre-
notches were fabricated at random locations on the IN718 alloy disk, which leads to variations in the

local environment around the notch tip.Nonetheless, the variation in surface energy is not expected to be
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significant. While no attempts were made to observe the presence and quantify the geometry of
persistent slip bands, the question remains whether variations in persistent slip band geometry (e.g.,
band length and dislocation dipole height) can account for the observed two to three orders of magnitude
variation in observed Nth values (cf. Figs. 3 and 9). Moreover, it is unclear why the combined variation
in such parameters would result in observed Nth values obeying Weibull statistics. Answering these
questions necessitates additional experimentation and modeling in the future, included in which is a

better understanding of the effects of loading frequency on crack initiation from sharp notches.

4. Summary

The present results of cyclic bending of pre-notched micro cantilevers fabricated from L-PBF AM
IN939-Siand IN718 specimens indicate that this test protocol is sensitive to fatigue crack initiation from
a nm- scaled sharp notch and can provide a quantitative measure for the threshold number of cycles
needed for crack initiation. Repeat measurements performed under the same loading conditions and the
same notch geometry on both IN939-Si and IN718 cantilevers indicate that measured Nth values from
repeat tests obey Weibull statistics, which in turn provides a more statistically grounded measure for
fatigue crack initiation from a notch. Measurements on IN718 cantilevers indicate a relatively constant
Nthincrease in Nth in the frequency range of 40—400 Hz and a modest as the loading frequency increases
from 400 Hz to 600 Hz. Better quantitative gauging of the crack initiation process may lead to improved
understanding and more effective means for controlling fatigue damage and life of materials, inclusive

of materials fabricated by L- PBF AM processes.
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