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Variable uncut chip thickness in turning induces spatially heterogeneous thermomechanical loadings that strongly
affect residual stress (RS) generation. Conventional techniques, such as laboratory X-ray diffraction (XRD), provide
spatially averaged RS values over millimetre-scale areas and cannot resolve local surface RS gradients. This work
introduces a large-field Focused Ion Beam-Digital Image Correlation (FIB-DIC) methodology using slits and ring-
cores to quantify local microscale RS, combined with stereo profilometry to correlate stresses with surface topogra-
phy in turned Ti-6AI-4V ELL The results reveal peak-to-valley RS variations up to 1000 MPa, undetectable by XRD,
highlighting their potential impact on fatigue, corrosion, and surface-driven component performance.

© 2026 The Author(s). Published by Elsevier Ltd on behalf of CIRP. This is an open access article under the CC BY-NC-
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1. Introduction

Turning is extensively used to manufacture critical components
for aerospace, biomedical, and automotive sectors, where stringent
surface integrity (SI) requirements must be met [1-5]. Among SI
parameters, residual stresses (RS) and surface topography are espe-
cially critical, as tensile RS and increased roughness deteriorate
fatigue and corrosion performance [6—8].

During turning, the final surface is generated by successive tool
revolutions, and the finite tool corner radius causes the uncut chip
thickness to vary continuously along the cutting edge. These condi-
tions lead to: i) repeated thermomechanical loading by successive
tool revolutions, which modifies the stress state imposed from the
preceding revolution; and ii) non-uniform strain and temperature
fields arising from local variations in uncut chip thickness [9—12].
Experimental studies have linked these mechanisms to heteroge-
neous hardness and white-layer formation [9], while numerical
works have predicted strongly heterogeneous RS fields, often exhibit-
ing periodic patterns correlated with surface topography [10—12].

Despite these advances, experimental validation of local RS hetero-
geneity in turning remains scarce. This is primarily due to the spatial
averaging inherent in conventional RS measurement techniques. Labo-
ratory X-ray diffraction (XRD) and hole-drilling methods probe areas
defined by the collimator or milling tool diameter, typically ranging
from several hundreds of micrometres to millimetres [13,14]. As a
result, local RS variations are averaged out, hindering direct correlation
between RS, surface topography, and functional performance.

High-spatial-resolution techniques are thus required to resolve local
RS variations in machined surfaces. The combination of Focused lon
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Beam (FIB) milling and Digital Image Correlation (DIC) provides high-
fidelity local RS measurement with micrometric spatial resolution by
coupling controlled material removal with nanoscale deformation map-
ping [15]. FIB-DIC has been successfully applied to coatings [16,17],
peened surfaces [18], additively manufactured materials [19], and, to a
limited extent, machining processes (orthogonal cutting [20] and mill-
ing [21]). These studies revealed pronounced local stress concentrations
and stress sign reversals in high deformation processes that cannot be
captured by XRD [18—21]. Although FIB-DIC can characterise RS at the
micrometric scale, it has not yet been systematically applied to investi-
gate the spatially varying RS induced by variable uncut chip thickness
and successive tool revolutions in turning. This approach would
improve analysis of fatigue and corrosion failure mechanisms and sup-
port the development of more accurate predictive models.

This work employs large-field FIB-DIC to quantify local microscale RS
and, combined with SEM stereo profiling, to correlate RS with surface
topography in turned samples. FIB-milled slits and ring-cores with
nano-DIC provide high-fidelity RS data in the cutting direction over
extended surface regions, while in-plane RS components are obtained
at selected locations. XRD measurements are used for comparison. The
method is applied to the widely used biomedical alloy Ti-6AI-4V ELI at
varying cutting speeds to generate distinct SI and RS states. This allows
direct assessment of the effect of variable uncut chip thickness on local
RS distributions and their correlation with surface topography.

2. Methodology

2.1. Turning tests

Turning tests were conducted on Ti-6AI-4V ELI (chemical composi-
tion in Table 1). A cylindrical bar (@113 mm) was annealed at 720 °C
for 2 h and furnace-cooled, resulting in a hardness of 320 + 15 HV. The
initial microstructure consisted of primary «-phase grains (~12 pm),
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Table 1
Chemical composition (wt. %) of Ti-6Al-4V ELIL
C (%) Fe (%) 0 (%) N (%) V(%) Al (%) Ti (%)
0.02 0.15 0.13 0.0024 39 6.22 Bal

B-phase along grain boundaries, and transformed g grains with lamel-
lar secondary «-phase precipitates (~1 wm).

Turning experiments were conducted on a CNC lathe Danumerik 2
equipped with a Kistler 9121 dynamometer. Force signals were low-
pass filtered at 20% of the natural frequency of the system, as recom-
mended by the manufacturer. Preliminary experiments varying cut-
ting speed (v.), feed (f), and corner radius (r,) identified v, as the
most efficient parameter for modifying RS state. Accordingly, v. was var-
ied from 60 to 600 m/min—exceeding typical industrial values—to
induce a range of thermomechanical loads and generate both compres-
sive and tensile RS states for FIB-DIC validation. For each condition, longi-
tudinal turning was conducted over a 15 mm axial length. All other
process parameters were kept constant: feed (f = 0.1 mm/rev), depth of
cut (ap = 0.5 mm), and tool (coated cemented carbide insert CNMG
120404-QM 1205, 1, = 0.4 mm). The resulting uncut chip thickness at the
machined surface ranged from 0 to 0.025 mm. High-pressure coolant
(100 bar, Vasco 7000, 8% emulsion) was applied through the toolholder
(QS-PCLNL 2020-12C). The cutting edge radius of all tools was measured
using an Alicona IFG6 (10x magnification, 3 wm lateral and 200 nm ver-
tical resolutions) and was of 35 + 5 pm. A new insert was used for each
test, and tool wear was evaluated after each turning test.

2.2. Surface integrity characterisation

Surface profiles and local microscale RS were measured using a
Helios 450S FIB/SEM. For each machining condition, 15 x 20 x 9 mm
samples were extracted from the turned bar by wire electrical discharge
machining. In SEM/FIB the area of interest (170 wm horizontal field of
view, larger than the feed marks) was marked by FIB-milled reference
crosses (Fig. 1a, b) and imaged at —3°, 0° and +3° tilt angles. Surface
topography was reconstructed from the +3° stereo images [22] (Fig. 1c,
d), and the 0° image was used as the reference for strain analysis.

Slits (150 x 5 x 8 wm, L x W x D) oriented perpendicular to the cut-
ting direction (Fig. 1e), and ring-core features (12 wm inner diameter,
8 pm depth; Fig. 1f) were FIB-milled within the marked area. The sur-
face was pre-coated with Au nanoparticles (inset in Fig. 1f) and RS relax-
ation caused by material removal was quantified by high-fidelity DIC
[23]. At least three slits were milled on each surface, together with sev-
eral ring-core features distributed along the machined surface (Fig. 1f).

For the slit geometry, relaxation is constrained in the horizontal/feed
direction; therefore, only the vertical/cutting displacement component
was considered to characterise the continuous strain distribution along
the slit (Fig. 1g). As quantitative RS in slit geometry requires calibration
[15], ring-cores were combined with slits to calibrate and determine RS
without the need for intensive finite element analysis. The ring-core
size was selected to ensure near-complete stress relaxation within the
analysed volume [15,17], while maintaining measurement stability and
spatial resolution. This provided quantitative evaluation of the in-plane
RS tensor averaged over the inner-circle area (Fig. Th—j). It also reduced
sensitivity to grain-scale variability and supported detection of RS varia-
tions along the machined surface. RS values at topography peaks and
valleys (Fig. 1c, d) were used to convert the strain relief measured in the
slits into RS. Assuming a non-equiaxial stress state [18], RS in the cutting
(ors,cutting) and feed (ogsfeed) directions were calculated using eqs. (1)
and 2, respectively. Young’s modulus (E = 105 GPa), and Poisson’s ratio
(v = 0.32) for Ti-6Al-4V ELI were obtained from ASTM E8 tensile tests.
Aécuriing and Aggeeq are the components of the relieved strain tensor
from ring-core DIC in the cutting (Fig. 1h) and feed (Fig. 1i) directions.

E

ORS,cutting = — 1-.2

(Agcutting + VAgfeed) (1)
E
ORS.feed = — 1-2 (Aafeed + UAgcutting) (2)

Surface RS were measured by XRD to select two cutting speeds that
generate distinct SI conditions and to compare with the FIB-DIC method.

168 ym ——————|
B Height G

-1.6 -1.2 -0.7 -03 0.1 06 1

" 200 pm i !
Height
-1.7 -0.7 02 1.2 21 31 41

Fig. 1. Workflow for surface topography and RS analysis: (a, b) areas of interest
marked by milled crosses at the corners, (c, d) surface topography, (e, f) FIB-milled slit
(e) and ring-cores (f), (g) slit-based displacement map by DIC, (h, i) displacement maps
in the cutting (h) and feed (i) directions for the ring-core, and (j) displacement vectors
obtained from (h, i) overlaid on the displacement amplitude map. (a, c, e, g) correspond
to v = 60 m/min, and (b, d, f, h—j) to v. = 600 m/min.

A portable Proto iXRD system was used with the sin?y method, Cu Ko
radiation (2 = 1.5418 A), Ni filters, 25 kV voltage, 5 mA current, and a
@3 mm round collimator. The (213) diffraction peak was acquired with
11 tilt angles from —27° to 27° and 20 exposures of 4 s per tilt. Data was
analysed using PROTO XrdWin software, applying diffraction elastic
constants —S; =2.97x107° MPa~!, !/, S, = 11.89x10~5 MPa~. A Gauss-
ian fit was applied. Measurements were first taken at three circumfer-
ential locations separated by 120° on the bar surface to assess
repeatability, and subsequently on sectioned specimens prepared for
FIB-DIC to evaluate the effect of the sectioning operation (Fig. 2a).

Finally, subsurface microstructural damage was assessed in cross-
section using a Nova NanoSEM 450, after cutting, mounting, grinding,
polishing, and chemically etching the samples.

3. Results

3.1. Residual stresses by XRD and microstructural damage

Table 2 shows the evolution of surface ogs cutting measured by XRD.
At 60 m/min, RS were strongly compressive, gradually decreasing in
magnitude as cutting speed increased, and approaching a near-neutral
or slightly tensile state at 600 m/min. For this reason, cutting speeds of
60 and 600 m/min were selected for validation of the FIB-DIC method.

Table 2
ORs cutting With cutting speed measured by XRD on the bar.

Cutting speed (m/min) 60 200 400 600

oRgs,cutting (MPa) -559+20 —-414+22 -100+£32 9+38

Fig. 2a presents the repeatability analysis for RS measured by XRD
in the cutting and feed directions (solid bars). Deviations among the
three measurement points remained below 40 MPa. The figure also
shows the effect of specimen sectioning prior to FIB-DIC analysis, with

Please cite this article as: G. Ortiz-de-Zarate et al., Assessment of local microscale residual stresses induced by variable uncut chip thickness in
turning using large-field FIB-DIC, CIRP Annals - Manufacturing Technology (2026), https://doi.org/10.1016/j.cirp.2026.04.070



https://doi.org/10.1016/j.cirp.2026.04.070

JID: CIRP

[m191;May 9, 2026;4:07]

G. Ortiz-de-Zarate et al. / CIRP Annals - Manufacturing Technology 00 (2026) 1-5 3

(a) Cutting

O Average

(before sectioning) (before sectioning)

Cutting

—

9 mm #é
20 mm

200

Average
(after sectioning)

Average
(after sectioning)

60 m/min 600 m/min 60 m/min 600 m/min

(=}

GRS, cutting (Mpa)
OFs, feed (MPa)

P )
S oS o
S S S

: , Cutting edge
Relief face

: Rake face

£ Nt )

Cutting 40 ym 60 m/min
direction

5pm 600 m/min _5pm 1pm

Fig. 2. (a) orscutting and ogsfeed Measured by XRD, (b) tool geometry before and after
turning, (c) surface micrograph after machining at v. = 60 m/min, (d, e) detailed micro-
graphs of the severely deformed layer (SDL) at (d) v. = 60 m/min and (e, f) v. = 600 m/min,
and (f) detailed micrograph of the recrystallised zone.

empty bars representing the average RS of the three points before sec-
tioning and striped bars after. The maximum difference between mean
surface RS values before and after sectioning was below 25 MPa, i.e.,
within experimental uncertainty, indicating that sectioning did not sig-
nificantly affect the RS state. For consistency, post-sectioning RS values
are used for comparison with FIB-DIC results.

After sectioning, the RS in the cutting direction were highly com-
pressive at v. = 60 m/min (—551 &+ 39 MPa) and shifted to slightly
tensile at v, = 600 m/min (24 + 47 MPa). A similar trend was
observed in the feed direction, with strongly compressive stresses at
ve = 60 m/min (—503 £ 40 MPa) and lower-magnitude compressive
stresses at v = 600 m/min (—91 & 35 MPa).

At low cutting speed, the relatively low thermal input combined
with high contact pressures at the tool-workpiece interface promoted
plastic deformation in the near-surface layer, resulting in compressive
RS. As cutting speed increased, RS progressively shifted toward tensile
in both directions, driven by higher thermal loading and reduced
mechanical contribution [24], as reflected in the measured forces. At
v = 60 m/min, the cutting, feed, and passive forces were F. =135+ 5N,
Fr=112+ 2 N, and F, = 70 & 2 N, respectively. At v. = 600 m/min, these
forces decreased to F. =121 £ 3 N, Fr=57 = 3 N, and F, =43 + 3 N. Ele-
vated temperatures at higher speeds induced local thermal softening
and reduced chip thickness [25], thereby lowering the cutting forces.

At v, = 600 m/min, tool wear further reduced forces. The cutting edge
radius decreased from ~35 pm to ~10 pm as flank wear (maximum
Vemax =~ 0.15 mm, average Vpmean =~ 0.08 mm) sharpened the
edge, reducing ploughing force. At the same time, crater wear (depth
Kt ~ 25 pm, width Kz ~ 0.25 mm) increased the local rake angle, facili-
tating chip flow and further reducing forces (Fig. 2b). In contrast at
V. = 60 m/min, wear was minimal: only slight material adhesion occurred
on the rake face, and the edge radius remained near the initial ~35 pm.

Microstructural analysis revealed three distinct zones (Fig. 2c—f):
i) bulk material, ii) a plastically deformed subsurface layer with grains
elongated in the cutting direction (surface drag), and iii) thinning and
elongation of the g-phase in the cutting direction (Fig. 2d, e). The thick-
ness of the severely deformed layer (SDL) increased with cutting speed,
from ~12 pm at 60 m/min to ~20 pm at 600 m/min. At v. = 600 m/min,
arecrystallised «-phase was also observed in the topmost zone (Fig. 2f).

Overall, the machining conditions produced well-differentiated
RS states and associated microstructural alterations, establishing suit-
able boundary conditions to assess FIB-DIC measurements across dis-
tinct surface integrity regimes.

3.2. Local microscale RS by FIB-DIC and surface topography

Fig. 3 shows the local microscale surface RS measured along the
turned surface using the FIB-DIC slitting method for both cutting
speeds (left axis), and the corresponding surface topography measured
by stereo profilometry at the same locations (red line, right axis). The
plot integrates multiple (>3) translated and realigned measurements
and their deviations (shaded regions). Markers connected by dashed
lines denote average results from the FIB-DIC ring-core method at
selected surface positions. The mean deviation in slits and ring-core
measurements, normalised by the material yield stress (793 & 10 MPa
from the tensile tests), is below 10%. XRD values, which inherently rep-
resent an average RS over the @3 mm round collimator, are shown as
horizontal dotted lines. The peak-to-peak average RS measured by FIB-
DIC is indicated by horizontal dash-dotted lines. The X-axis corre-
sponds to the tool feed movement direction (left to right).
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Slit Ring-core Average
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Fig. 3. Local surface RS and surface topography for (a) v. = 60 m/min and (b)
Ve = 600 m/min. Solid lines show mean topography and slit RS, while shaded regions
indicate the standard deviation across repetitions.

At v = 60 m/min, the most compressive local RS measured by slitting
coincides with the valleys of the surface topography (~—1000 MPa).
Peaks exhibit less compressive stresses (~—400 MPa), resulting in peak-
to-valley variations of ~600 MPa. The high compressive RS at the valleys,
which exceeds the yield stress of Ti-6Al-4V EL], is attributed to localised
work-hardening and increased local yield stress. The average RS across
the peak-to-peak range measured by FIB-DIC is ogs cutting = —740 MPa
and ogsfeed &~ —620 MPa. At v. = 600 m/min, valleys remain the most
compressive regions (~—200 MPa), while highly tensile stresses are
observed at the peaks, reaching values of up to ~800 MPa. Under these
conditions, the peak-to-valley RS variation increases markedly to
~1000 MPa, with average FIB-DIC values of ogscutting ~ 290 MPa and
ORrsfeed ~ 260 MPa. The ring-core method reveals that at 600 m/min,
substantial RS variations also develop in the feed direction, whereas at
60 m/min, the variation is negligible.
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A further distinction between the two cutting speeds is the relative
spatial shift between topographical features and RS extrema across the
machined surface (black arrows, Fig. 3). At 60 m/min, only a small offset
(~10 wm in the tool travel direction) is observed between the RS peaks
and the corresponding topographical peaks. In contrast, at 600 m/min a
much larger shift (~30 wm) is evident, with topographical peaks located
significantly upstream of the corresponding RS maxima.

4. Discussion

4.1. Comparison between FIB-DIC and XRD for RS analysis

These FIB-DIC results clearly demonstrate that RS shows a peri-
odic pattern and is not homogeneous across the machined surface
after turning. In contrast, conventional XRD measurements, charac-
terised by a relatively large beam size, average the RS field over sev-
eral feed marks, limiting their ability to resolve local microscale and
periodic RS variations.

Despite this difference, the average RS values obtained by FIB-DIC
along the machined surface agree with the XRD results (Fig. 3), particu-
larly at v, = 60 m/min, likely due to the lower RS variability. Additionally,
both methods exhibit consistent cutting speed trends, indicating that
the observed differences are quantitative rather than qualitative.

However, FIB-DIC systematically yields higher RS magnitudes than
XRD for both compressive and tensile stress states, likely due to the fun-
damentally different physical principles of the two methods. XRD pre-
dominantly measures macroscopic RS and involves spatial averaging
over a finite gauge volume, which smooths steep stress gradients typical
of machined surfaces. In contrast, FIB-DIC produces nearly complete
microscale local elastic strain release and captures combined macro-,
intergranular, and intragranular RS contributions [20], resulting in sys-
tematically higher measured RS magnitudes. The effective probing
depth of the FIB-DIC features (~8 wm) also differs slightly from the pen-
etration depth of XRD in titanium alloys (=5 wm) [26,27], which may
contribute to the observed differences.

4.2. Correlation between surface topography and local microscale RS

The combined use of FIB-DIC and stereo profilometry directly corre-
lates local microscale RS and surface topography, providing enhanced
insight into surface integrity. FIB-DIC revealed peak-to-valley RS varia-
tions of several hundred MPa, not detectable by conventional XRD. The
pronounced RS variations along the machined surface are qualitatively
consistent with nose-turning finite element method (FEM) predictions
reported in the literature [10—12], with quantitative differences attrib-
utable to variations in material properties and cutting conditions.

These observations reflect the underlying mechanisms of RS forma-
tion. During machining, RS arise from the interplay between mechanical
and thermal loads, whose relative contributions depend on the uncut
chip thickness, among other factors. In turning, local variations in uncut
chip thickness—primarily governed by the tool corner radius and feed—
modify the thermomechanical load distribution, as also shown in nose-
turning FEM studies [10—12]. Combined with repeated loading from
successive tool revolutions, this leads to a non-uniform and periodic RS
field along the feed direction of the turned specimens.

At 60 m/min, compressive RS dominate both peaks and valleys,
with maximum compression in the valleys, indicating a mainly
mechanically driven RS. In contrast, RS in the feed direction remain
relatively uniform, reflecting more homogeneous mechanical loading
along the tool-workpiece contact.

At 600 m/min, the RS distribution changes substantially: valleys
remain mildly compressive, whereas peaks become highly tensile,
indicating a transition toward a locally thermally dominated RS gen-
eration regime. This trend is intensified by increased flank wear at
higher cutting speeds, which enhances heat generation in the tertiary
shear zone, modifies heat-flux distribution [24], and promotes larger
RS fluctuations in the cutting and feed directions.

FIB-DIC reveals a systematic shift between surface topography
extrema and RS extrema in the cutting direction, increasing from
~10 pm at 60 m/min to ~30 wm at 600 m/min. This could indicate
that RS formation is not instantaneous but continues after tool

passage due to delayed thermal diffusion and near-surface strain
relaxation, particularly under thermally dominated conditions.

From a functional perspective, the correlation between surface
topography and RS is key for assessing component performance,
including fatigue and corrosion. Stress concentrations arising from
surface topography [7,8] can be significantly amplified by local RS
variations, which are often assumed to be spatially uniform in predic-
tive models. These interactions should thus be explicitly considered
in high-fidelity performance assessment models.

5. Conclusions

This work demonstrates that the variable uncut chip thickness
inherent to turning induces strongly heterogeneous RS fields that
cannot be resolved by conventional, spatially averaged techniques.
By combining high-fidelity large-field FIB-DIC with stereo profilome-
try, local microscale RS distributions were measured and directly cor-
related with surface topography in turned Ti-6Al-4V ELI. Peak-to-
valley RS variations of up to 1000 MPa were observed, in sharp con-
trast to XRD results that provide only average RS.

At low cutting speed (60 m/min), RS generation is predominantly
mechanical, leading to pronounced RS fluctuations in the cutting direc-
tion, compressive RS across the surface with maximum compression at
valleys, and negligible variations in the feed direction. At high cutting
speed (600 m/min), a transition to a thermally dominated regime
occurs: compressive RS persist in valleys, while highly tensile RS
develop at peaks, accompanied by pronounced RS gradients in both the
cutting and feed directions. The increasing spatial shift between topog-
raphy extrema and RS maxima with cutting speed highlights the role of
delayed thermal diffusion and post-tool strain relaxation in RS.

These findings confirm that RS in turning are governed by a strong
coupling between feed-induced geometric periodicity, local surface
topography, and the balance between mechanical and thermal loading.
These findings underline the need for high-spatial-resolution techni-
ques, such as large-field FIB-DIC, for realistic surface integrity assess-
ment. They also provide detailed experimental evidence to enhance
predictive models for fatigue, corrosion, and surface-driven perfor-
mance in turned components. While this study focused on a titanium
alloy and turning operation, similar RS fluctuations—likely of different
magnitude and frequency—could be expected in other materials, cutting
conditions, and machining processes with variable uncut chip thickness.
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