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HIGHLIGHTS

» A novel x-ray diffraction method can
be used to non-destructively detect
machining-induced white layers.

The technique measures peak broaden-
ing caused by the high strain and ultra-
fine grains which are intrinsic to white
layers.

White layers as small as 5 pm can
be detected rapidly, compared to the
time-consuming microscopy process
commonly used.

Anomalous surfaces can also be
detected using laser ultrasonics, which
are sensitive to crystallographic texture.
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ABSTRACT

Detection of machining-induced white layers is currently a destructive inspection process with a form of cross-
sectional microscopy required. This paper, therefore, reports on the development of a novel non-destructive in-
spection method for detecting white layers using grain size-sensitive and crystallographic texture-sensitive tech-
niques. It is shown that x-ray diffraction can be used to detect white layers as thin as 5 pm in Ti-6Al-4 V through
measurement of diffraction peak breadths and diffraction peak intensities, due to the influence of the sub 100 nm
grain size and high lattice strain in the white layer, as well as the strong crystallographic texture in this titanium
alloy. Compared to the existing optical microscopy inspection method, which can take days due to the number of
steps involved, the x-ray diffraction peak breadth method offers non-destructive white layer detection in a mat-
ter of minutes at a resolution of 5 um or less that competes directly with the optical method. Spatially resolved
acoustic spectroscopy, a laser-generated ultrasonic surface acoustic wave detection method, can also be used
to identify anomalous surfaces, containing a white layer or swept grain material, due to its sensitivity to the crys-
tallographic texture changes that arise in severely plastically deformed Ti-6A1-4V as in Titanium with 6 % Alumin-

ium and 4% Vanadium.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Machining is used to produce the desired final shape and surface fin-
ish during the manufacturing of most aeroengine components, includ-
ing blades and shafts. Aeroengine alloys, such as titanium, which is
used for the lower temperature components such as the fan blades,
are considered difficult-to-machine materials due to their high strength
and low thermal conductivity which results in the localisation of heat
generation and shear deformation in the near-surface region during
machining, as reported by Ezugwu et al. [1]. This localisation has a direct
impact on the resultant surface integrity of the component, in particular,
white layers, an anomalous surface integrity feature, can be generated
in the near-surface region when machining at high cutting speeds or in-
creased levels of tool wear as shown by Che-Haron and Jawaid [2].

White layers are typically classified as a region in the near-surface of
a material in which the microstructure cannot be resolved with optical
microscopy, even at high magnifications. These layers typically form in
machined surfaces by either a thermally-dominated phase transforma-
tion mechanism, or a severe plastic deformation-dominated mechanism
[3]. When machining titanium alloys with worn tools, white layers have
been measured by Brown et al. [4] to be composed of ultra-fine grains,
possess higher hardness than the bulk material and have a strong
basal hexagonal close-packed (HCP) texture. White layers themselves
cannot be associated with a particular residual stress state, however,
the machining conditions which lead to their formation, high cutting
speeds or high tool wear, often result in considerable tensile [5] or com-
pressive residual stresses [4] respectively. It has been shown by Herbert
et al. [6] that the presence of a white layer in a nickel superalloy can
cause a 10 times reduction in the low cycle fatigue life of a component
even after shot-peening. Poulachon et al. [7] have shown that white
layers can be brittle and as such, their presence would lead to an inspec-
tion failure in an aeroengine component, regardless of the residual
stress state or alloy type. A swept grain region, in which the near-
surface material is distorted in the direction of machining, is typically
found beneath a white layer, as highlighted by Brown et al. [4], and is
also considered detrimental to the surface integrity, due to the associ-
ated decrease in the fatigue life of a machined component that has
been measured by Hardy et al. [8].

Current methods for white layer detection in industry are destruc-
tive as typically the component to be tested is sectioned, mounted,
polished and etched before being inspected with optical microscopy
[9]. This process, whilst effective for capturing anomalous surfaces, is in-
herently costly, due to the parts that are sacrificed and the time-
consuming nature of the steps involved in preparing a sample for in-
spection. It also leads to parameter-frozen processes with changes
only implemented after full part validations. As such, there is a desire
within industry to be able to detect white layers non-destructively to
speed up and reduce the cost of inspection. NDT techniques also offer
the potential for in-process monitoring and therefore align with the
aims of smart factories. In this study, x-ray diffraction (XRD) and spa-
tially resolved acoustic spectroscopy (SRAS) methods are employed
to non-destructively inspect machined Ti-6Al-4 V samples with and
without white layers, utilising the sensitivity of the techniques to the in-
trinsic properties of white layers, a small grain size and a strong crystal-
lographic texture.

Machining-induced white layers have previously been detected
non-destructively in steels using the ferromagnetic Barkhausen noise
inspection method by Stupakov et al. [10] and Brown et al. [11], how-
ever, this technique is not transferrable to paramagnetic aeroengine
materials such as titanium alloys and nickel superalloys. Stupakov
etal. [10] could rank samples according to the level of white layer thick-
ness by measuring the height of a second peak in the Barkhausen noise
at higher magnetic field strengths. This was attributed to a harder white
layer than the softer dark layer beneath, a favourable orientation of the
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martensitic matrix in the white layer and an increasing volume of
retained austenite with a thicker white layer. However, these are prop-
erties associated with white layer formation through thermally domi-
nant mechanisms [12] so the technique may not be transferable to
severely plastically deformed white layers. Brown et al. [11] were able
to separate all surfaces with a white layer thicker than 2 pm from
those with thinner or no white layers by measuring the frequency at
which peak Barkhausen noise occurred. However, the technique was
found to be primarily sensitive to the residual stress state rather than
an intrinsic property of the white layers.

At the time of writing, there has been only a limited number of stud-
ies into the specific detection of white layers in non-magnetic alloys.
Guo and Ammula [13] attempted to monitor white layer formation dur-
ing the turning of hard steels using acoustic emission testing. It was pro-
posed that the root mean square and frequency of the acoustic signal
could be used as key indicators for the onset of white layer generation
in the machined surface, however, it should be noted that surface
roughness, tool edge sharpness and white layer formation are all re-
ported to affect the signal. As such, it is difficult to extract the proportion
of the signal which is specifically due to white layer formation.

Daghini et al. [14] have claimed that the increase in the amount of
optical scattering on a surface machined with worn insets can be attrib-
uted to the presence of a white layer rather than an increase in surface
roughness which was similar across all the samples tested. This indi-
cates that optical scattering could be appropriate as a test for white
layer, however, only 4 samples and one type of alloy were investigated
so further study is necessary to instil greater confidence in the pre-
sented results, particularly when no clear link has been presented be-
tween the technique and the key properties of a white layer.

In one study, Patton et al. [15] investigated the use of non-
destructive testing (NDT) methods for the detection of broader machin-
ing damage in Ti-6Al-4 V. It was identified that XRD measurements
could be used to detect metallurgical machining damage, a sub-
division of surface integrity, which encompasses white layers, among
other anomalous features. This detection was facilitated by different dif-
fraction peak intensity attributed to machining damage. Based on the
crystallographic texture of Ti-6Al-4 V white layers identified by Brown
et al. [4] it can be predicted that the change in peak height could have
been due to the presence of a white layer. In a preliminary study,
Brown et al. [4] investigated the potential for applying XRD as a method
for the detection of machining-induced white layers in Ti-6Al-4 V. It was
found that for the limited number of samples inspected, those with a
white layer resulted in a relative increase of the measured intensity of

the basal {0002} peak to the pyramidal a{lOT] } peak, compared to

samples with no white layer. As such, there is merit for further investi-
gation into specific white layer detection using XRD intensity measure-
ments in this alloy.

In addition to the diffracted x-ray peak intensity, the diffraction peak
breadth can also be measured. It is well documented that XRD peaks
broaden when the diffracting domain size is small (<200 nm) and
there is inhomogeneous lattice strain [16] and as such, the broadening
of XRD peaks can be used as a measure of diffraction domain size. The
diffraction domain size is often equivalent to the grain size in polycrys-
talline materials, however, for severely plastically deformed (SPD)
material produced by processes such as equal channel angular compres-
sion and high-pressure torsion, the domain size can be six times smaller
than the grain size measured by TEM as shown by Zhilyaev et al. [17].
Ungar et al. [18] attributed this discrepancy to the presence of disloca-
tion cells within grains, with low angle boundaries between cells. This
misorientation cannot be observed using TEM contrast imaging, how-
ever, XRD is sensitive to it.

The broadening of XRD peaks has been used by Baumann et al. [19]
to measure the grain size in a steel alloy when a white layer was formed
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on the surface due to friction and wear arising from the rail-wheel con-
tact. It is worth noting that the XRD method was not used for non-
destructive assessment, instead, it was merely adopted as a way of
characterising the white layer and as such required destructive section-
ing. The ultrafine grain size of the white layer across all aeroengine al-
loys can be used to infer that the measurement of the XRD peak
breadth may be a useful method for the detection of anomalous
surfaces.

In addition to XRD, results presented in the literature indicate that
ultrasonic, specifically surface acoustic wave (SAW) detection methods,
may be applicable to white layer detection due to the sensitivity of the
propagation velocities of the generated SAWs to the crystallographic
texture of the material under inspection. Patton et al. [15] used the mea-
surement of the backscatter angle of SAWs to detect metallurgically
damaged surfaces, with the distinction to undamaged surfaces facili-
tated by a change in backscatter angle and therefore SAW propagation
velocity which was attributed to a change in the elastic modulus of
the surface region, but not explored further or attributed to a specific
surface integrity feature. The basal texture measured in Ti-6Al-4 V
white layer machined with worn inserts [4] is the most likely cause
for the reported change in SAW propagation velocity, due to the anisot-
ropy of the a-Ti HCP crystal which can result in changes in elastic mod-
ulus of up to 45% between different crystal orientations as measured by
Larson and Zarkades [20]. Farnell [21] has shown that the propagation
velocity of a SAW on a HCP basal plane is uniform in all directions and
faster than on other planes.

Laser generated SAWs have been used by Smith et al. [22] to detect
surfaces and sub-surface defects within manufacturing components.
Due to their inherent non-destructive and non-contact nature, laser
generated SAWs can be used in environments with limited access
[23], elevated temperatures [24] and on components with rough sur-
faces [25]. These systems can be arranged to work with various wave
modalities (shear, longitudinal, surface) where surface waves are typi-
cally used to measure the properties at the surface of a component.
The technique used in this paper, SRAS [26], is a laser-ultrasonic tech-
nique which robustly measures the SAW velocity and is capable of mi-
crostructure and crystallographic texture measurements in a variety of
materials such as nickel and titanium, and with a range of surface con-
ditions from mirror finish to the very rough surfaces found on additively
manufactured components, as shown by Patel et al. [25].

It is apparent from the review of the existing literature that a non-
destructive method which could detect white layers in different alloys
would be beneficial in industry to reduce inspection time and the cost
associated with sacrificing components. Presently, only white layers in
ferromagnetic materials can be detected non-destructively, as such,
a method which is sensitive to this surface integrity feature in both
ferromagnetic and non-ferromagnetic materials would be beneficial,
particularly as it has been shown that white layers can readily form
in all difficult-to-machine metals. Whilst previous work in non-
ferromagnetic alloys, such as the extensive study by Patton et al. [15],
have focused on detection of general machining damage, the intrinsic
properties of white layers that differentiate it from other surface integ-
rity features, such as its highly refined grain size, necessitate an experi-
mental approach focused on sensitivity these properties to maximise
the white layer inspection capability.

In this study, we present development of XRD peak breadth and XRD
intensity ratio methods for novel non-destructive detection of white
layers in machined aeroengine alloys, in addition to a SRAS method
for detecting a machined Ti-6Al-4 V component with poor surface integ-
rity. Results from the NDT measurements are discussed in the context of
the texture and microstructure properties of the white layers. This
paper aims to assess the feasibility of using XRD and SAW techniques
as NDT methods for the detection of machining-induced white layers
in aero-engine components, thereby reducing the need for destructive
microscopy assessment and enabling the possibility of in-process in-
spection and validation of production components.
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2. Experimental methods

To investigate the potential for the non-destructive inspection of
white layers, machined surfaces containing white layers had to be gen-
erated. The methods to generate these surfaces and the conditions for
the XRD and SRAS inspection are outlined in this section.

2.1. Machining trials

Single-point square shoulder-milling machining trials were used to
generate Ti-6Al-4 V surfaces containing white layers, with thicknesses
between 5 and 20 pm. Machining was carried out using a Mori-Seiki
Nv5000a1 vertical machining centre with a Seco Tools shoulder milling
cutter (R217.69-2020.0-12-2AN) and coated tungsten carbide inserts
(XOEX120408R-MO07 MS2050), some of which had been ground to in-
troduce artificial levels of flank wear beyond 0.5 mm. Cutting speeds
of 20-200 m/min, a feed rate of 0.06 mm/tooth an axial depth of cut
of 16 mm and radial depths of cut between 0.5 and 2 mm were imposed
in the trials. A schematic of the milling operation is shown in Fig. 1. Fol-
lowing machining, the workpieces were sectioned to produce samples
for XRD and SRAS inspection (machined surface samples) as well as ma-
terials characterisation (cutting and feed direction samples) from adja-
cent regions. For materials characterisation, the cross-section of each
sample was polished and etched to reveal the microstructure with the
surface integrity quantified using an optical microscope. Full quantita-
tive characterisation of the machined workpieces has been described
previously [4], this included scanning electron microscopy, XRD phase
analysis and pole figure measurements, residual stress profiling and
nanoindentation.

Additional samples for validation tests in different materials were
created by square shoulder milling IN-718, a nickel superalloy, and
turning super chrome molybdenum vanadium (SCMV), an aerogengine
shaft steel. The Inconel-718 surfaces were machined using the same set-
up as for the Ti-6Al-4 V samples but with cutting speeds in the range
20-80 m/min. SCMV turning was undertaken on a Cincinnati Hawk
300 lathe using a PDJNL2020K15JETL tool holder in combination with
DNMG 150608 coated carbide inserts, both provided by Seco tools AB.
Quantitative characterisation of these SCMV workpieces has been de-
scribed previously in a previous investigation into non-destructive
white layer detection using Barkhausen noise inspection [11].

2.2. XRD-APB method

XRD-APB (peak breadth) measurements on machined surface sam-
ples (as defined in Fig. 1) were carried out using a PANalytical Xpert>
powder diffractometer equipped with a copper Ko x-ray tube. An initial
investigation, to identify the most suitable diffraction peaks for

Tool rotation .

frame-of-reference
y

Machined surface sample

md

Fig. 1. A simplified schematic of the milling operation highlighting the samples used for
microstructure characterisation (cutting and feed direction samples) and samples used
for NDT (machined surface samples).

Cutting direction sample

Feed direction sample
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detecting white layers through peak breadth measurements, was un-
dertaken for diffraction angles between 30 and 130° using a step size
of 0.0131°. Post-processing was carried out on the resulting XRD pattern
using PDF-4+ software [27]. Background intensity and high-frequency
noise were removed but the low-frequency shape of the diffraction
peaks was preserved. It should be noted that the Xpert> required parts
to be sectioned to fit within the confines of the diffractometer, however,
the method is transferrable to other equipment which facilitates truly
non-destructive inspection. As such, results from validation tests using
other diffractometers are reported in this paper.

Peak broadening in XRD arises due to a combination of three main
factors, crystallite size, inhomogeneous lattice strain and instrument
broadening, as outlined by Cullity [16]. To remove the effect of instru-
ment broadening when selecting the most appropriate diffraction
peak, the peak breadths were corrected using measurements from an
annealed Ti-6Al-4 V sample with large grains. The full width at half-
maximum (FWHM), was used as the peak breadth measure, rather
than integral breadth. This is because Scardi et al. [28] have shown
that FWHM is more suited for situations where tail peaks are overlap-
ping, as was encountered in these measurements for some peaks due
to the high level of broadening in a number of samples.

Following the identification of suitable diffraction peaks, further
measurements were carried out on a larger number of machined

surfaces, with only the a{lOTl} diffraction peak targeted. Diffracted

x-ray intensity was captured for diffraction angles between 37 and
42°. The XRD peak breadth measurement itself is highly repeatable,
the same sample inspected twice without remounting was found to
have a peak breadth variation smaller than 1% between measurements.
However, XRD is sensitive to small variations in the sample mounting,
including the sample height and tilt relative to the x-ray beam. To
check for erroneous mounting, each sample was measured twice, with
the sample remounted before the second measurement. A discrepancy
greater than 0.05° between the peak breadths was used as an indicator
of a sample at the wrong height or tilt and the measurements were re-
peated. The peak breadth measurement was then taken as the average
of two measurements.

A modified Williamson-Hall (W-H) method, as described by Shafi
and Bose [29], which considers the effect of strain anisotropy, was
used in an attempt to decouple the effects of crystallite size and inho-
mogeneous lattice strain on peak broadening. This strain anisotropy
W-H method accounts for the variation in elastic modulus across differ-
ent crystallographic planes.

2.3. XRD-AIR method

To investigate the potential for detecting white layers in Ti-6Al-4 V
through the effect of their strong {0002} texture on an XRD pattern, in-
tensity measurements of the {0002} peak were compared against the

adjacent {1OT1} peak for machined surface samples. The intensity

ratio (IR) of these two peaks, as defined in Eq. 1, was used to facilitate
comparison between samples with and without white layers, with ref-
erence to any measured differences in the crystallographic texture re-
ported during previous destructive characterisation [4]. The intensity
ratio measurement was repeated with the sample remounted and a dif-
ference exceeding 10% between measurements was used to indicate
sample-mounting errors.

I
IR = I“"’f” (1)
{1011}

To determine the resolution capability of both XRD methods for de-
tecting white layers, additional machined surfaces were electropolished
to remove material from the white layer, thereby creating samples with
thinner white layers, without introducing mechanical deformation.
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These electropolished surfaces were inspected with XRD before the
white layer thickness of each sample was quantified through cross-
sectional optical microscopy.

To validate both XRD methods, additional machined surface samples
with and without white layers SCMV and Inconel-718 were tested. The
diffraction peaks used for peak breadth measurements were the y/y '/
v"'{200} peak in Inconel-718 and the oi/a’{211} peak in SCMV.

X-rays penetrate only a limited depth into a material due to energy
loss via collisions with atoms in the material [16]. The approximate
depth of inspection in each material, taken as the depth at which 90%
of x-rays are attenuated, was calculated from the composition of each
alloy, the corresponding mass attenuation coefficients obtained from
Hubbell [30], the diffraction angle and the material density and is
shown in Table 1. The illumination area of the x-ray beam was approx-
imately 4 mm x 8 mm across all samples which is considerably larger
than the average grain size in the white layer (sub 100 nm) and bulk
(sub 30 um).

2.4. SRAS

The SRAS technique uses a broadband pulsed infrared (1064 nm)
laser to thermoelastically generate a SAW on the surface of a sample.
The frequency (f) of the generated SAW is controlled by the spacing of
the grating pattern (fixed wavelength (A)) imaged onto the material
surface [26]. The acoustic velocity of the material under the generation
patch means that only a specific frequency wave will be generated by
the instrument. The surface perturbation caused by the propagation of
the SAW across the material surface is measured using a continuous
wave green (532 nm) detection laser in conjunction with a knife-edge
detector. The velocity of the detected SAW (vsaw) is calculated using
Eq. 2, where fand A are the frequency and wavelength of the generated
SAW, and can be used to measure changes in material properties, such
as measuring sub-surface defects [22], or microstructure [31]. In the lat-
ter case, the material's elastic modulus changes with the crystallo-
graphic orientation which changes the measured SAW velocity.

Vsaw = fA @)

The type of SAW generated is dependent on the material interface
and thickness, for an infinite half-space made of a single material, a Ray-
leigh wave is generated [32]. The properties of the white layer are differ-
ent from the bulk material and so the white layer can be viewed as a thin
layer on a substrate akin to a coated sample. Detection of SAW velocity
changes due to sample coating has been reported by Patel et al. [33] and
a similar shift in velocity is expected for white layers depending on their
thickness. The individual particle motion shown in Fig. 2 demonstrates
how the SAW wave propagates into the material, the particle motion
decays exponentially as the depth increases meaning that the largest in-
fluence on the measured velocity is from the material approximately
one acoustic wavelength from the surface.

To prepare samples for SRAS, 10-15 mm square blocks were sec-
tioned from the workpieces, adjacent to samples used for microscopy
analysis as highlighted in Fig. 1, and then mounted in Bakelite, before
being polished to a mirror finish. Material removal was quantified
using a digital micrometre accurate to 2 um, to prevent the complete re-
moval of the white layer during polishing. It was not possible to avoid
mechanical polishing of the white layers, due to the need for an optically

Table 1
Approximate inspection depths for each alloy examined during the XRD measurements.

Material 26 (%) Inspection depth (um)
Ti-6Al-4 V 40.5 4.6
Inconel-718 50.5 4.1
SCMV 82 3.2
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Fig. 2. Figure illustrating the decrease in amplitude of the SAW wave (blue line) with
depth and the circular particle motion (red circles). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

smooth surface with the SRAS instrumentation used in this study, how-
ever the technique is applicable to rough surfaces with a rough surface
detector [25].

In this study, the SRAS measurements were obtained using a gener-
ation patch with a diameter of 200 pm and a wavelength of 24 pm. The
detection laser spot had a diameter of ~8 pm and was positioned at the
edge of the generation patch. The generation and detection lasers were
raster-scanned across the surface of the sample with a step size of 20 pm
and 40 ym in x/y direction respectively. The frequency of the acquired
waveforms was extracted with a Fast Fourier Transform and then by
using v = f A the velocity was calculated and mapped into an image
representing the full surface under inspection.

2.5. Depth-profiling

To facilitate a direct comparison between the SRAS and the XRD-APB
methods in different material regions, from the white layer through to
the bulk material, a machined sample was ground and polished using
P2500 grit paper and a Struers MD Chem polishing pad with colloidal
silica suspension. At every depth interval, the surface was scanned
with SRAS and inspected with the XRD-APB method. This process was
repeated at depth intervals, quantified using a digital micrometre,
through the white layer region and the distorted material beneath
until only the bulk material remained. The XRD-AIR method was not in-
vestigated, due to the effect of mechanical polishing on the resultant
texture, which could alter the texture of the near-surface region. It
should be noted that the strain introduced by mechanical polishing
may also influence peak breadth measurements, however, the polishing
process was the same for all layers so any peak breadth change with
depth must be attributed to another factor.

3. Results

The two NDT methods were initially analysed separately before
comparing the techniques on a sample that was subjected to successive
layer removal from the white layer region through to the bulk material.

3.1. X-ray diffraction

3.1.1. XRD-APB

The results from the initial XRD-APB inspection of six Ti-6Al-4 V ma-
chined surfaces, to enable diffraction peak selection, are presented in
Fig. 3. In these samples, a full diffraction pattern was captured and the
peak breadth for each peak was calculated. In all samples with a white
layer, the layer thickness was greater than the depth of penetration of
x-rays. It can be seen that samples with a white layer exhibit a larger
peak breadth than samples with no white layer for all peaks except
{0002} and {0004}, which are 1st and 2nd order diffraction peaks
of the same crystallographic plane. Peaks corresponding to the
a{lOTl } a{l 150} and a(20§3> planes show the greatest change in
peak broadening between samples with and without white layers, as
highlighted in Table 2. The uncertainty was calculated based on the

standard deviation of the measurements on white layer and non-
white layer surfaces.

Materials and Design 200 (2021) 109472

{1124}
o
{2132}
2023
{ ¢ } 2 g
{1014} 3 $
o '(')' *
(1011} B {0004} A

| {0002} (2020} g $ 2
(oizy 3
1010} \ i g %

* No white layer 1
L \e 6 6 v

N
(&3]
T

{1120}

-

o
&

O No white layer 2
® O White layer 1
-+ White layer 2
< White layer 3
X . | 2 White layer 4

20 40 60 80 100 120 140
Diffraction angle 20 (°)

Peak breadth - FWHM (°)

Fig. 3. FWHM peak broadening for peaks corresponding to different crystallographic
planes.

Table 2
The percentage increase in measured peak breadth when
a white layer is present for peaks of interest.

Peak 26 (%) FWHM PB/PB difference (%)
{1170} 63.2 120 (+£18)
56 (£17)

{2023} 1030

The optimum peak for white layer detection provides a large per-
centage change in measured values between samples with and without
white layer, whilst also facilitating a fast measurement through a strong
diffracted x-ray signal. The relative intensities of each peak are
highlighted in a diffraction pattern of the as-received material, as

shown in Fig. 4. It can be identified that the 0({11?0} peak has a

lower peak intensity than the a{lOTl} peak and, as such, would re-

quire longer scan times to produce the same peak intensity, increasing
the overall inspection time if used as an NDT method for white layer in-

spection. For this reason, the a{lOTl} peak was selected to take for-

ward for further investigation as it provides a large distinction
between surfaces with and without a white layer but also offers a
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Fig. 4. A diffraction pattern for a solid titanium sample with the peaks used for peak
broadening analysis highlighted.
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shorter scan time than for the 01{1150} peak. However, the peak

breadth method could be applied to the majority of XRD peaks.
Quantitative FWHM peak breadth measurements in the full set of
machined surfaces with and without a white layer, using the

a{lOTl} diffraction peak, are shown in Fig. 5(a), in addition to mea-

surements from examples of as-received material with different crystal-
lographic orientations. Example micrographs of surfaces with and
without a white layer are provided. The XRD peak broadening method
facilitates the detection of surfaces containing a white layer in all the
Ti-6Al-4 V test pieces examined. It is apparent that a threshold value be-
tween 0.53° and 0.66° in this specific combination of test-piece material
and diffractometer set-up, would allow anomalous surfaces to be iden-
tified. No relationship appears to exist between the measured peak
breadth and the underlying white layer thickness as shown in Fig. 5
(b). However, the white layer thickness is greater than the depth of pen-
etration of x-rays in these samples.

3.1.2. XRD-AIR

The results from XRD-AIR measurements of the same set of Ti-6Al-
4V samples are presented in Fig. 6(a). It can be seen that samples con-
taining a white layer are distinguishable from samples with good sur-
face integrity and examples of as-received material with a threshold
IR value of 1.9 indicative of a surface containing a white layer. The
intensity ratio, even in textured as-received material, such as
uni-directionally rolled plate, was not sufficient to trigger an anomalous
white layer measurement. Similar to the peak breadth measurements,
the intensity ratio was not measured to be proportional to white layer
thickness, as shown in Fig. 6(b).
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Fig. 5. Plots of (a) the peak breadth plotted against the sample type and (b) the peak
breadth plotted against the white layer thickness. Error bars represent the standard
deviation in the peak breadth and thickness measurements.
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Fig. 6. Plots of (a) The intensity ratio measured for different machined surface samples and
(b) the dependence of intensity ratio on white layer thickness. Error bars represent the
standard deviation in the intensity ratio and thickness measurements.

3.1.3. The effect of white layer thickness on detection capability

By reducing the white layer thickness, through electropolishing,
such that it was smaller than the x-ray interaction depth, the peak
breadth was measured to be related to the white layer thickness. A
lower peak breadth can be associated with thinner white layers, as
shown in Fig. 7. This is to be expected due to the increased x-ray diffrac-
tion contribution from the non-white layer material, which has a lower
peak breadth, as shown previously in Fig. 5(a). It should be noted that
these results suggest that accurately predicting the white layer thick-
ness from peak breadth measurements is not possible across all ma-
chined surfaces. This is evident from Fig. 7 where it can be seen that a
single peak breadth value can be associated with different white layer
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Fig. 7. Peak breadth plotted against white layer thickness for electropolished surfaces.
Each colour and marker shape corresponds to electropolished samples from a particular
machined surface. Error bars represent the standard deviation in the peak breadth and
thickness measurements.
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Fig. 8. Plots of (a) Peak breadth and (b) intensity ratio against white layer thickness for
electropolished samples from a single machined surface. Error bars represent the
standard deviation in the peak breadth, intensity ratio and thickness measurements.

thicknesses, depending on the sample under inspection. The peak
broadening varies for different machined surfaces due to differences in
the grain size in the white layer and the lattice strain imparted at differ-
ent cutting conditions, even when a white layer is not present.

Focusing on samples from just one machined surface, as plotted in
Fig. 8(a), the decrease in peak breadth for thin white layers is more ap-
parent with a narrow distribution of points about a linear fit (R?> =
0.92). By contrast, intensity ratio appears to be independent of the
white layer thickness, as indicated by the results shown in Fig. 8(b),
where there is considerable variation within a single machined surface
(R? = 0.01).

0 0.01 0.02 0.03

4sin_, (0)/E

hkl hkl

Fig. 9. A modified W-H plot, considering strain anisotropy, for a sample with a white layer.
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3.1.4. The effect of crystallite size and inhomogeneous lattice strain on XRD
peak breadth

Results from the modified W-H investigation into the relative effects
of crystallite size and inhomogeneous lattice strain broadening on the
overall peak breadth, in surfaces containing a white layer, are shown
in Fig. 9. It can be seen that the data does not fit the linear relationship
well, due to the considerable scatter of the points, as indicated by the
R? value for a linear fit. Additional surfaces, both with and without
white layers, were examined using the same methods with varying
quality of fits, with R? values above and below the examples presented
here. The poor fit and large variability between samples meant that pre-
dictions of the relative effects of crystallite size and inhomogeneous lat-
tice strain could not be made with confidence. However, it can be seen
that qualitatively, the fit has a positive gradient and this is indicative
that inhomogeneous lattice is contributing to peak broadening, along-
side the ultrafine grains known to be present in the white layer.

3.1.5. XRD technique validation

To validate both XRD methods for other aeroengine alloys, further
XRD tests were undertaken on Inconel-718 and SCMV machined sur-
faces, as shown in Table 3. It can be seen that it is possible to detect a
surface with a white layer in these other materials using XRD-APB mea-
surements. In both alloys, a surface with a white layer results in the con-
siderable broadening of the XRD peak compared to a sample that would
pass surface integrity inspection. The results from «{111}/{200} inten-
sity ratio measurements in Inconel-718 surfaces are shown in Table 3,
it can be seen that this method is also effective at detecting white layers
in nickel superalloys. However, no combination of peaks proved suc-
cessful for intensity ratio inspection in SCMV. Example micrographs of
white layer and non-white layer surfaces in both alloys are shown in
Fig. 10.

To demonstrate a truly non-destructive test for white layers using
XRD by removing the need for sectioning to fit in the Xpert® diffractom-
eter, additional measurements were carried out using a PANalytical Em-
pyrean diffractometer and a proto iXRD diffractometer, as shown in
Fig. 11 (a) and (b). It is important to note that the iXRD is limited to

high-angle diffraction peaks, consequently, the 140° a{21§3} peak

was used for peak breadth measurements. A molybdenum x-rays source
was used in the Empyrean tests to demonstrate that white layer detec-
tion is not restricted to copper x-ray radiation. Different radiation
sources can be used to alter the x-ray penetration depth. The peak
breadths for measurements on a single sample of each type of surface
using the Empyrean and the iXRD are shown in Table 4. The results
from the analysis of each type of sample indicate that the peak breadth
method for white layer detection is transferrable between different
equipment and can, therefore, be truly non-destructive.

3.2. SRAS

3.2.1. Velocity maps

The SAW velocity distribution across a test piece is dependent on the
underlying surface integrity, as shown in Fig. 12(a), (b) and (c). For both
as-received material and machined surface samples with good surface
integrity, Fig. 12(a) and (b), the velocity maps reveal regions of similar
velocities across the surface. These regions arise due to the macroscopic
texture of the workpiece material, whereby similarly orientated regions
of material arising from the prior processing route are mapped as the
predominant velocity at the inspected point. By contrast, for a surface
that has been machined with worn inserts, the macro-texture of the
workpiece is destroyed, resulting in a velocity map that is more amor-
phous, as shown in Fig. 12(c).

3.2.2. Microscopy
Optical micrographs from cutting direction samples corresponding
to different regions across a machined surface sample are highlighted
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Table 3
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Results from peak breadth and intensity ratio inspection in Inconel-718 and SCMV validation samples.

White layer present x

White layer not present /

Surface

FWHM - Inconel-718 (°) 1.11 (£0.01)
FWHM - SCMV (°) 1.19 (4:0.06)
IR - Inconel-718 15.25 (4:2.40)
IR - SCMV

0.732 (+0.05)
0.86 (£0.09)
2.24 (+£0.83)

Overlap between samples

in Fig. 13 alongside a SRAS velocity map from the same surface. It can be
seen that the higher velocity regions, at the top and bottom of the veloc-
ity map, correspond to regions with increased white layer thicknesses,
relative to the central region. As the thickness of the white layer
(5-7 pm) is thinner than the SAW wavelength (24 um), the velocity
map is also significantly influenced by the swept grain region beneath
the white layers.

3.3. A comparison between SRAS and XRD methods for white layer
detection

The results from SRAS measurements at successive depths, on a ma-
chined surface sample that originally contained a 10 um thick white
layer, are shown in Fig. 14. It can be seen that in the immediate sub-
surface, at a depth of approximately 6 pm, the measured velocity map
appears amorphous, with no macrozones visible, similar to the velocity
map shown in Fig. 12(c). In the data gathered between 6 pm and 23 pm
below the machined surface, the cutting tool arcs are visible and regions
of lower velocity are more apparent. These marks cannot be the physical
feed marks left behind following machining, as these were no larger
than 1 pm yet 23 pm of material has been removed to create the
depth profile sample. These arcs must, therefore, be present within
the material microstructure and this is explored further in the discus-
sion section. Moving to 44 pm beneath the machined surface,
macrozones can be resolved but there are still arcs visible, indicating a
machining-affected region. Beyond this depth, in the velocity map at
99 pum beneath the surface, the macrozones observed in the as-

received material become fully visible, and the cutting arcs cannot be
resolved.

A comparison between the XRD peak breadth and the average SRAS
velocity across all four scan directions during the depth profiling exper-
iment is shown in Fig. 15. It can be seen that both methods are sensitive
to a change in the measured property with increasing depth beneath the
machined surface. The peak breadth more than doubles between the
bulk material and a surface with a white layer and this is a much greater
change than the corresponding 6% increase in average SRAS velocity,
relative to the range of expected values for the propagation of a SAW
in HCP titanium. Additionally, the standard error for the SRAS measure-
ments (up to 22 m/s), highlighted by the error bars in Fig. 15, is greater
than for the XRD measurements, which had an error smaller than 0.02°
due to the high repeatability of XRD highlighted previously. However,
the SRAS measurement also captures the spatial distribution of the ve-
locity as illustrated previously in Fig. 14 and it is this distribution that
is more beneficial for assessing the surface integrity using SRAS com-
pared to the average velocity.

4. Discussion

The results presented in this study indicate that x-ray diffraction can
be used to detect machining-induced white layers in Ti-6Al-4 V via the
XRD-APB or XRD-AIR method. The measurements on validation sam-
ples highlight the transferability of the XRD-APB technique to other ma-
terials, equipment and x-ray sources, with only an adjustment to the
threshold values required. This broad material applicability is

Fig. 10. Micrographs of (a) ad Inconel-718 surface without a white layer and (b) with a white layer and (c) a SCMV surface without a white layer and (d) with a white layer.
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8 Detector

Machined workpiece

Fig. 11. Labelled photographs of (a) the Empyrean diffractometer and (b) the Proto iXRD
portable diffractometer.

Table 4
Results from XRD-APB measurements using equipment that facilitates truly non-destruc-
tive detection of Ti-6Al-4 V white layers.

Surface Peak breadth Empyrean (°)  Peak breadth iXRD (°)
As-received 0.24 243
Machined no white layer ~ 0.28 3.01
Machined white layer 041 3.55
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unsurprising as small grain size and high lattice strain are intrinsic prop-
erties of these severely plastically deformed white layers and are there-
fore independent of the alloy under inspection. The sensitivity of the
XRD-APB method to nanoscale grains should also facilitate the detec-
tion of white layers formed through the phase transformation mecha-
nism, due to their comparable ultrafine grain size [3].

A simple peak breadth threshold can be used to indicate the pres-
ence of a white layer depending on the alloy under inspection, the dif-
fraction peak, the x-ray radiation and the diffractometer set-up. The
increase in peak breadth for a surface containing a white layer is due
to both crystallite size and inhomogeneous lattice strain broadening,
as indicated from the results of the W-H analysis and the known
ultrafine grain size within the white layers [4]. The inspection of
electropolished surfaces with thin white layers highlights that peak
breadth is related to white layer thickness when the x-ray penetration
depth exceeds the layer thickness. However, it should be noted that
the peak breadth values of the electropolished surfaces cannot be
compared directly to as-machined surfaces, due to the redistribution
of internal strain that occurs with layer removal. It is expected that as-
machined surfaces containing a white layer would show a similar
decay of peak breadth with decreasing white layer thickness, due to in-
creased contribution from non-white layer material with a lower peak
breadth, however, further work is required to be able to size white
layers using peak breadth measurements. This is because, for the
electropolished samples, different peak breadths can be associated
with surfaces containing similar thicknesses of white layer.

The variation in peak breadth for crystallographic planes with simi-

lar diffraction angles, such as the 0({1130} and 01{2050} planes, as

shown in Fig. 3, is a consequence of anisotropic peak broadening. The
anisotropic broadening can be caused by strain anisotropy, which
Shafi and Bose [29] have related to the elastic moduli of different crys-
tallographic orientations, however, this is corrected for in the modified
W-H method employed in this study. The residual anisotropy can be at-
tributed to the orientation of the x-ray diffraction vector compared to
the dislocation line vector in a crystal lattice, i.e. a dislocation orienta-
tion factor. This orientation difference can lead to anisotropic peak
broadening when different types of dislocations are responsible for
the lattice strain in grains of different orientations, as reported by
Wilkens [34]. Due to the high levels of SPD in the white layer, the acti-
vation of many different slip systems, depending on grain orientation,
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Fig. 12. SRAS velocity maps for (a) as-received cross-rolled Ti-6Al-4 V, (b) a machined surface with no white layer, (c) a machined surface that contains a white layer approximately 6 um

thick. Velocity scale consistent in each map.
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Fig. 13. A SRAS velocity map of a machined surface sample and the corresponding optical micrographs from a cross-sectional analysis of the surface using cutting direction samples.

is to be expected, resulting in considerable anisotropic strain broaden-
ing as can be seen in Fig. 9.

It can be seen from Fig. 3 that the o{0002} peak and the 2nd order
{0004} peak show no increase in FWHM for a surface with a white
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layer. This can be attributed to the basal texture of the white layers in
addition to a change in the dislocation orientation factor for this plane,
due to the deformation mechanisms that resulted in this texture. Crys-
tallite size broadening effects may be reduced for the two planes

SAW propagation velocity (m/s)

SAW propagation velocity (nvs)

Fig. 14. SRAS velocity maps of machined surface samples at increasing depths facilitated by layer removal through electropolishing. The error bars represent the standard deviation of the

depth measurement for each layer.
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Fig. 15. The change in XRD peak breadth and average SRAS velocity with depth in a sample
with a white layer. The plot is superimposed on a cross-sectional image, from a cutting
direction sample, used to illustrate the white layer thickness.

identified, due to the presence of a large number of small grains with a
basal orientation in a surface with a white layer, as the x-ray beam may
interact with these small grains as if they were a single, large, basally-
orientated grain.

InTi-6Al-4 V, it is apparent that the strong basal texture of the white
layers [4], results in a high-intensity {0002} peak and the ratio of the

intensity of this peak to that of a peak such as the a{lOTl} peak can

be used as an indicator for the presence of a white layer. In all Ti-6Al-
4V samples inspected, an intensity ratio exceeding 1.9 was indicative
of an anomalous surface with the method insensitive to as-received ma-
terial with a basal orientation. The absence of a relationship between
the IR and the white layer thickness in the Ti-6Al-4 V electropolished
samples that possessed white layers thinner than the x-ray inspection
depth is unsurprising, as it has previously been shown for machined ti-
tanium that the strength of the texture (the texture index of the pole
figure orientation distribution function) is not proportional to the
white layer thickness [4].

Although the XRD-AIR method is effective in Ti-6Al-4 V and IN-718
samples, it is not suitable for white layer detection in all aeroengine ma-
terials. This is because the texture in the white layer is not a
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fundamental physical property of the white layer itself, instead, it is a
consequence of the deformation modes and the processing history for
a particular material. As such the texture of the white layer is alloy-
dependant, as evidence by the shear texture which has been reported
for a nickel superalloy white layer [35] and the recrystallised texture
that has been measured for a phase transformation white layer [36].

The results presented in Fig. 12 illustrate how SRAS data can be
used to qualitatively differentiate between a surface with and without
a white layer. The surfaces in Fig. 12(a) and (b) show clear signs
of macrozones in which the underlying material microstructure
causes changes in the SAW velocity. In Fig. 12(c) no distinguishable
macrozones are present, instead, large arcs are observed in the SRAS ve-
locity data which correspond to the path of the cutting tool over the
workpiece surface as illustrated in Fig. 16. The difference in the shape
of the arcs between the optical image and the velocity map confirms
that this was not a surface topography artefact but instead a representa-
tion of the material properties of the near-surface region of the material
being inspected. The difference in the shape between the physical feed
marks and the velocity map arcs arises due to the different levels of me-
chanical polishing. The near-surface region is dominated by rubbing on
the final tool pass, as highlighted in Fig. 17(a) and (b), and at greater
depths the effect of deformation during chip formation is dominant
and as such the shape of the arcs can change with depth. For the velocity
maps presented in Fig. 14, the arcs visible at 23 pm and 44 pm depth
were in the opposite direction to the surface topography arcs, with no
clear arcs visible in either direction for the 6 um map. The absence of
clear arcs at 6 um is thought to be due to averaging over a volume of ma-
terial that contains deformation in one direction near the surface and in
the opposite direction at greater depth, as can be seen by the represen-
tative micrograph in Fig. 17(b).

The subtle variation in the measured SAW velocities along the verti-
cal axis of the velocity map in Fig. 12(c) was investigated further using
cross-sectional micrographs along this axis. Fig. 13 illustrates how
these changes in the group SAW velocity corresponded to the changes
in the thickness of the white layer present on the surface. It is worth not-
ing however that the SAW wavelength of 24 um was much greater than
the maximum white layer thickness of 6.5 pm measured in Fig. 13. This
meant that with respect to Fig. 2, the SAW velocity measured was pri-
marily influenced by the swept grain region below the white layer.

The SRAS results from progressive depths of the machined sample il-
lustrated in Fig. 14 showed how SRAS provided a quantitative picture of
the existence of the white layer and swept grain region. It was shown in
Fig. 14 that with increasing material removal, the underlying
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Fig. 16. An optical micrograph of the machined surface after 5 pm of material removal and a SRAS velocity map of the same surface after 20 pm of material removal. It can be seen that the
shape of the feed marks in the optical micrograph is in the opposite direction to the arcs visible in the velocity map at greater depth.
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Fig. 17. A schematic (a) of the different regions of the cutting tool rotation and the corresponding arc shapes and (b) an illustrative cross-sectional optical micrograph highlighting the

change in deformation direction with depth.

macrozones in the bulk microstructure became more prevalent in the
SRAS data.

White layer detection through XRD-APB measurements offers im-
provements over the current destructive process used in industry by
avoiding the need to sacrifice parts for white-layer inspection. The
non-destructive inspection can be carried out in a matter of minutes
rather than the considerable time required for sectioning, micro-
preparation, etching, microscopy and analysis during destructive in-
spection methods. Scanning electron microscopy, rather than optical
microscopy, would typically be required to verify the presence of a
sub-5 pm white layer, due to uncertainties introduced by edge-
rounding during sample preparation and un-even etching if a sample
is contaminated. As such, there is a minimal detectable thickness in
the region of 5 um for white layers inspected with optical microscopy.
Results presented in this study have shown that XRD methods can
offer improved resolution capability compared to the existing optical in-
spection method in a fraction of the time, thereby offering a step-change
in the inspection of machining-induced white layers. To expand the ca-
pabilities of this technique, future work should investigate the inspec-
tion of as-machined white layers thinner than 5 pm and investigate
the potential for other surface integrity features via changes in peak
broadening due to the level of plastic strain in a surface.

The SRAS results presented show the initial steps taken towards
quantitatively measuring the thickness of the white layer and swept
grain region. Compared to the current destructive process, a laser ultra-
sonic technique such as SRAS could be used to carry out such an inspec-
tion on a machined (rough) surface non-destructively, as shown in the
literature [25]. The capability of SRAS to carry out on the fly measure-
ments gives it a distinct advantage over point-based methods but is cur-
rently limited by laser repetition rate and mechanical stage speed. The
combination of this rough surface capability and on the fly measure-
ment makes SRAS an ideal candidate for the in-situ inspection of ma-
chining processes enabling closed-loop feedback and extremely
efficient tooling decisions. Future work in this technique should aim to
attempt to utilise higher frequencies to reduce the inspection depth
thereby increasing the signal to noise ratio for a thin surface white layer.

5. Conclusions

This research was undertaken to investigate the potential to non-
destructively inspect for machining-induced white layers in aeroengine
alloys. This study introduces a novel x-ray diffraction-based approach
for truly non-destructive surface integrity inspection that has been
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validated for the three major aeroengine material groups. The technique
offers a resolution, in terms of detectable white layer thickness, that
competes with the current destructive process but with a significant re-
duction in inspection time, from days or hours down to minutes. Mea-
surements using the emerging SRAS technology have shown that
surface acoustic wave methods may also be suitable for white layer de-
tection and may additionally offer identification of swept grain material,
another important feature assessed during surface integrity assessment.
The key findings of the work can be summarised as follows:

* XRD-APB measurements can be used to reliably and rapidly detect
machining-induced white layers in all key aeroengine material groups
due to the ultrafine grain size and high lattice strain in the white layer.
These intrinsic properties of white layers, which are present in ferro-
magnetic and non-ferromagnetic materials, cause x-ray diffraction
peak broadening. It was shown that when peak broadening is larger
than would be expected in a normal machined surface, the presence
of a white layer can be inferred.

» XRD-AIR measurements can also be used to detect white layers in Ti-
6Al-4 V and Inconel-718. In this method, the intensity ratio between
particular peaks can be used to infer the presence of a white layer if
it exceeds the values expected from a surface without a white layer.
A high intensity ratio is due to the strong crystallographic textures
of the white layers in these materials, but the technique is not trans-
ferable to all aeroengine materials as the crystallographic texture is
not consistent across material groups.
The XRD-APB method offers the potential for comparable or greater
resolution than the current destructive optical microscopy method
whilst significantly reducing inspection time and removing the need
to sacrifice the component. This is partly due to the inherently small
penetration depth of x-rays into the machined surface which is of
the order of typical white layer thicknesses.

Compared to other NDT techniques which have been proposed for

white layer detection, the XRD-APB method is applicable across

alloy groups and is sensitive to an intrinsic property of the white
layer, rather than residual stress, for example, which can vary signifi-
cantly between different white layers.

» The SRAS method is sensitive to both white layer and swept grain ma-
terial within the inspection volume and can be used to qualitatively
indicate the presence of an anomalous surface in Ti-6Al-4 V. SRAS is
sensitive the crystallographic texture and as such, anomalous surfaces
can be identified from the destruction of the macroscopic texture vis-
ible in a velocity map which occurs during a machining operation that
forms a white layer.
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