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Abstract We demonstrate the application of the new

experimental technique: positron probe microanalyser for

studies of the defect profiles induced by milling. Metal

foils of Cu, Fe and Ti were subjected to machining in a

milling machine with different cutting speed. This tech-

nique revealed well-defined profiles of defects below the

machined surface which was extended up to hundreds of

micrometres. The extent of the profile depended on the

metal and the cutting speed. The positron probe micro-

analyser allowed us to trace the evolution of the profile

after annealing in different temperatures. Surprisingly, the

high thermal stability of a few tens of micrometres thick

layer adjacent to the machined surface was detected.

Keywords Positron probe microanalyser � Subsurface

defects � Machining � Titanium � Copper � Iron

1 Introduction

Milling is a fundamental machining process widely used

for shaping products by material removal. The quality of a

machined surface defined by its surface integrity has a

great impact on the functional performance of these prod-

ucts. Surface integrity includes mechanical properties and

the actual structure of both surface and subsurface. The first

of two aspects of surface integrity concerns mainly surface

topography and the second subsurface layer. The subsur-

face layer sustains severe plastic deformation, when

machining, which together with temperature induced by

friction causes alteration of microstructure and residual

stresses in the subsurface of a machined component.

Influence of cutting methods and conditions on different

elements of surface integrity such as residual stresses,

surface roughness, microhardness and changes of

microstructure have been extensively studied. The review

of results can be found for instance in Refs. [1–3].

As it was reported, machining operations generate large

strains and strain gradients in the work material. The

deformation microstructure of copper subjected to orthog-

onal cutting was studied by Elmadagli and Alpas [4].

Metallographic analysis and microhardness mapping of the

chip root specimens allowed the authors to determine the

local strain gradients and flow stress variations in the

deformed material ahead of the tool tip. The plastically

deformed zone extended to a depth of about 300 lm below

the cutting line. Similar studies performed by Ni et al. [5]

for 1100 aluminium subjected to dry machining reported

the plastically deformed zone extended to a depth of about

1600 lm below the cutting line.

Investigations of the deformation zones ahead of the tool

tip as well as beneath the machined surfaces of austenitic

steel AISI 304 performed by Iino et al. [6] using subse-

quent recrystallization technique showed that the very high

strain at the surface decreased very steeply to e & 0.5

within a few tens of micrometres. Then, the strain

decreased gradually. The depth at which e & 0.12 was

100–200 lm, and the depth of the plastically deformed

zone, i.e., 200–450 lm, increased with the increasing cut

depth and rake angle. M’Saoubi and Ryde applied the
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electron back-scattering diffraction (EBSD) technique for

studying deformation zones of iron, and single and two-

phase steels subjected to orthogonal cutting [7]. The results

obtained from EBSD mapping of the layer beneath the

machined surface and microhardness profiling indicated

that iron displayed the deepest work-hardened area, c.a

700 lm in comparison with investigated steels, i.e., up to

200 lm. The relative rotation of individual grains which

accompanied large deformation was also found to be the

largest in the case of iron.

Plastic deformation in the subsurface layer of a

machined component, occurring via dislocation motion and

interactions, produces also a defect profile extending

beneath the machined surface which can be studied using

positron annihilation methods. These methods are very

sensitive to defects at atomic level and allow us to inves-

tigate changes induced by machining process more pre-

cisely than other methods used for material

characterization [8]. Positron being an antiparticle to an

electron due to its positive charge and thermal energy can

be localized at open-volume defects. This is finally

reflected in the measured positron annihilation character-

istics and allows determining changes in the concentration

of defects very accurately. This is quite useful for studies

of defect distribution induced by different technological

process like friction, cutting, welding and others. Positron

annihilation methods were applied, for example, to study

defects induced during cutting of materials important for

semiconductor technology. In that case, defects can affect

electronic properties of surface or subsurface of produced

wafers of single crystals. Surface damage created by dia-

mond saw cutting was studied for single crystal wafers of

Cd1-xZnxTe [9] and GaAs [10]. Horodek et al. [11] applied

positron annihilation methods to compare the defect pro-

files beneath the surface of austenitic steel AISI 304

machined using different techniques, i.e., abrasive water jet

cutting, laser cutting and milling. The obtained defect

profiles differed essentially from each other. Laser beam

cutting generated the subsurface layer with the lowest

concentration of defects which did not vary with the depth

up to 500 lm. In the case of milling, defect concentration

was the highest at the surface and decreased with the

increase in the depth beneath the machined surface. The

defect profile was extended to the depth of 150 lm. The

defects were mainly edge dislocations decorated by

vacancies. Abrasive water jet cutting induced also a similar

profile, but it was extended to a lower depth, i.e., 40 lm.

Those defect profiles were obtained by successive remov-

ing of layers from the sample surface and measuring of

positron annihilation characteristics. As it was shown

recently, the new possibilities of profiling or mapping of

defects are provided by the positron probe microanalyser

(PPMA), see Refs. [12] and [13].

The potential use of PPMA for the investigation of

deformed layer beneath the machined surface has been

explored. The goal of this investigation was to use this

technique, for studies of the subsurface layer induced by

the machining process. Three different metals: Fe, Cu and

Ti, were cut by milling, and the subsurface region of the

samples was scanned using the PPMA to obtain depth

profiles of defects induced during machining and find out

their dependence on the kind of metal and cutting speed.

The samples were exposed to the annealing at different

temperatures to observe an evaluation of the defect profile.

The comparison of the PPMA results with those obtained

by conventional measurements based on the etching tech-

nique is made as well.

2 The Measurement Details

2.1 Sample Preparation

Three metals: Cu, Fe and Ti, in the form of foils of

thickness of 100 lm and size of 1 cm 9 1 cm were

selected for the presented investigation. Before machining,

each foil was annealed at temperature of about 500 �C in

the flow of N2 gas to remove defects. This process was

important, because the foils contained defects induced

during their manufacturing which can overlap defects

induced by machining. The positron lifetime measurements

revealed single lifetime component equal to 110, 120 and

142 ps for Fe, Cu and Ti, respectively. All these values

correspond to the positron lifetime bulk values reported in

the literature [14]. One additional sample of nanocrys-

talline Fe ARMCO foil with the mean crystallite size of

about 100 nm was also prepared [15]. To perform milling,

the foil was fixed between two aluminium bars of size of

1 cm 9 1 cm and 3 cm long. They ensured the annealed

foils are not exposed to other mechanical handling, for

instance bending. This sandwich was placed in a milling

Fig. 1 Scheme of the foil cutting in the milling machine
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machine, and a rotating face cutter cut it in the direction

perpendicular to the foil plane (see scheme in Fig. 1). Four

rotating speeds were chosen, i.e., 380, 590, 945 and

1500 rpm, which correspond to the linear speed of the

cutter against the cut surface of 12, 19, 30 and 47 m/min.

The feed rate was about 2 mm/s and the depth of cut about

2 mm. After that, the foil was mounted in the PPMA, and

the region beneath the machined surface was scanned by

the positron beam. The scheme of the measurement is

depicted in Fig. 2.

2.2 The PPMA Measurements

In this device moderated 22Na positrons are moderated,

then accelerated to the energy of 24.5 keV and formed in a

beam using a special technique with the magnetic fields.

The beam spot on the sample surface is about 20 lm in

diameter. Due to applied magnetic lenses, the sample must

be in the form of a foil 100 lm thick. The average depth

below the entrance surface at which positrons are implan-

ted is about 0.6 lm. In practice, only the spot of the beam

limits the spatial distribution of positrons in the foil. The Si

wafer constitutes a table which the foil is located. The foil

with the table can be moved perpendicularly to the beam

and the machined surface (Fig. 2). The HpGe detector

located close to the table with the foil registers the anni-

hilation photons of about 511 keV as a function of the

distance of the beam from the machined surface.

It is important to fix the zero position of the beam. The

positron beam profile can be Gaussian-approximated, and

the centre position of the beam is not the machined surface

of the sample. If so, half of the data would stand for the

table not for the sample, and it have to be avoided. We

measured the count rate of annihilation photons in order to

confirm the whole positrons injected annihilate in the

sample. If positrons are injected in the Si table, the count

rate increases because the reflection efficiency decreases in

low-mass-number material. Then, the centre of the positron

beam is located at 20 lm apart from the machined surface

of the sample, see the inset in Fig. 2. This position defines

the distance from the machined surface tagged in Figs. 3, 4

and 6. This distance can be treated as a depth, because in

fact it is the depth from this surface if the sample is not a

foil but a rod or bar.

Positrons injected into the foil are thermalized and after

a random walk annihilate with electrons. The energy of two

emitted annihilation photons depends on the momentum of

the annihilating positron–electron pair but in practice on

the momentum of the electron. Due to the positive charge,

when random walking, the positron can be trapped at open-

volume defects, which contain low-momentum electrons,

and this is clearly visible in the Doppler-broadened anni-

hilation line. The S-parameter commonly used for char-

acterization of the annihilation line is defined as the

integral of the central part of the annihilation line nor-

malized to the total integral of the line centred at 511 keV.

It has been demonstrated by many authors that this

parameter is extremely sensitive to the presence of open-

volume defects, such as vacancies, their clusters and dis-

location lines, and jogs at dislocation lines, where positrons

can be trapped and annihilate. More technical details about

the PPMA constructed at the Chiba University in Japan

were given in the papers by Fujinami et al. [16] and Osh-

ima et al. [20].

The PPMA being a non-destructive technique allows us

to take several measurements for the same sample. This is

very convenient for studies of thermal stability of a defect

profile created beneath the machined surface. The foils of

Cu, Fe and Ti machined with the highest cutting speed, i.e.

47 m/min, were successively annealed at temperatures of

200, 300, 400 and 500 �C, during 1 h in Ar atmosphere,

and then the measurements of the S-parameter as a function

of the distance from the machined surface were taken.

2.3 The Conventional Measurement with Successive

Etching

For this measurement, two samples of pure Cu in the shape

of a rod of diameter 1 and 2 cm long were annealed at

500 �C during 1 h in the flow of N2 gas. The measurement

of the positron lifetime revealed single lifetime component

equal to 120 ps. It indicated that only residual defects were

present in the samples. Then, the basal surfaces of the rods

were machined. The cutting speed was 47 m/min, the feed

rate was 2 mm/s, and the depth of cut was 2 mm. The
Fig. 2 Scheme of the PPMA measurement. The inset explains how

the zero position of the positron beam is defined
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positron source of 22Na was located between the machined

surfaces of two samples, and such a sandwich was placed

in front of the HpGe detector for measurement of the

S-parameter. After that, the samples were etched in the

solution of the nitric acid to remove a layer about 20 lm

thick from the machined surfaces of the samples. The

reduction in the rod length was measured using a

micrometre screw, and half of this value is treated as a

depth from the machined surface. Then, the measurement

of the S-parameter was taken again. The successive etching

allowed us to reveal the deeper layers beneath the

machined surface. Such a procedure was repeated until

bulk value of the S-parameter is achieved.

3 Results and Discussion

3.1 Results of the PPMA Measurements

The positron annihilation studies performed by Horodek

et al. [11] indicated that concentration of defects generated

by milling decreased with the increase in the depth from

the machined surface. Figure 3 presents similar depen-

dencies of the S-parameter on the depth beneath the

machined surface for three well-annealed foils of Cu, Ti

and Fe and for four different cutting speeds obtained using

the PPMA. All values of the S-parameter are normalized to

the bulk value for each metal. It can be noticed that in each

case, the highest value of the S-parameter is on the

machined surface. Then, the value of the S-parameter

decreases with the increasing distance from the machined

surface (Fig. 2). At a certain distance, the bulk value tag-

ged as the hatched area in Fig. 3 is reached. The extent of

the measured profile depends on the metal and the cutting

speed. For Cu, this extent ranges from 260 to 500 lm

(Fig. 3a); for Ti, it is from 240 to 520 lm (Fig. 3c), and for

Fe, the smaller extent is observed, i.e., from 80 to 260 lm

(Fig. 3b). The increase in the defect profile extent with the

increasing cutting speed is clearly visible for Ti (Fig. 3c).

For other two metals, this tendency is also noticeable. For

(a)

(b)

(c)

Fig. 3 Dependencies of the normalized S-parameter values on the

distance, or depth from the machined surface for well-annealed foils

of pure Cu (a), Fe (b) and Ti (c) in the milling machine with different

cutting speeds. The measurements were taken using the PPMA

Fig. 4 Dependencies of the normalized S-parameter values on the

distance or depth from the machined surface for nanocrystalline foil

of pure Fe cut in a milling machine with different cutting speeds. The

measurements were taken using the PPMA

16 Page 4 of 7 Tribol Lett (2015) 60:16

123



Ti and Cu, the value of the S-parameter on the machined

surface decreases with the increase in the cutting speed.

For Fe, this tendency is less visible, because the differences

between the S-parameter values on the surface are smaller.

The S-parameter value for Ti and Cu decreases almost

linearly with the increasing distance from the machined

surface, while for the samples after dry sliding, the

decrease in this parameter can be described by exponential

or sigmoidal decay [17, 18]. This may indicate that during

machining, the formation of the deformed subsurface layer

and generation of defect profile occurs in a different way

than in the case of dry sliding. A good example is Ti. In

this metal the subsurface zone created by dry sliding con-

sists of two layers and the positron annihilation parameter

corresponding to the S-parameter exhibits the characteristic

plateau adjacent to the worn surface [18]. However, for

milling, a plateau is not observed. Instead, the linear

decrease is visible (Fig. 2c).

For dry sliding, the normal load can be high. During

milling, mainly the shear stress contributes to the formation

of the subsurface deformation. We argue that dislocations

created at the machined surface are mainly responsible for

the defect profile generation. The dislocations are accom-

panied by halos of interstitial atoms and vacancies. At

room temperature, these defects due to the high mobility

annihilate, but also vacancy clusters are formed, as it is, for

instance, in Ti [18] or Cu [19]. The vacancy clusters are

easily detected by positrons.

It is worth noticing that microhardness profiles mea-

sured for titanium-based alloys created by both turning and

milling indicate a harder level on the surface of the

machined material, which can lead to a work-hardening

layer [3, 21]. The extent of microhardness profiles for

titanium alloys is comparable with the extent of defect

profile for Ti reported in this paper. There are also reports

that increasing the cutting speed created higher hardness

values [22].

The formation of the defect profile in the subsurface in

well-annealed, almost defects-free samples can be rela-

tively easy. Dislocations created at the machined surface

can almost freely move in the interior of the samples and

can be stopped at other dislocations which have been

generated there earlier. This can explain the large extent of

the defect profiles reported above. However, the defect

profile is formed also in the case of samples, which initially

contains defects. It is demonstrated for the Fe ARMCO

sample with nanosize grains. The milling procedure

described above was applied to the foil of nanocrystalline

Fe. In Fig. 4, the values of the S-parameter as a function of

the distance from the machined surface are depicted. The

defect profile is extended to the depth between 20 and

80 lm; thus, its range is much smaller in comparison with

the well-annealed Fe foil (Fig. 2b). We argue that in this

case, the grain boundaries and defects inside the grains are

effective in blocking dislocation motion. At the distance

above 100 lm, i.e., the region not affected by milling,

positrons are trapped mainly at grain boundaries or defects

in the interior of grains. The results for pure annealed Fe

and nanocrystalline Fe correspond with the results reported

in Ref. [7] mentioned above.

3.2 Comparison of the PPMA with the Conventional

Positron Technique

The application of the PPMA to the studies of defect

profiles is a new one. Therefore, the PPMA results are

compared with the results obtained using other technique

based on the successive etching of layers from the sample

surface and measuring of positron annihilation character-

istics reported in numerous papers. In Fig. 5, we depicted

the dependency of the S-parameter on the distance from the

machined surface obtained in this way for the Cu rod. It

can be noticed that the extent of the profile is equal to ca.

300 lm, and it corresponds to the depth obtained by the

PPMA. Also it is clearly visible that the S-parameter

decreases linearly with the increase in the depth, excluding

two points adjacent to the machined surface. This beha-

viour is similar to that presented in Fig. 3a for the Cu foil

sample where the higher value of the S-parameter at the

machined surface is also observed. It can be concluded that

both measurements give almost identical results. Then, the

PPMA can be recommended for studies of defect profiles

created in the subsurface by different processes.

Fig. 5 Dependencies of the normalized S-parameter value on depth

from the machined surface for the rod of well-annealed Cu cut in a

milling machine. The cutting speed was equal to 47 m/min. The

measurement was taken using the conventional technique with 22Na

positrons with the sequenced etching of the sample layers, see text
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3.3 The Subsurface Zone After Annealing

Defects induced during plastic deformation can be removed

or rearranged in a configuration of lower energy after

annealing at a sufficiently high temperature. Recovery and

recrystallization are well-recognized processes in deformed

metals exposed to annealing. Recrystallization annealing

was reported as a method which allows revealing plastic

zones with different amount of strain beneath the machined

surface [6]. The general relationship between strain and the

recrystallized grain size was obtained based on the tensile

experiment. The zone with higher strain recrystallized at

lower annealing temperature, and the distance from the

machined surface to the zone front could be measured.

Then, the annealing at higher temperatures was performed

to obtain recrystallization of the zones with lower strains.

We performed the similar experiment for the foils of Cu,

Fe and Ti previously milled with the highest cutting speed,

i.e., 47 m/min. Figure 6 presents the obtained dependencies

of the S-parameter on the distance from the machined

surface for the foils after annealing. For all foils, the value

of the S-parameter at the machined surface decreases with

the increasing annealing temperature, but the bulk value is

not reached even after annealing at 500 �C. It should be

emphasized that such a temperature is sufficient for

removal of defects induced by plastic deformation in

compression. In that case, the S-parameter at the surface

decreases to the bulk value after annealing [23]. In the

present case for Cu, defects remain in the layer adjacent to

the surface even after annealing at 400 �C. The extent of

the profile diminishes from 400 to 100 lm. In deeper

layers, the S-parameter gradually decreases with the

increasing annealing temperature, indicating that after

annealing at 400 �C, the defects are removed. This con-

firms the high thermal stability of the layer adjacent to the

machined surface. The similar behaviour is clearly visible

also for Ti (Fig. 6c). The extent of the profile decreases

from 550- to 50-lm Ti (Fig. 6a, c). It indicates that in the

deeper layers, the removal of defects and creation of new

defect-free grains take places with the increasing annealing

temperature. It should be noted that such a behaviour is

slightly different from that observed in the case of dry

sliding, where after annealing at 400 �C, a maximum in the

profile occurs at the depth of about 80 lm from the worn

surface [23]. The maximum indicates the creation of new

open-volume defects, like vacancy clusters; presumably

they occur due to the dislocation motion release at higher

temperature [24]. For Fe, the dependencies of the S-pa-

rameter depicted in Fig. 6b show that there are no visible

changes in the defect profiles after annealing except the

decrease in the S-parameter at the surface. It indicates that

the annealing temperatures in case of Fe are too low to

cause changes in the defect structure of the subsurface.

4 Conclusions

Application of the PPMA revealed the well-defined defect

profiles generated during milling of foils of three annealed

metals: Cu, Fe and Ti with different cutting speeds. The

(c)

(a)

(b)

Fig. 6 Dependencies of the normalized S-parameter value on the

distance or depth from the machined surface for well-annealed foils of

pure Cu (a), Fe (b) and Ti (c), for the cutting speed 47 m/min (RT

room temperature). After machining, the foils were subsequently

annealed at temperatures: 200, 300, 400 and 500 �C. The measure-

ments were taken using PPMA
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highest concentration of defects is observed in the region

adjacent to the machined surface, and then, the defect

concentration gradually decreases with the increasing

depth. The extent of the defect profiles depends on the kind

of metal and the cutting speed. For Ti and the cutting speed

of 47 m/min it is the largest one, i.e., about 520 lm. The

smaller extend of the defect profile, i.e., about 80 lm is

observed for Fe for the cutting speed of 19 m/min. These

data correspond with the data reported by other authors

who studied the subsurface deformation using, for instance,

microhardness measurements. After annealing of Cu and Ti

foils, the defects are removed gradually with increasing

annealing temperature in the deeper regions which may be

caused by recovery process. However, in a few tens of

micrometres thick layer adjacent to the machined surface,

the defects remain, but their concentration decreases. This

shows the high thermal stability of this layer.
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