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Abstract: Macro-geometrical deviations play a very important role in the functionality and
reliability of structural parts for aircraft. The use of environmentally friendly techniques, such as
dry machining, may negatively affect these deviations. Despite its importance, there is a lack of
research that analyzes them as a function of the cutting parameters in the case of aluminum alloys
for aeronautical purpose. In this work, the cutting speed and feed influence on several macro-
geometrical deviations (parallelism, straightness, circular run-out, roundness, concentricity, total
circular run-out and cylindricity) in dry turning of UNS A97075 alloy was analyzed. The main
novelty of this work lies in the use of high slenderness parts used in further fatigue tests. The results
showed that feed seems to be the most influential parameter in most of the deviations studied. In
addition, the parts with lower rigidity exhibited higher sensitivity to change with the cutting
parameters. Finally, different parametric models were proposed to obtain the geometrical
deviations as a function of the cutting parameters.

Keywords: UNS A97075; dry turning; surface integrity; straightness; parallelism; roundness;
concentricity; circular run-out; total run-out; cylindricity

1. Introduction

One of the most appreciated quality requirements in machining processes is related to the
surface integrity (SI) concept [1]. Field et al. [2,3] defined the SI as the inherent or enhanced condition
of a surface produced in machining operations or other surface generation processes. Griffiths [4]
defined it as the topological, mechanical, chemical and metallurgical worth of a manufactured surface
and its relationship with its functional performance. A new definition of this concept is developed by
Astakhov [5], who defined it as a set of properties (both, superficial and in-depth) of an engineering
surface that affect its service behavior. These properties include geometrical, physical-chemical and
biological parameters.

In more recent works, Gdmez-Parra et al [6,7] provided an expanded view of the SI concept,
defining the SI as a set of properties that the material surface exhibits, acquires or becomes modified
during a forming process. These properties can be analyzed from three points of view connected to
each other: micro-geometrical (surface roughness, micro and macro cracks, waviness, particle
adhesion), macro-geometrical (cylindricity, concentricity, straightness) and physical-chemical
properties (micro hardness, residual stress, stress corrosion, tensile strength, fatigue behavior). The
authors highlight that these properties may not only improve the functional performance of the part,
but also worsen it.
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The macro-geometrical deviations or material mechanical properties inclusion within the SI
definition presents great controversy. On one hand, the macro-geometrical deviations and the
mechanical properties affect not only the part surface, but also the bulk. On the other hand, the
mechanical properties are included within the surface physical-chemical properties. The surface is
considered as a whole, and not only from the micro-geometrical and physical-chemical approach at
a point on the surface. In this way, the macro-geometrical deviations may affect negatively the
mechanical behavior or increase the appearance of micro-geometrical or physical-chemical defects,
and vice versa. Thereby, these three points of view are interconnected and may not be considered in
isolation. Regardless of their inclusion or not within the SI definition, the macro-geometrical
deviations play a fundamental role in mechanical properties [8,9], such as fatigue behavior [10]. In
that way, fatigue test standards are very demanding regarding the tolerances of these geometrical
deviations [11].

Fatigue behavior is one of the most important properties to take into account in the behavior of
aircraft structural parts in service [12]. The quality requirements of these components are highly
demanding because they are placed in critical areas. Consequently, geometrical tolerances (at macro
and micro scale) are usually very narrow in order to make their assembly easier and to improve their
functionality, reliability and longevity [13,14]. However, these high-quality demands result in higher
costs. Hence, one of the most important challenges is to balance the manufacturing process
performance of these components, from four different points of view: functional, economic,
environmental and energetic [15-17].

Light alloys (mainly Al and Ti alloys) are widely used in the manufacturing of structural parts
for aircrafts, individually or combined with composites (such as carbon fiber reinforced polymers,
CFRP) to form fiber metal laminates structures. Specifically, aluminum alloys series 2000 (Al-Cu) and
7000 (Al-Zn) are used in the components under fatigue load in service, such as the pressurized cabins
fuselage, ribs, spars and wings upper/lower skins [18-20]. Machining (mainly milling, drilling and
turning) is frequently used to manufacture these structures [21,22]. The current trend in machining
of these alloys moves towards reducing or eliminating the use of cutting fluids (dry machining), due
to environmental and occupational health reasons [23-25]. The machining process based on the
minimum quantity of cooling lubrication (MQCL) or the minimum quantity of lubrication (MQL) are
good alternatives [26]. However, the performance balance of dry machining is currently a challenge.
On one hand, the CFRP/Al structures show a bad behavior under wet machining conditions and the
mixture of aluminum chip, CFRP and cutting fluids is complex and expensive to recycle [27]. On the
other hand, dry machining results in very aggressive cutting conditions, which gives rise to a fast
temperature increase in the cutting area and fast tool wear [28]. This fact may negatively affect the
surface integrity of the machined parts. Hence, the environmental component of the process
performance is improved, whereas the economical and functional components may be reduced.

Within this context, the cutting parameters (cutting speed, feed and cutting depth) play a very
important role [29]. A large amount of research can be found in the literature analyzing the cutting
parameters influence on the SI micro-geometrical aspects of dry machined wrought aluminum alloys
[28,30-33] taking in to account the influence of the tool wear, chip geometry or axial machining
length. Usually, the mean average roughness (Ra) is the selected parameter to evaluate these
deviations. Most of the research agree that feed is the most influential cutting parameter on Ra,
showing Ra a general trend to increase with feed [34-36]. Some of these works develop parametric
models that allow predicting the Ra evolution as a function of the cutting parameters. Usually, these
models adopt a potential form [35-38] due to the simplicity of the model, where the exponent of each
variable represent the influence in the general term, and to the good fit that the models usually show.
In addition, some authors show a relationship between Ra and the cutting forces [8,39]. Therefore, an
online monitoring of micro-geometrical deviations was carried out to analyze this relationship.

Nevertheless, there is a lack of research focused on the analysis of the cutting parameters
influence on macro-geometrical deviations for these alloys, despite their importance and influence
on the functional behavior of these parts [9]. Clares et al. [7] proposed an experimental methodology
to evaluate the SI in dry turning of aerospace alloys from the three aforementioned points of view
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(geometrical, at micro and macro scale and physical-chemical features). Sdnchez-sola et al. [40]
studied the cutting speed (v = 40-170 m/min) and feed (f=0.05-0.30 mm/r) influence on straightness,
parallelism and roundness of the UNS A92024 alloy. The cylindrical bars (200 mm length, 80-120 mm
diameter) were dry turned. The worst results were obtained when the highest f and lowest vc values
were used. A general trend to increase the straightness and parallelism with f was found for low ve.
An opposite trend was found for high v, with a strong dispersion in the results for the highest f
values. Regarding the roundness, its value tends to increase with f, regardless ve. No clear trend was
found with ve. On the one hand, Sanchez-sola et al. explain that straightness and parallelism are
measured along the whole part and, therefore, they are more influenced by the roughness profile,
chip generation, built-up edge (BUE) detaching and, as a result, by the cutting parameters. On the
other hand, roundness is measured from the transversal section. Hence, it is less influenced by these
parameters. In addition, exponential parametric models were obtained. These models showed a good
fit for high f and low v-.

Trujillo et al. [9] analyzed the cutting parameters influence (vec = 40-200 m/min; f = 0.05-0.20
mm/r) on roundness, circular run-out, straightness and parallelism of dry turned UNS 97075 alloy
cylindrical bars (150 mm length, 30-60 mm diameter). The cutting depth (ap) remained constant (1
mm). These geometrical deviations showed low sensitivity to change with the cutting parameters,
unlike what was observed for micro-geometrical deviations, strongly influenced by f. However, v.
exhibited higher influence on straightness and parallelism, whereas f showed higher influence on
roundness and circular run-out. These results can be explained in a similar way that were exposed in
[40]. The exponential parametric models were also developed for each macro-geometrical deviation.
Parallelism and straightness models exhibited a good fit for low v.. However, the roundness and
circular run-out showed a good fit for all v. tested. Finally, Trujillo et al. highlighted that these models
should be tested under different conditions (cutting parameters range, specimens’ geometry) to check
their generality.

It is necessary to point out that these previous studies have been carried out on low slenderness
parts. Nevertheless, the structural parts for the aircraft usually show high slenderness rates [41].
Therefore, extended research on slender parts should be developed in order to analyze the cutting
parameters’ influence on the macro-geometrical deviations and their influence on mechanical
properties, such as fatigue behavior. Given the aforementioned, the main novelty of the study, this
work focusses on the analysis of the cutting speed and feed influence on several geometrical
deviations (straightness, parallelism, circular run-out, roundness, concentricity and cylindricity) of
dry turned UNS A97075 alloy. For this purpose, the specimens with high slenderness were used.
These specimens were designed to be used in further fatigue tests. Finally, the different experimental
parametric models were developed. These models allow predicting some geometrical deviations as
a function of the cutting parameters within the studied range.

2. Materials and Methods

Several dry turning tests were carried out on UNS A97075-T6 alloy specimens in order to
evaluate the cutting parameters’ influence on different macro-geometrical deviations. This material
is widely used in the manufacturing of aeronautical structural parts that work under compressive
and fatigue loads [42]. Arc atomic emission spectroscopy (AES) was used to obtain the tested alloy
composition (% mass). The results are shown in Table 1.

Table 1. Tested alloy composition (% mass).

Zn Mg Cu Cr Si Mn Al
6.01 2.61 1.88 0.19 0.08 0.07  Rest

The final specimens’ geometry obtained from cylindrical bars (D = 20 mm) was selected
according to the rotating bar bending fatigue test standard, ISO 1143:2010 [11]. Among the different
geometries proposed in this standard, the cylindrical smooth geometry was selected. On the one
hand, this geometry is less rigid that those used in previous research [9,40], being this one of the main
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novelties of this work. On the other hand, these specimens are being used in current works regarding
the cutting parameters influence on fatigue behavior. The specimens’ shape and geometrical
dimensions are shown in Figure 1. In addition, it is necessary to highlight that the standard quality
requirements regarding the cylindricity and concentricity are strongly demanding. Therefore, the
specimen slenderness was taken into account and calculated as the relation between the lengths (L =
167 mm) and the lower diameter (d = 7.6 mm), being this value, 22.37.

167

912
D10,
@15!

50

Figure 1. Specimens geometrical dimensions (mm).

The machining tests were conducted in a Computer Numerical Control (CNC) turning center.
The different combinations of cutting speed (vc) and feed (f) were used (Table 2). The cutting depth
(ap) remained constant. Every test was performed under dry conditions, in order to use
environmentally friendly techniques. It must be pointed that although low cutting speeds are not
recommended for machining aluminum alloys, these alloys are often hybridized with other materials
in which these low cutting speeds are required, such as fiber metal laminates, FML (CFRP +Al + Ti).
In addition, this fact allows the comparison with previous studies on the geometrical deviations
performed in the same cutting parameters range [9,40]. Every test was performed under dry
conditions in order to use environmentally friendly techniques.

Table 2. Cutting parameters.

vc (m/min) f(mm/r) ap (mm)
40 0.05
1
60 8 12 1.0
80 '
0.20

The tool (Figure 2) was an uncoated WC-Co insert (ISO DCMT 11T308-14 IC20) and each test
was carried out using a new tool to ensure identical initial conditions. The cutting angles setup can
be observed in Table 3. The tool geometry and position respect the specimen allow the machining of
the entire specimen profile with a single operation. Additionally, these geometrical cutting conditions
reduce the deflection effect on slenderness parts due to the predominance of the axial cutting forces
over the radial cutting forces. Due to the cutting tool geometry (a major cutting-edge angle of 66.5°),
the force axial component is dominant over the radial component. Therefore, the bending effect on
sample was limited.
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Figure 2. Specimen positioning and turning operation tool.

Table 3. Cutting angles setup.

Cutting Angles Value
Relief angle () 7°
Cutting edge angle () 66°
Rake angle (y) 17°
Major cutting edge angle (k) 62.5°
Insert included angle (&) 55°

Once the specimens were machined, different macro-geometrical deviations were controlled in
the calibrated area (parallelism, straightness, circular run-out, roundness, concentricity, total run out
and cylindricity). The experimental setup is shown in Figure 3. A millesimal dial gauge with a
measuring span of 12.5 mm, scale division of 0.001 mm and a maximum permissible error (MPE) of
4 um, was used to control these deviations. This device was placed on the tool carriage to avoid
removing the specimen from the turning center and achieve a faster process. Previously, the setup
rigidity and the run-out of the spindle were controlled in order to assess their contribution to the part
run-out. This contribution was found to be negligible. In addition, some of the specimens were off-
line measured in a geometrical deviation measurement machine (Figure 4) in order to validate the
experimental setup. The differences found did not exceed 10%.

uilnne* .

Figure 3. Geometrical control setup on the specimen calibrated area.



Metals 2019, 9, 1141 6 of 18

Figure 4. Form measuring system.

The circular run-out (CRO) was measured along six sections (S1 to S6, separated 4 mm from each
other) in the calibrated area (Figure 5a). For each section, twelve measurements were performed at
30° each. The parallelism (PAR) was controlled along twelve generatrix (G1-G12), separated 30° from
each other, Figure 5b.

Figure 5. (a) The roundness (RON), circular run-out (CRO) and concentricity (CON) measured
sections; (b) straightness (STR) and parallelism (PAR) measured generatrix.

The circular run-out (CRO) was obtained as the difference between the maximum and the
minimum profile radius (Rmax — Rmin), as in Figure 6a [42]. The roundness (RON) and concentricity
(CON) were calculated from the CRO experimental results (Figure 6a). Among the different
mathematical methods available, the least squares circles method [43] was applied in this work. To
evaluate the least square circumference center, a nonlinear iterative mathematical model was
considered, minimizing the function error (Equation (1)) and taking the seed as the rotation center.

n

2
SSE(a,b)=Z(R—\/(xi—a)2 ~(y, —b)zj (1)
i=1
Where different variables corresponding with:
e  R:Radius of the profile
e xi x coordinate of profile point
e yi:y coordinate of profile point
e a:x coordinate of the center of the least square circumference
e b:ycoordinate of the center of the least square circumference
Once the center of the least square circumference has been calculated, RON is obtained as the
difference between the radiuses of two concentric circumferences (Jmax — Jmin) which delimit the area
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containing all points of the profile, as in Figure 6a. The CON is the distance between the rotation
center (0, 0) and the least squares circumference center previously obtained (a, b) (Equation (2)).

CON =+a? +b? ()

The parallelism (PAR) was obtained as the distance between two parallel lines (Xmax = Xmin),
which delimit the area containing all the profile points and are parallel to the work piece axis (Figure
6¢). The straightness (STR) was calculated as the distance between two parallel lines (Dmax = Dimin)
which delimit the area containing all the profile points and are parallel to the least squares regression
line (Figure 6¢).

Taking into account the total calibrated area volume, the total circular run-out (TCRO) was
calculated as the difference between the maximum and minimum of every radio sections measured
(Tmax — Tmin) in the calibrated area (Figure 6b). Finally, the cylindricity (CYL) was obtained as the
difference between two co-axial cylinders, such that their radial difference is at a minimum (Pmax —
Pmin), as in Figure 6d.

The theorical PAR respect CYL was taken in to account. Considering the tool tip radius (r = 0.8
mm), the depth of cut (2o = 1 mm) and the worst feed rate condition (f = 0.20 mm/r), the scallop
calculated is 6.27 um. The standard 1143:2010 allows a maximum of 20 um. Therefore, the scallop
value for each feed rate implemented in this work is considered within the standard values.

"' Profile Rotation axisJ.; TCRO
i . \\\/—/
S\ N e
5o Tmin .- ! a.‘:
: % J\RON I P
| Profile
): ............ i ............... ':{/
Centre of Rotation "'..‘ ..-.."" ........ o Tmax
Least Squares I
Clvc:r:::rr:nce |
Least Squares Q_—//
Circumference -
|
(a) (b)
Xewi o Ree  — e T e et
panf Rotation axis
Profile
e Pmin
........................... K 3CYL
................................ w Qt'sei.e_ee_.az‘is_._._._._._._._.,._._._._._.,.Tx Prnax
(c) (d)

Figure 6. Macrogeometrical deviations: (a) RON, CON and CRO, (b) total circular run-out (TCRO),
(c) STR and PAR and (d) cylindricity (CYL).

3. Results and Discussion

3.1. Parallelism and Straightness

Figure 7 shows STR and PAR experimental results as a function of vc and f. In Figure 7a, the PAR
shows a general trend to slightly increase at low f (0.05-0.10 mm/r), regardless v.. From f=0.10 mm/r
to 0.20 mm/r, PAR tends to decrease, whereas it remains more or less constant for v = 60 and 80
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m/min. Notwithstanding this, a higher dispersion can be observed. From f=0.15 to 0.20 mm/r, PAR
remains constant for v =40 and 60 m/min. Nevertheless, PAR tends to increase for v. = 80 m/min for
this frange. In fact, the worst results (and the highest dispersion) are obtained when the highest fand
ve are combined.

120 100 -
557 o = V. = 40 m/min N = V.= 40 m/min
= 4=~ V.= 60 m/min 80 4 = 4=+ v.=60m/min
2007 = A= ve=80m/min — A= V.=80m/min
E T 60 -
== 160 1 =
s E
Q w40
40 -+
20 20 A
0 T T T T 0 A
0.05 0.10 0:45; 0.20
f(mm/r) f(mm/r)
(@) (b)

Figure 7. (a) Parallelism and (b) straightness deviation as a function of cutting speed (vc) and feed (f).

Figure 7b shows that STR presents a higher dependence on the cutting parameters studied than
PAR. On one hand, the highest values are always obtained for v. =80 m/min, regardless f. In addition,
a general trend to increase STR with fis observed, mainly from f= 0.05 to 0.10 mm/r and from f=0.15
to 0.20 mmy/r. On the other hand, for the low range of f studied (0.05 to 0.10 mm/r), STR tends to
increase with f, regardless v.. Nevertheless, in general terms, vc seems to be the most influent
parameter. Moreover, its effect increased when it is combined with the highest vc (80 m/min). In
addition, these results show higher deviations than other research with a less slender workpiece
[9,40].

These results can be explained taking into account how PAR and STR are measured along the
machining length. This fact results in a higher dependence of those geometrical deviations on the
built-up edge (BUE) formation and detaching vibrations and/or deflections of the specimen. Figure 8
shows the tool rake face for vc = 40 m/min, for £ 0.05 and 0.10 mm/r. These images show that the
indirect adhesion wear phenomenon is higher for 0.10 mm/r. A similar trend was found for v. = 60
and 80 m/min. Therefore, STR is more sensitive to the BUE formation at low f. For higher f values
(0.15-0.20 mm/r), STR becomes less sensitive to BUE (with similar intensity at high f values) and more
sensitive to vibrations, more noticeable for v = 80 m/min (Figure 9).

Figure 8. Stereoscopic optical microscopy (SOM) of the tool rake face (40x) after the tests performed
for (a) f=0.05 mm/r and (b) f=0.10 mm/r, for vc = 40 m/min.
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(a) (b)

Figure 9. Stereoscopic optical microscopy (SOM) of the tool rake face (40x) after the tests performed
for (a) f=0.15 mm/r and (b) f=0.20 mm/r, for vc =80 m/min.

These results have revealed two important differences with previous research on similar alloys,
in which more rigid specimens were used [9,40]. First, both PAR and STR have shown higher values.
As a result, these macro-geometrical deviations tend to increase with the specimen slenderness. In
addition, previous work did not reveal a clear influence of the cutting parameters on PAR and STR.
However, only vc seemed to be slightly more influential at high values. However, in this work, PAR
and STR behavior was more sensitive with f, and its effect was maximized at a high cutting speed.

3.2. Circular Run-out, Roundness and Concentricity

Figure 10 shows CRO experimental results as a function of the cutting parameters for each
section. With the different sections (1-6) in mind, the specimen slenderness and the experimental
setup rigidity play a special role. Further sections from the chuck (1-3) have exhibited higher CRO
deviations, whereas closer sections (4-6) have shown lower values. This general trend is more
noticeable for v. = 40 and 60 m/min, regardless of f, whereas it is less evident for ve = 80 m/min.
Therefore, the specimen slenderness and rigidity are more influential at low v.. Nevertheless,
vibrations become more relevant at high v..

100 - 100 -
80 - 80 -
X X
T 60 - = 60 - M
£ A X £ [ X %
o * X X % X o A A
S 40 - L I * § 20 - B
] n z " oa
[ m n
20 - ] u 20 | *
* o o+ o o
Ve =40 m/min Ve =60 m/min
0 . : : : : . 0 . : . . : )
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Section Section

(a) (b)
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Figure 10. Circular run-out deviations for (a) v = 40 m/min, (b) vc= 60 m/min and (c) ve = 80 m/min.

In addition, Figure 11 plots the average CRO (taking all sections into account) as a function of f
and ve. In general, f seems to be the most influential parameter. The circular run-out (CRO) exhibits a
general trend to increase with f, regardless v.. This fact becomes more noticeable at high cutting speed
values. The general trend is less clear with regard to v.. Between f=0.05 and 0.10 mm/r, the highest
CRO value is obtained for vc = 40 and 60 m/min, respectively. However, for f= 0.20 mm/r, the worst
result is found for v = 80 m/min. As a result, the combination of the highest f and vc values result in
the highest CRO deviations. The high vibration levels, produced when the high values of cutting
speed and feed are used, should explain this behavior.

100
80 -

60 | T
V. = 40 m/min

40 A - g B ~ &~ v.= 60 m/min
L4
y Ve = 80 m/min
-’

20
&

CRO (um)

0.05 0.10 0.15 0.20
f(mm/r)

Figure 11. Circular run-out mean values as a function of cutting speed (vc) and feed (f).

The RON and CON deviations can be calculated from CRO experimental results and Equations
(1) and (2).

Figure 12 plots the RON experimental results in the function of the cutting parameters, for each
section. A general trend to increase RON deviations in the function of f can be observed, regardless
of v.. However, a strong increment in the function of v can be noticed for f = 0.20 mm/r. Trivial
variations of RON in the function of the section relativity position can be observed, except for v. =80
m/min and f= 0.20 mm/r, where severe cutting conditions show an increase on the central sections
(2-5). Taking into account that feed is the most influenced parameter in cutting forces, regardless of
ve [31,44], this fact can be explained due to an increment of deflections, especially in a slender
specimen, where the cutting forces are increased in the higher range of . Notably, the CON evolution
for the different sections measured can be considered as a function or the results shown for CRO
(Figure 10) and RON (Figure 12).
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Figure 12. Roundness deviations for (a) v = 40 m/min, (b) vc= 60 m/min and (c) vc = 80 m/min.

Figure 13 plots the RON and CON mean values (considering all the sections) as a function of f
and v.. A general trend to increase RON mean values with fis observed, regardless of v., as in Figure
13a. This increment is more evident from f=0.15 to 0.20 mm/r and softer for vc =40 m/min. Regarding
v., the general trend is less clear. Only between f=0.15 and 0.20 mm/r there is a trend to increase RD
with ve. The worst results are obtained when the highest values of f (0.20 mm/r) and v. (60 and 80
m/min) are tested. Hence, the trend is very similar as that observed for CRO. Nevertheless, the cutting
parameters influence is more evident on RON than on CRO. This fact is a consequence of deleting
the concentricity effect, which shows a less clear trend with the cutting parameters, as in Figure 13b.
The CON average values (Figure 13b) show a general trend to increase with f, but softer than RON.
Regarding ve, the CON values are more scattered, showing different behavior at a low and high feed.

80 1 40 4

== V. =40 m/min == V. = 40 m/min
70 35 -
= 4=+ V.= 60 m/min = 4=+ V=60 m/min
60 1 V. = 80 m/min 30 V. = 80 m/min
— 50 - — 25
£ £
2 ’. =
;40 q e > 20 A
Qo 2 7 Q
& 30 4 i © 15
& ’
20 - LR v~ 10
P o ~
10 Z - 5
0 T T T T 0 T T T T
0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20
f(mm/r) f(mm/r)
(a) (b)

Figure 13. Mean deviations values in function of v. and f for (a) roughness and (b) concentricity.
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Considering that CRO is related with RON and CON, it is necessary to point out that CON takes
more importance in CRO for low vc and f values, whereas RON influence is more noticeable for higher
values.

The found trend is slightly different from those obtained in previous research for UNS A97075
and UNS A92024 alloys [9,40]. CRO and RON sensitivity to change with the cutting parameters was
very low (in specimens with higher rigidity). Nevertheless, this sensitivity increases when the
specimen geometry is less rigid, especially with f. In addition, the deviations values are significantly
higher for high slenderness specimens.

3.3. Total Circular Run-out and Cylindricity

Figure 14a shows the TCRO values as a function of vc and f. No clear trend can be observed as a
function of v. or f for this deviation. From f=0.05 to 0.10 mm/r, TCRO tends to increase for vc =60 and
80 m/min, whereas it tends to decrease for v. =40 m/min. From f=0.10 to 0.20 mm/r, its value remains
more or less constant, for ve =40 and 60 m/min, regardless of f. However, TCRO only shows a general
trend to increase with f for v = 80 m/min. This fact is more noticeable for f = 0.20 mm/r, where the
worst result is obtained. Therefore, TCRO exhibits less sensitivity to change with the cutting
parameters than CRO, RON or STR, and similar to CON. The value of TCRO strongly depends on
the maximum value of CRO in each section, but also on the angular position where that maximum
value is obtained. Therefore, the maximum value for CRO in one section may occur in a different
angular position than another one and, as a result, the effect of the cutting parameters may be less
evident.

140 - 100 -
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Figure 14. Mean deviations values as a function of vc and f for the (a) total circular run-out, and (b)
cylindricity.

Finally, Figure 14b plots the CYL values as a function of f and ve. For this deviation, the influence
of fis more evident. A general trend to increase CYL with f can be observed in a wide range of vc
studied. This effect is more noticeable at v = 80 m/min, mainly at higher f values (0.15-0.20 mm/r).
The worst results appear when the highest f (0.20 mm/r) is combined with high ve (60 and 80 m/min).
For ve = 60 m/min, this trend is fulfilled from 0.05 to 0.10 mm/r and 0.20 mm/r. Nevertheless, for f=
0.15 mm/r, a significant decrease is observed. Therefore, in a similar way than CRO, RON or STR,
CYL exhibits a higher sensitivity to change with f than v.. This behavior was to be expected, taking
into account that CYL combines the effect of the profile deviations along the specimen length, as well
as along its section.

3.4. Geometrical Tolerance in Rotating Bar Bending Specimens

ISO 1143:2010 standard establishes the different geometrical tolerances for the rotating bar
bending specimen, in order to minimize their effect in the fatigue behavior. In this sense, in the
expected fatigue fracture zone, the standard indicates a CYL and CON maximum tolerance deviation.
These requirements are 20 um for CYL and 15 pum for CON, between sections S1 and S6 [11].
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Nevertheless, the geometrical deviations in a manufacturing process are usually far from the
standard requirements. Therefore, it may be interesting to compare these requirements with those
obtained in the manufacturing process under different conditions.

On the one hand, the CON values were below the required standard limit, in general. Only
higher values of f (0.15 and 0.20 mm/r), in combination with high v (60 and 80 m/min) exceed that
limit. Therefore, the influence of CON on fatigue behavior may not be neglected under these cutting
conditions. On the other hand, only for low f and v. value combinations (f = 0.05 mm/r, v. = 40 and 60
m/min), the CYL results were below the standard requirements (Figure 12b). This is due to the
stronger influence of the cutting parameters on this geometrical deviation. As a result, there is a wide
range of cutting conditions where the CYL deviations should be considered in the fatigue behavior
analysis.

3.5. Parametric Models for Macro-Geometrical Deviations.

The experimental results suggest the possibility of obtaining parametric models that allow
relating some of the analyzed geometrical deviations with the cutting parameters. These
experimental models may be useful to predict these deviations before machining [9,40]. These models
were developed for those deviations (GD) that have shown a greater dependence on the cutting
parameters (STR, CRO and RON). Different models were tested. The best fit was obtained for a
potential model, as shown in Equation (3).

GD=C v/ f’ 3)

Where C, x and y are constant. Table 4 shows the results obtained for these constants. It is
necessary to point out that these models have shown, in general, a reasonable fit (coefficient of
determination, R? = 0.6-0.7).

Table 4. Model coefficients.

GD C x y
STR 0.120 1.574 1.123
CRO 119.720 0.028 0.584
RON 5.297 0.736 0.832

Figure 15 plots the experimental data versus the model results, for STR, CRO and RON
respectively. Regarding STR, both cutting parameters (f and vc) show a strong influence on the model.
Nevertheless, the higher value of the x exponent indicates a higher influence of the cutting speed.
This is in good agreement with the experimental results (previously discussed). Only for f=0.20 mm/r
and ve = 80 m/min, the model shows a worse fit (Figure 15a).
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Figure 15. Potential models as a function of vc and f (a) straightness, (b) circular run-out and (c)
roundness.

This fact may be a consequence of the higher dispersion in the experimental data. This can be
considered as normal, taking into account the higher vibration levels obtained for this cutting
parameter combination, as previously discussed.

With regard to CRO, the x low value indicates a negligible influence of v.. This fact can be also
observed in Figure 15b. Therefore, fis the most influential parameter. This is in good agreement with
the experimental observations, as previously commented. However, this is the model that showed a
worse fit. This may be explained due to the fact that CRO includes the effect of RON and CON. The
effect of the cutting parameters on CON was not clear. As a result, the CRO experimental results
exhibited higher dispersion and, therefore, the model for CRO showed a lower fit (Figure 15b).

Finally, the model for RON shows a similar value for x and y. Hence, the influence of both cutting
parameters (ve and f) is similar, as previously commented. In addition, the model for RON shows a
better fit than for CRO. However, as it happens for STR, the model shows a lower fit for the highest
values of vc and f. As a result, it is useful only for the low range of v and f studied.

Additionally, Figure 16 plots these parametric potential models in 3D, where each geometrical
deviation is represented by a surface. As previously commented, Figure 16a,c (STR and RON,
respectively) show a strong dependence of vc and f, whereas Figure 16b exhibits a very low influence
with v.. In addition, an increment in these deviations can be observed when the cutting parameters
are increased.
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Figure 16. Potential models for (a) STR = g(v, f), (b) CRO = (v, f) and (c) RON = j(v., f).

It is necessary to point out that similar models have been obtained in previous research, for
specimens with low slenderness (UNS A97075 and UNS A92024 alloys) [9,40]. Those models
presented an exponential form for these macro-geometrical deviations under similar cutting
conditions. Notwithstanding this, they exhibited a lower sensitivity to change with the cutting
parameters due to the higher rigidity of the specimens’ geometry. Therefore, the potential models
presented in this work are more suitable for specimens with higher slenderness. Finally, it is
necessary to highlight that these models are valid within the range of the tested cutting parameters
and under the cutting conditions exposed. The general validity of these models should be contrasted
in further works, under different conditions. However, they are useful for a better understanding of
the experimental results obtained.

4. Conclusions

In this work, the influence of the cutting speed and feed on several macro-geometrical deviations
(parallelism, straightness, circular run-out, roundness, concentricity, total circular run-out and
cylindricity) in dry turning of UNS A97075 (Al-Zn) alloy was analyzed. The analysis was performed
using high slenderness parts in order to compare the experimental results with previous research
carried out with more rigid parts.

Straightness has exhibited a general trend to increase with the feed, regardless the cutting speed.
This trend was more evident at low feed values. The worst results were obtained when the highest
cutting speed and feed rate were combined. These results should be explained taking into account
that this deviation is measured along the specimen length. Therefore, it is influenced by the BUL and
BUE formation and detaching, the process rigidity, the part slenderness and vibrations. On one hand,
at low feed, the BUE formation and detaching becomes more relevant and the feed rate influence is
more noticeable. On the other hand, at high cutting speed, vibrations become more relevant and the
sensitivity to change with the cutting speed is higher.

Regarding parallelism, the influence was less evident and no clear trend was found as a function
of the feed rate or cutting speed. Notwithstanding this, the obtained results for both deviations were
higher than those obtained in previous works with more rigid parts under similar cutting conditions.

The circular run-out and roundness showed a general trend to increase with the feed rate. This
dependence was more evident for the roundness. The cutting speed influence was lower in both
cases. The feed rate effect worsened when it was combined with high cutting speeds. With regard to
the evolution of those deviations along the specimen section, further sections from the chuck have
shown higher deviations, whereas closer sections have exhibited lower values. This general trend
was more noticeable at a low cutting speed, regardless of f. In addition, an increased f influence was
observed in the sections more distant from the chuck. Hence, vibrations became more relevant at a
high spindle rotational speed, whereas the specimen slenderness and rigidity were more influential
at a low cutting speed.
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Regarding concentricity, no clear trend was found. Therefore, its sensitivity to change with the
cutting parameters was lower. Usually, this deviation is more influenced by the rigidity setup and
spindle concentricity than by the cutting parameters.

Furthermore, no clear trend was observed as a function of the cutting parameters for the total
circular run-out. Therefore, this deviation exhibited lower sensitivity to change with the cutting
parameters. This fact may be explained taking into account that this deviation strongly depends on
the maximum value of the circular run-out in each section, but also on the angular position for this
value.

With regard to cylindricity, this deviation showed a general trend to increase with the feed rate
in a wide range of cutting speeds studied. Its sensitivity to change with the feed was higher than with
the cutting speed, in a similar way than the circular run-out, the roundness or the straightness. This
is due to the fact that cylindricity combines the effect of the profile deviations along the specimen
length, as well as along its section.

Therefore, the experimental results revealed higher sensitivity to change with the cutting
parameters than the results obtained in previous research with lower slenderness parts, for most
macro-geometrical deviations. In addition, the feed rate seems to be the most influential parameter
whereas the cutting speed has shown less influence. On the other hand, the obtained deviations have
been noticeably higher in parts with lower slenderness, compared with those obtained in previous
research with more rigid parts of UNS A92024 and UNS A97075 alloys.

Additionally, the experimental results for CON and CYL have been compared with the quality
requirements of the specimens used in the rotating bar bending fatigue test standard (ISO 1143:2010).
The results revealed that there is a wide range of cutting conditions where both geometrical
deviations should be considered for the fatigue behavior analysis.

Finally, a set of potential parametric models were proposed for STR (v, f), CRO (v, f) and RON
(ve, f). These models exhibited a reasonable fit for STR and RON, whereas the fit for CRO was lower.
These models may be useful to analyze the influence of cutting conditions (v, f) in these deviations
before machining. It is necessary to point out that these models are useful in the range of cutting
conditions evaluated and can be considered as a first step to obtain more complex models. In
addition, these models were compared with other models obtained from the tests with less slender
specimens (20 times less slenderness). In spite of this, the results dispersion is of the same order.

It is necessary to point out that although the study was carried out on the parts with a geometry
different from that used for the manufacture of aircraft structural parts, this work revealed the
importance of this kind of analysis in further works. In addition, it can be considered as the starting
point to analyze the influence of the geometrical deviations on mechanical properties, such as fatigue
behavior.
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