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a b s t r a c t 

Machining-process-induced surface texture plays an indispensable role in determining surface integrity and final 
functional performance of the machined components. Although there are already many existing standard param- 
eters for quantitatively characterizing the machined surface, accurately describing and effectively correlating the 
3D surface texture parameters and specific characteristics with the relevant functional performances in practice, 
are still not well solved. The inadequacy of using 2D single-valued surface profile parameters and the non-ubiquity 
of using 3D areal surface texture parameters in industry are the main obstacles. The research reported in this pa- 
per addressed this issue by proposing a practical means which makes use of both 3D surface texture parameters 
and statistical functions for surface geometrical characterization and functional correlation and evaluation. To 
better investigate the influence of machining-induced surface texture and its characterization on the functionality- 
related performance of machined surfaces, Ni-based superalloy GH4169, a typical difficult-to-machine material 
widely used in aircraft industry, was selected for the machining experiment. Two kinds of mechanically-processed 
surfaces, one ground and the other turned, both having an identical value of 3D arithmetic mean deviation ( S a ), 
were quantitatively characterized and analyzed using 2D and 3D surface texture parameters. Considering that the 
measured 3D surface texture is of random nature, the corresponding functionality-related performances were also 
investigated with statistical functions, e.g. power spectral density (PSD) and auto-covariance (ACV). Correlation 
between the 3D surface texture parameters or statistical functions with the corresponding functional perfor- 
mance, e.g. contact, running-in wear and lubricant retention, were then established. This study emphasized on 
the effectiveness and veracity of the 3D surface texture parameters and statistical functions in characterizing and 
evaluating machined-surface performance along with the traditional 2D parameters. It is especially suitable for 
machining materials whose functionality-related properties are machining-process-sensitive and surface-texture- 
dependent. 
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. Introduction 

The machining-induced surface texture strongly influences the me-
hanical properties and functional performance of the machined compo-
ents or products, such as tribologically-related properties [1,2] , load-
earing capability [3,4] , fatigue properties [5] , optical properties [6] ,
brasion and corrosion resistance, as well as the aesthetic appearance
esired by customers. Simply, surface texture could be defined as the
epetitive or random deviations from a nominal surface which in re-
lity form a three-dimensional (3D) topography. Sometimes, it is also
sed interchangeably with surface topography in the manufacturing
nd machining fields [7] . Generally speaking, characterization of sur-
ace texture involves at least 2 aspects: (1) defining accurate parame-
ers to quantify the surface micro geometrical features and (2) selecting
easonable parameters to adequately describe and evaluate the corre-
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ponding functional properties of surface [8] . The ever-increasing de-
and for high-quality and high-precision engineering components oper-

ting under some extreme working conditions, requires the use of high-
erformance materials and the high-accuracy characterization as well as
ffective correlation of the machining-induced surface texture with rel-
vant functional performance [9–11] . In order to improve the capability
f accurately characterizing and evaluating the functional performance
f a machined surface, it would be helpful to have well-defined 2D or 3D
urface texture parameters (e.g. R a or S a ). Once surface micro geometri-
al features and functionality-related characteristics are quantitatively
haracterized by corresponding texture parameters, the functional per-
ormance of machined surfaces could be correlated and predicted. With
his, corresponding machining conditions could also be adjusted accord-
ngly to guide the production of surfaces with desirable geometrical fea-
ures and functional performances [12,13] . 
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Normally, a specific machining process corresponds to a specific ge-
metrical feature or functional property on the machined surface of the
achined component. There are many different ways to describe and

uantify the surface micro geometrical features of a machined compo-
ent. The most widely accepted and used are the conventional 2D sur-
ace profile parameters which are considered as the primary indexes for
urface characterization and quality assessment in the manufacturing
ractice. However, the 2D characterization approach does not accom-
odate the 3D nature of surfaces; although many researchers have tried

o correlate 2D surface profile parameters with specific functionality-
elated properties, there is a consensus that using standard 2D surface
rofile parameters alone is inadequate for comprehensively describing
nd characterizing surface functionalities. Developments in computer
echnology have led to the realization of improved methods for measur-
ng and characterizing the surfaces of machined components [14,15] .
urrent 3D surface texture measurement and characterization tech-
iques have the capability to take into account the anisotropy of surfaces
nd provide a more in-depth understanding of the correlation between
urface texture and its corresponding functional performance. However,
here are already many 3D surface texture characteristic parameters and
hey are too complicated to be comprehended and implemented all at
nce. Hence, selecting relevant, requisite and reasonable 3D surface tex-
ure parameters for quantitative description and characterization of the
achined surface is critical for the prediction and evaluation of cor-

esponding machined surface functionalities, such as friction, lubricant
etention, abrasion resistance, bearing loading and even fatigue proper-
ies [8,16] . 

To investigate how the surface texture parameters and specific char-
cteristics could be better correlated with the functionality-related per-
ormance of the machined surfaces, a typical difficult-to-machine Ni-
ased superalloy GH4169 which is widely used in aircraft manufactur-
ng, is selected in this paper for the cutting test and subsequent surface
haracterization analysis. Grinding and turning processes are carried out
nd the principal 3D surface texture parameters (such as S a , S ci , S vi , S al ,
 dr ) are measured for quantitatively characterizing the surface topog-
aphy and relevant functionalities of the ground and turned surfaces.
urther, considering the measured 3D surface textures are of random
ature, the corresponding functionality-related performances are also
nvestigated and discussed with statistical functions, such as power spec-
ral density (PSD) and auto-covariance (ACV). The correlation between
achined surface texture characteristics and functionality-related prop-

rties (e.g. surface contact, running-in wear and lubricant retention),
re also discussed by comparing and analyzing the measured 3D sur-
ace texture parameters and statistical functions of the two surfaces. 

. 2D and 3D surface characterization parameters 

Real surfaces of machined components are not completely smooth.
hey are essentially composed of many microscopic irregular peaks
nd valleys from the microscopic point of view. All of these asperi-
ies combined constitute the surface texture of machined components. It
s mainly introduced by various aspects of manufacturing process. The
onditions of a machining process affect the characteristics of a surface
nd machining parameters can be selected to produce particular charac-
eristics. For a 2D surface profile, the surface texture is geometrically a
ombination of asperities of different wavelengths; the wavelength can
e used to classify surface texture into different scales or levels [7,17] .
s shown in Fig. 1 , according to the difference of height and wavelength,

he 2D rough surface can be decomposed into three components: surface
oughness, surface waviness and error of form. Surface roughness, com-
only referred to as surface finish, is mainly due to the surface friction

etween the tool and the workpiece, plastic deformation during sepa-
ation of chips and the tool feed marks. Surface roughness is superim-
osed on the surface waviness. The wavelength of surface waviness is
sually greater than that of surface roughness; it is normally caused by
he chatter of the machine tool, and workpiece deflection or vibration.
63 
he error of form represents the deviation between the actual overall
hape and the ideal shape of the surface and its wavelength is larger
han that of waviness; it may be caused by the inaccuracies of the slide-
ay in machine tools or the unbalance of grinding wheels. In general,
avelength and height of surface roughness are relatively small. In en-
ineering practice, the wavelength 𝜆 of surface roughness is normally
onsidered to be less than 1 mm; the wavelength of surface waviness is
sually within in the range of 1–10 mm; and the wavelength of error of
orm is usually greater than 10 mm. For 2D representation, it is conven-
ional to define surface texture as a combination of surface roughness
nd waviness only. In this research, the focus is on the functional effect
f surface topography characterization and the terms surface roughness
nd surface texture are regarded as synonymous in the 2D situation. 

.1. 2D surface profile parameters 

The purpose of surface texture characterization is to give an accu-
ate representation of all micro geometrical features and to describe
hem as precisely as possible. Many techniques, such as virtual visual
haracterization, meet the purpose of surface characterization [18,19] .
owever, the most convenient approach in practice, is to describe a

urface by a set of roughness parameters which can be objectively mea-
ured and accurately related to the functional properties of machined
urfaces. There is a great variety of surface roughness parameters, many
f which have been developed to describe geometrical features or char-
cterize the functionalities of surfaces for particular applications [20–
4] . All the time the most commonly-used single-value parameters for
haracterizing and assessing the surface texture and quality of machined
omponents are the average roughness ( R a ) and the root-mean-square
oughness ( R q ). R a describes the arithmetical average deviation of sur-
ace height from the mean line within the sampling length L . It is widely
sed in the automotive and metalworking industries to specify the sur-
ace roughness of various components ranging from cylinder bores to
rake drums. R q evaluates the root-mean-square value of surface height
ithin a sampling length. It is generally more sensitive to peaks and
alleys than R a and is commonly specified for surfaces of optical com-
onents. In addition to these 2 average height parameters, some extreme
eight parameters have also been defined for different applications. For
xample, R t represents the height from the maximum peak to the low-
st valley within an evaluation length. It is sensitive to large deviations
rom the mean line or scratches on the surface and is widely used along
ith R a to describe and characterize surface profiles of machined com-
onents. The continuum and discrete forms for R a , R q and R t are listed
n the Table 1 . 

To better correlate and evaluate surface geometrical characteristics
ith practical functionalities of machined components, shape distribu-

ion parameters, skewness R sk and kurtosis R ku , are also introduced as
hown in Table 1 . R sk is defined as the skewness of the surface profile to
e assessed and it is a measure of the asymmetry of the profile about its
ean line. Negative R sk indicates a predominance of sharp valleys and

ounded peaks, whilst positive R sk means a surface with more round val-
eys and sharp peaks, as shown in Fig. 2 (a). Material removal processes
uch as grinding, honing and milling are likely to produce negatively
kewed surfaces which are usually good for load bearing and oil reten-
ion properties; while processes such as sandblasting, EDM and turning
re apt to produce positively skewed surfaces which can provide good
ripping or locking ability. If the extremes of a profile are symmetrically
istributed with respect to both sides of the mean line, R sk will be zero.
 ku is defined as the kurtosis of the surface profile to be assessed and is
 measure of the degree of peakedness. As shown in Fig. 2 (b), if R ku > 3
t is normally called leptokurtic and the surface profile has many high
eaks or deep valleys. If the R ku < 3, it is normally called platykurtic and
eans the surface profile has relatively few high peaks and low valleys.

or a surface profile of Gaussian distributions, R ku = 3. 
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Fig. 1. Schematic diagram of the basic components of a 2D rough surface. 

Table 1 

Typical and common-used 2D surface profile parameters [9, 20] . 

2D surface profile parameters Continuum or discrete forms 

R a Profile average roughness 𝑅 a = 
1 
𝐿 

𝐿 

∫
0 
|𝑧 ( 𝑥 ) |𝑑𝑥 = 1 

𝑛 

𝑛 ∑
𝑖 =1 

|𝑧 ( 𝑥 𝑖 ) |
R q Root-mean-square roughness 𝑅 q = 

√ 

1 
𝐿 

𝐿 

∫
0 
[ 𝑧 ( 𝑥 ) ] 2 𝑑𝑥 = 

√ 

1 
𝑛 

𝑛 ∑
𝑖 =1 

𝑧 ( 𝑥 𝑖 ) 
2 

R t Maximum peak-to-valley height R t = z ( x i ) max − z ( x i ) min 

R sk Skewness of profile height distribution 𝑅 sk = 
1 
𝑅 3 

𝑞 

[ 1 
𝐿 𝑟 

𝐿 𝑟 

∫
0 
𝑧 ( 𝑥 ) 3 𝑑𝑥 ] = 1 

𝑅 3 q 
[ 1 
𝑛 

𝑛 ∑
𝑖 =1 

𝑧 ( 𝑥 𝑖 ) 
3 ] 

R ku Kurtosis of profile height distribution 𝑅 ku = 
1 
𝑅 4 q 

[ 1 
𝐿 𝑟 

𝐿 𝑟 

∫
0 
𝑧 ( 𝑥 ) 4 𝑑𝑥 ] = 1 

𝑅 4 q 
[ 1 
𝑛 

𝑛 ∑
𝑖 =1 

𝑧 ( 𝑥 𝑖 ) 
4 ] 

Fig. 2. Definitions of 2D surface roughness parameters: (a) skewness and (b) kurtosis [25,26] . 
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.2. Statistical functions 

The surface texture of a machined component is complex and with
andom irregularities at the microscopic scale, e.g. the machined sur-
ace by grinding is of random and statistical information by nature.
ccurate characterization of the wide variety of surface texture pro-
uced by various machining processes requires more than one of the
bove-mentioned single-value statistical parameters; certain statistical
unctions formulated for random process theory and time series analy-
is can enable more detailed characterization to be achieved. Many sta-
istical functions have been developed to characterize random surface
rofiles [9,20] , and the most commonly-used are the amplitude distribu-
ion function (ADF), bearing area curve (BAC), power spectral density
PSD) function and auto-covariance (ACV) function. A comprehensive
nderstanding of their definitions and relationships is absolutely nec-
ssary prior to accurately characterizing and assessing surface texture
eatures and functionalities. 

The amplitude distribution function (ADF), sometimes also as the
robability density distribution or histogram, describes the probability
ensity of surface height; its plot shows the distribution of the num-
er of points along different surface heights [9,20] . The bearing area
64 
urve (BAC), also called as the Abbott-Firestone curve or bearing ra-
io curve, is defined as the ratios of a length obtained by intersecting
 line at different heights to the profile. Statistically, the BAC could be
btained by integrating the surface profile trace. Fig. 3 shows the cor-
elation between a surface profile and its ADF and BAC. The BAC is one
f the most important characterization methods in surface profilometry
or the assessment of lubricant retention properties, wear resistance and
oad-bearing capacity; it is particularly suitable for characterizing sur-
aces which are flat on the top and grooved or notched at the bottom.
ormally, five surface characterization parameters, R pk , R k , R vk , M r1 
nd M r2 , as shown in Table 2 , are defined within the BAC. The method
f how to derive these parameters is shown in Fig. 4 and is based on a
est-fit line over 40% of the BAC central portion [20,27] . 

Further, considering that some machined surface features are of ran-
om nature, they can conveniently be characterized using statistical
unctions such as power spectral density (PSD) and auto-covariance
ACV). PSD analysis is useful for studying the weights of various pe-
iodic components in a surface profile. It decomposes the measured sur-
ace texture geometry into different components of spatial frequencies
sing Fourier transforms and provides more information than single-
alue parameter R or R does. Mathematically, the PSD is defined as
a t 
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Fig. 3. Externally-ground 2D surface profile and corresponding ADF and BAC. 

Table 2 

Typical BAC-related surface roughness parameters [20,24,25] . 

2D BAC parameters Definition or description 

R pk Reduced peak height The average height of the protruding peaks above the core roughness profile 
R k Core roughness depth The difference of heights between the material ratio values from 0% and 100% on the equivalent line 
R vk Reduced valley depth The average depth of the valleys below the core roughness profile 
M r1 Peak material portions The ratio of the measured material area that comprises the peak structures associated with R pk 

M r2 Valley material portions The ratio of the measured material area that comprises the deeper valley structures associated with R vk 

Fig. 4. BAC and related surface parameters with respect to functionality [27] . 
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f  
he square of the Fourier transform of the measured surface texture and
t can be expressed as [9,23] : 

SD ( 𝑓 ) = 

𝑑 0 
𝑁 

||||||
𝑁 ∑
𝑗=1 

𝑍 𝑗 ⋅ exp [− 𝑖 ⋅ 2 𝜋𝑓 ( 𝑗 − 1) 𝑑 0 ] 
||||||
2 

(1)

here i = 

√
−1 ; d 0 is the sampling length; Z j is the surface amplitude

unction; the spatial frequency ƒ equal to K / L , where K is an integer that
anges from 1 to N /2; N is the number of sampling points. 

The ACV is defined as the covariance of the variables against a trans-
ated surface profile of itself and indicates how well the shifted surface
rofile correlates with the original one and gives a measure of the ran-
omness of the surface. For 2D surface profile analysis, ACV is the in-
erse Fourier transform of the PSD. The magnitude of ACV is a measure
f how similar the surface profile or texture is at a given distance from
nother location. If the shifted version of the surface is similar or iden-
ical to the other surface, then its value of ACV stays near unity for a
iven distance. If the shifted surface is such that all peaks align with
he corresponding valleys of the original one, then its value of ACV ap-
roaches − 1. When the ACV falls rapidly to zero along a given direction,
he shifted surface profile is different and thus “uncorrelated’ with the
urface at the original measurement location. 
65 
.3. 3D surface texture parameters 

With the development of measurement techniques and equipment,
D characterization method and 3D surface texture parameters have
een invented to exhibit and analyze more complete and integrated sur-
ace characterization [18,19] . Visualized analysis of 3D surface texture
s also becoming convenient and practical; this therefore leads to the
revalence of producing customized surface texture by controlling rea-
onable processing parameters. 

Generally, some of the commonly-used 2D surface roughness param-
ters are suitable and easy to be extended to constitute the correspond-
ng 3D surface texture parameters. However, for accurately characteriz-
ng some particular functionality-related properties of a machined sur-
ace, specifically-designed 3D surface parameters that correlate well
ith performance are also needed. For several decades, many 3D surface

exture characterization parameters have been put forward to quantita-
ively measure and characterize engineering surfaces and corresponding
unctional properties. The most renowned and acceptable 3D surface
exture parameters are the “Birmingham 14 ″ parameter set [9] . Com-
ared with 2D surface roughness parameters denoted with a letter “R ”,
D surface texture parameters all start with a letter “S ”. For example,
 q , the root-mean-square deviation of surface, is an extension of 2D sur-
ace roughness parameter R q ; while S a , the arithmetic mean deviation
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Table 3 

The 3D surface texture parameters [21,22] . 

3D surface texture parameters Continuum or discrete forms 

S q Root-mean-square deviation of surface 𝑆 q = 

√ 

1 
𝑀𝑁 

𝑁 ∑
𝑗=1 

𝑀 ∑
𝑖 =1 

[ 𝑧 ( 𝑥 𝑖 , 𝑦 𝑗 )] 
2 

S a Arithmetic mean deviation of the surface 𝑆 a = 
1 

𝑀𝑁 

𝑁 ∑
𝑗=1 

𝑀 ∑
𝑖 =1 

|𝑧 ( 𝑥 𝑖 , 𝑦 𝑗 ) |
S sk Skewness of surface texture height distribution 𝑆 sk = 

1 
𝑀 𝑁 𝑆 q 

3 

𝑁 ∑
𝑗=1 

𝑀 ∑
𝑖 =1 

𝑧 3 ( 𝑥 𝑖 , 𝑦 𝑗 ) 

S ku Kurtosis of surface texture height distribution 𝑆 ku = 
1 

𝑀 𝑁 𝑆 q 
4 

𝑁 ∑
𝑗=1 

𝑀 ∑
𝑖 =1 

𝑧 4 ( 𝑥 𝑖 , 𝑦 𝑗 ) 

S al Fastest decay autocorrelation length 𝑆 al = min ( 
√ 

𝜏2 
𝑥 
+ 𝜏2 

𝑦 
) with �̃� ( 𝜏𝑥 , 𝜏𝑦 ) ≤ 0 . 2 

S dr Developed interfacial area ratio 𝑆 dr = 

𝑁−1 ∑
𝑗=1 

𝑀−1 ∑
𝑖 =1 

𝐴 𝑖,𝑗 −( 𝑀 −1)( 𝑁 −1)Δ𝑥 Δ𝑦 

( 𝑀 −1)( 𝑁 −1)Δ𝑥 Δ𝑦 
⋅ 100% 

S ci Core fluid retention index 𝑆 ci = 
𝑉 c 
𝑆 q 

= [ 𝑉 v ( ℎ 0 . 05 )− 𝑉 v ( ℎ 0 . 80 ) 
( 𝑀 −1)( 𝑁 −1)Δ𝑥 Δ𝑦 

]∕ 𝑆 q 
S vi Valley fluid retention index 𝑆 vi = 

𝑉 v 
𝑆 q 

= [ 𝑉 v ( ℎ 0 . 80 ) 
( 𝑀 −1)( 𝑁 −1)Δ𝑥 Δ𝑦 

]∕ 𝑆 q 

Table 4 

The nominal composition of GH4169 superalloy (wt. %). 

C Cr Ni Co Mo Al Ti Nb Fe 

≤ 0.08 17–21 50–55 ≤ 1 2.8–3.3 0.2–0.6 0.65–1.25 4.75–5.5 Balance 
Mn B Mg Si P S Cu Ca Pb 

< 0.35 < 0.006 < 0.01 < 0.35 < 0.015 < 0.015 < 0.30 < 0.01 0.0005 

Table 5 

The physical and mechanical properties of GH4169. 

T ( °C) 
Yield strength 
𝜎0.2 (MPa) 

Tensile strength 
𝜎b (MPa) 

Elongation d 

𝛿5 (%) 
Thermal conductivity 

(W/(m °C)) 
Modulus of elasticity, 
E (GPa) 

Melting point 

(°C) 
Hardness 
(HV) 

Density 
(g/cm 

3 ) 

20 1240 1450 > 10 13.4 205 1310 376–480 8.24 
650 1000 1170 > 12 22.1 205 — — —
750 740 950 25 23.5 — — — —
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Fig. 5. Experimental workpiece shape and size. 
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f the surface, is an extension of 2D surface roughness parameter R a .
heir discrete forms, along with other 3D surface texture parameters,
re listed in the Table 3 . For these equations, z ( x i , y j ) is the height of
ampling point ( x i , y j ) on X –Y plane; M is the number of sampling points
n X direction; N is the number of sampling points in Y direction. 

. Materials and methods 

It is commonly accepted that micro geometrical features and cor-
esponding texture parameters of a machined surface mainly depends
n the selected machining processes and material properties [28–30] .
ariations in these features can now be accurately analyzed and inves-

igated by using 3D surface texture characterization techniques. In this
esearch, by comparing and analyzing the experimentally-measured 3D
urface texture parameters and corresponding geometrical features, a
ractical correlation between the surface micro geometrical features and
haracterization parameters with the functionality-related performance
s established for the turned and the ground surfaces. 

.1. Workpiece material 

For the machining experiments, a difficult-to-machine material, Ni-
ased superalloy GH4169, was used as workpiece material. GH4169 is
f good heat resistance, high-temperature strength and corrosion resis-
ance. Its nominal composition and physical properties of the workpiece
aterial are given in Tables 4 and 5 , respectively. 

The geometry of the workpieces for both grinding and turning exper-
ments were supplied in the form of bar, 30 mm diameter and 100 mm
ength, as shown in Fig. 5 . 
66 
.2. Experimental method 

External plunge grinding and external cylindrical turning experiment
ere carried out separately with different processing parameters. The
rinding wheel adopted is monocrystalline fused alumina (SA80) and its
brasive grit size is 80#. External turning was carried out with Sandvik
C1105 tool insert with a TiAlN coating. Details of cutting tools and
xperimental conditions are given in Table 6 . 

.3. Measurements and analyses 

After the grinding and turning experiments, surface topographical
haracteristics and surface texture parameters for the workpiece were
easured, compared by means of SEM and white light interferome-

ry which has nano-scale resolution on its optical Z -axis. The ground
nd turned surfaces generated are of identical values of 3D arithmetic
ean deviation ( S a , grinding = S a , turning = 0.30 μm). Statistical functions

e.g. PSD and ACV) and 3D surface texture parameters were detailedly
nalyzed. Other functional properties of the ground and turned surfaces
ere correlated and assessed using the 3D surface texture parameters
nd appropriate statistical functions. 
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Table 6 

Machining processing parameters and tool properties for grinding and turning experiments. 

Machining parameters Tool/insert/coating material Surface texture parameter(s) 

Grinding Wheel speed Workpiece speed Depth of cut Monocrystalline fused alumina (SA80), 
grit size 80# 

S a ,grinding = 0.30 μm 

v s = 25 m/s v w = 16 m/min a p = 0.02 mm 

Turning Cutting speed Feedrate Depth of cut Sandvik GC1105 (TiAlN coating) S a ,turning = 0.30 μm 

v = 95 m/min f r = 0.1 mm/r a p = 0.1 mm 

Table 7 

Surface characterization parameters for the ground and turned surfaces. 

2D parameters Ground Turned 3D parameters Ground Turned Statistic functions Ground Turned 

R a (μm) 0.30 0.30 S a (μm) 0.30 0.30 ADF Fig. 8 (a) Fig. 8 (a) 
R q (μm) 0.38 0.36 S q (μm) 0.38 0.36 BAC Fig. 8 (b) Fig. 8 (b) 
R t (μm) 3.28 2.33 S sk − 0.05 0.04 PSD Fig. 9 (b) and (c) Fig. 9 (e) and (f) 
R sk − 0.05 0.04 S ku 3.18 2.35 ACV Fig. 10 (a) and (b) Fig. 10 (c) and (d) 
R ku 3.18 2.35 S al (μm) 3.28 11.97 
R k (μm) 0.92 1.03 S Δq (deg) 28 9.16 
R pk (μm) 0.41 0.25 S dr 12.45 1.28 
R vk (μm) 0.42 0.22 S bi 0.59 0.62 
Mr 1 12% 8.23% S ci 1.59 1.51 
Mr 2 89.49% 91.61% 
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. Results and discussion 

.1. Evaluation and correlation of surface characterization parameters 

ith functionalities 

For accurate analysis and further correlation, the measured 2D/3D
urface parameters and statistical functions for describing, correlating
nd evaluating the micro geometrical features with functionality-related
roperties of the ground and turned surfaces are given in Table 7 . 

The measured arithmetic mean deviations for the ground and
urned surfaces ( R a , grinding = R a , turning = 0.30 μm) are identical. Their
easured root-mean-square deviations are also with close values

 R q , grinding = 0.38; R q , turning = 0.36 μm). If only these two surface rough-
ess parameters were adopted to evaluate and characterize the ma-
hined surfaces, it will be easily find that they are not comprehensive
nough to differentiate these two surfaces in geometry and in poten-
ial surface performance. So, more 3D surface parameters and statistic
unctions are introduced. 

As mentioned in Table 3 , S sk is the measure of asymmetry of sur-
ace deviations about the mean plane. Like its 2D counterpart R sk , this
arameter can be used effectively to describe the shape of surface tex-
ure height distribution. For a surface which meets Gaussian distribu-
ion and has a symmetrical shape of surface height distribution, its S sk 
quals to 0. This parameter could give some indication of the existence
f spike-like features on the surface. The negative value of skewness
 S sk , grinding = − 0.05) indicates a slight predominance of rounded peaks
nd sharp valleys for the ground surface; while the positive value of
kewness ( S sk , turning = 0.04) means comparatively more sharp peaks and
ounded valleys for the turned surface. 

S ku is the measure of peakedness of the surface height distri-
ution and it characterizes the spread of the height distribution.
or a surface which meets Gaussian distribution, its S ku equals 3;
or a centrally-distributed surface, normally its S ku is larger than 3;
hereas for a surface meeting well-spread height distribution, its S ku 

s smaller than 3. The measured value of kurtosis for the ground sur-
ace ( S ku , grinding = 3.18 > 3) indicates that the surface texture height is
lightly leptokurtically distributed and congregates near the mean line
ith an occasional high peak or deep valley; while for the turned sur-

ace with S ku , turning = 2.35 < 3, the surface texture is platykurtically dis-
ributed and more surface height congregates at the two extremes of
urface height. 

S al , the fastest decay autocorrelation length, is a parameter in length
irection and used to describe the autocorrelation characteristic of the
t  

67 
real auto-correlation function (AACF). It is defined as the horizontal
istance of the AACF at which it has the fastest speed to decay to its
0%. For an anisotropic surface, S al is in the direction perpendicular to
he surface lay. A large value of S al normally denotes that the surface
s dominated by low frequency (or long wavelength) components. The
arge value of fastest decay autocorrelation length for the turned surface
 S al , turning = 11.97 > S al , grinding = 3.28) means that the turned surface is
ore anisotropic and has dominant low frequency surface texture com-
onent which is vertical to the machining direction, as seen in Figs. 6 (b)
nd 7 (b). 

S dr , the developed interfacial area ratio, is defined as the ratio of the
ncrement of the interfacial area of a surface over the sampling area.
 large value of S dr indicates the significant complexity of either the
mplitude or the spacing or both. The developed interfacial area ra-
io for the ground surface ( S dr , grinding = 12.45) is far larger than that of
he turned surface, which indicates the ground surface is of significant
omplexity either in its horizontal and vertical directions; it has more
omplicated micro geometrical features than the turned surface does.
he root-mean-square slope of the ground surface, S Δq , which is 28 and
round 3 times that of the turned surface, indicates the micro asperities
r peaks of the ground surface tilt more severely or are sharper than
hat of the turned surface. 

S ci and S vi are functionality-related parameters. They are the core
nd valley fluid retention indexes respectively. A large value of S ci or
 vi indicates good fluid retention in the core zone or the valley zone of
he machined surfaces. For a Gaussian surface, the S ci is normally 1.56.
n experiment, the core fluid retention S ci and valley fluid retention S vi 
f the ground surface (1.59 and 0.11) are slightly larger than those of
he turned surface (1.51 and 0.09), which indicates the ground surfaces
ould retain fluids, such as lubricants, more effectively than the turned
urfaces. 

With a complementary use and comparison of the above-mentioned
D surface parameters, it is possible to differentiate the ground and
urned surfaces more specifically. These micro-geometry-based param-
ters also provide a direct means to evaluate and correlate with the
unctionality-related performance, e.g. surface lubricant retention abil-
ty, friction and abrasion, load bearing capability of the surface asperity

.2. Evaluation and correlation and effect of statistical functions 

.2.1. ADF and BAC analyses of the ground and turned surfaces 

Photographs of the overall topography and texture of the ground and
urned surfaces are shown in Fig. 6 . Both surfaces have the same value of
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Fig. 6. SEM of surface texture for ground and turning surfaces (S a grinding = S a,turning = 0.30 μm). 

Fig. 7. 3D surface texture and 2D surface profiles of the ground and turned surfaces. 
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D arithmetic mean deviation, i.e. S a , grinding = S a , turning = 0.30 μm. How-
ver, in Fig. 6 it can be clearly seen that the two surfaces differ signifi-
antly both in their appearance and micro geometrical structure, which
robably results in different functionalities in corresponding applica-
ions. The ground surface does not contain distinct or regular spacing
etween the scratch marks. The spacings are in a range from very small
o about ten microns. But, for the turned surface, obvious lays and reg-
lar grooves induced by the turning tool are left; these equal-interval
rooves are very likely to be relevant to the geometry of the turning tool
ip and the feed rate of turning process.For better visualization of the
achined surfaces, 3D surface texture with enriched geometrical struc-

ure and colored height distribution for the ground and turned surfaces
re presented in Fig. 7 (a) and (c). Fig. 7 (b) and (d) gives the extracted
D surface profiles of the ground and turned surfaces respectively. Sim-
lar to the SEM photographs in Fig. 6 , the surface topography of the
round surface is more random in micro geometrical structure though
68 
ts shallow scratches are generally parallel to each other; while the
urned surface consists of approximately regular and parallel grooves. It
s noted that only a small area could be scanned on X –Y plane of the ma-
hined surface with the white light interferometry. The scanned areas
re 121.9 ×92.7 μm for ground surface and 302.1 ×229.8 μm for turned
urface. 

Although the values of S a for the two machined surfaces were the
ame, their geometrical textures and corresponding ADFs and BACs were
ery different, as shown in Fig. 8 ; their surface texture characteriza-
ion parameters (in Table 7 ) reflect different functional performances,
uch as load-bearing capability and bedding rate during running-in sit-
ation. As shown in Fig. 8 (a), the ADF curve of the ground surface
s much closer to Gaussian distribution than that of the turned sur-
ace. This means the ground surface has a more random surface tex-
ure (micro geometrical features) and the turned surface is compara-
ively texture-anisotropic. The ADF curve of turned surface is slightly
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Fig. 8. Comparisons of ADF and BAC curves between the ground and turned surfaces. 
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i  

f  
egatively deviated from Gaussian distribution which means the turned
urface is of higher probability density near the surface height zone be-
ow the mean line. As shown in Fig. 8 (b), the BACs of the ground sur-
ace and the turned surface are also given differently though the 2 sur-
aces have the same S a value. Due to the sharper gradient at the begin-
ing of its BAC, the ground surface exhibits a quicker running-in stage
hen compared with that of the turned surface if contact or friction

oading is applied on the surfaces; besides, larger reduced peak height
 R pk , grinding = 0.41 μm > R pk , turning = 0.25 μm) and peak material portion
 M r1 , grinding = 12% > M r1 , turning = 8.23%) means the ground surface has
ore material joined in the contact or been worn out, which indicates

etter load-bearing ability. Comparatively larger reduced valley depth
 R vk , grinding = 0.42 μm) and the sharper gradient of the BAC at the end,
he ground surface shows better lubricant or oil retention capability than
hat of the turned surface. 

.2.2. PSD and ACV analyses of the ground and turned surfaces 

The random nature of the 3D surface texture/topography of ground
nd turned surfaces was analyzed using the statistical functions PSD and
CV. Based on Fourier analysis, surface texture is assumed to be com-
osed of a series of sine waves with different frequencies and amplitudes
nd the power spectral density function (PSD) is considered a measure
f the amplitude of each harmonic component for a specific frequency
nd along a given direction. Thus, for 3D surface texture, the PSD plot
ppears as color-scaled function values upon an X –Y plane. The magni-
ude of PSD (displayed on the Z axis) represents the amplitude of the
ine wave at a specific spatial frequency for a given direction. Besides,
t could average all X or Y profiles’ PSD to get the values of PSD along
nly the X or Y axial direction. 

Fig. 9 illustrates the measured 3D surface textures and related sta-
istical function curves of the ground and turned surfaces by using a 3D
ptical interferometer. Identical to Fig. 7 (a) and (b), Fig. 9 (a) shows
hallow scratches along the grinding direction X on the ground sur-
ace; while in Fig. 9 (d), obvious lays and regular grooves parallel to the
urning direction X , which form periodic peaks and valleys along the Y
xis. Fig. 9 (b) shows the magnitude of PSD plotted with the color scale
ver the ground surface; its average PSD curve along the Y direction,
s shown in Fig. 9 (c), fluctuates with respect to the spatial frequency
nd finally falls to zero. A dozen of spikes in the curve indicate that
here are high-frequency harmonic components along the Y direction
nd these overlapping harmonics of various frequencies complicate the
urface texture. This could be caused by the irregular nature of the abra-
ive grains in the grinding wheel. Fig. 9 (e) shows that the magnitude of
SD over the turned surface is generally much larger than that of ground
urface, though the two surfaces have the same S a value. Fig. 9 (f) shows
69 
he average PSD along the Y direction having a dominant spatial fre-
uency ( f = 20 mm 

− 1 ), which means the turned surface has a kind of
eriodic geometrical structure (sinusoidal) and the magnitude of the
patial frequency is redeemed to be closely correlated with the feed rate
f the turning process and tip radius of cutting tool. 

By contrast, the average PSD along Y for the ground surface, shown
n Fig. 9 (c), has an overall trend of monotonic descent but with more
andomized micro geometrical features when compared with that of the
urned surface. From Fig. 9 (b), (c), (e) and (f), it can be seen that PSD
haracteristics differ greatly between ground and turned surfaces; it re-
ects that PSD could be a sensitive characteristic to differentiate typical
urfaces produced by different machining processes. 

Another means to look into the surface information is to take the
nverse Fourier transform of PSD and derive its ACV. The ACV is useful
or visualizing the correlative degree of periodicity and the randomness
f a surface. The contour plots of ACV normally presents the straightfor-
ard surface patterns in terms of color scale. For a random 2D surface
rofile, its ACV normally decays quickly in the vicinity of zero; but if
he surface has a steady periodic component, the ACV will oscillate ac-
ordingly. The spacing, over which the ACV oscillates, is usually termed
repeatability length’. The repeatability length is normally related to the

achining process adopted, such as feed rate of turning. 
Fig. 10 (a) and (c) directly shows the periodic difference in the ACVs

ver the ground and turned surfaces. Fig. 10 (a) depicts the ACV con-
our plot over the ground surfaces with color scale; and as shown in
ig. 10 (b), its ACV along Y direction rapidly falls to zero from the mid-
le of the scanned ground surface. The ground surface exhibits a fast
ecaying ACV with only a small magnitude of periodic oscillation. This
eans the ground surface is topographically more random than that

f the turned surface, though both surfaces have the same 3D surface
rithmetic mean roughness ( S a , grinding = S a , turning = 0.30 μm). Fig. 10 (c)
hows the contour magnitude of ACV over the turned surface for which
eriodic stripe patterns are obvious; its ACV along the Y direction, as
hown in Fig. 10 (d), oscillates with comparatively regular and consis-
ent value of amplitude. This means the periodicity of surface micro ge-
metry for the turned surface is much stronger than that for the ground
urface. All of these features indicate that the turned surface is typi-
ally anisotropic and of dominant periodic wavelength structure when
ompared with the ground surfaces. 

. Conclusions 

Surface texture characterization plays a vital part in describ-
ng surface micro geometrical features and in determining surface
unctionality-related properties (such as load bearing capacity, friction,
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Fig. 9. Comparison of surface texture and PSDs for ground and turned surfaces ( S a , grinding = S a , turning = 0.30 μm). 
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ear and fluid retention capability) of machined components. Select-
ng reasonable surface texture characteristic parameters and correlating
hem with corresponding functionalities for specific engineering appli-
ations are critical for effective characterization and assessment of the
uality of machined surfaces. The work and the results reported in this
aper introduced a practical and effective means to implement accu-
ate characterization and correlation. The following conclusions may
e drawn from the work carried out: 

1 Although both the ground and turned surfaces had the same value
of the principal index S a , their surface micro geometrical features
70 
differ greatly indicating totally distinct performance properties. Ap-
parently, it is insufficient to rely on only one or several single-valued
principal surface parameters when a comprehensive characteriza-
tion or assessment of the surface micro geometry and functionality
are required. 

2 When compared with the 2D or 3D single-valued surface texture pa-
rameters, statistical functions could give more information which
sometimes indicates a particular functional property of machined
surfaces. For the 2 experimentally-machined surfaces of Ni-based su-
peralloy GH4169, ADFs and BACs demonstrated better load-bearing
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Fig. 10. Comparison of ACV plots for the ground and turned surfaces ( S a , grinding = S a , turning = 0.30 μm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 

t  

(

R

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

[  

 

[  

 

[  

 

[  

[  

 

 

 

[  

[  

[  

 

[  

 

[  

[  

 

and oil retention abilities of the ground surface than those of the
turned surface; while PSD and ACV gave the straightforward com-
parison of the randomness or periodicity of the ground and turned
surface patterns. 

3 Reasonable selection and use of 3D surface texture characterization
with statistical functions (e.g. ADFs and BACs), could give more spe-
cific and complete descriptions and evaluation of the micro geometry
and functionality-related properties for the machined surfaces that
having the identical values in their principal indexes, such as S a or
R a . 

4 Effective characterizing and correlating the surface texture parame-
ters or statistical functions with specific functionality-related prop-
erties is necessary and viable in practical production. 3D surface tex-
ture parameters and statistical functions are superior in characteriz-
ing and evaluating surface quality and corresponding functionality-
related performance of machined components, when compared with
the traditional situation which only using single-valued surface pa-
rameters. 
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