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Abstract: Super duplex stainless steels (SDSSs) combine austenite and ferrite 
in near equal proportions along with other alloying elements giving these steels 
excellent mechanical and chemical properties and making them of much use 
across industries. The same characteristics that give SDSS advantageous 
properties impair their machinability and make cutting of SDSS prone to 
unstable process-induced chatter vibrations. The focus of this paper is to hence 
investigate the machinability and machining stability of dry turning SDSS. 
Based on systematic experimental characterisation, we identify cutting force 
coefficients that characterise machinability and observe these coefficients to be 
relatively speed independent. We further observe surface characteristics to 
improve with cutting speeds. Using identified coefficients and measured 
dynamics, we predict the stability behaviour. Experimental validation confirms 
that the nose radius on cutting tools plays a significant role in improving the 
chatter vibration-free turning of SDSS. Our findings can instruct high-
performance strategies for turning of SDSS. 
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1 Introduction 

Super duplex stainless steels (SDSSs) are second-generation duplex stainless steels 
(DSSs) that have superior mechanical strength, higher fracture toughness, higher 
ductility, lower thermal conductivity, and better corrosion resistance and chemical 
stability than DSS and other austenitic stainless steels (Kaladhar et al., 2012). These 
steels are two-phase materials containing austenite and ferrite in nearly equal proportions. 
The austenite provides the superior mechanical properties, and the ferrite provides 
excellent pitting and corrosion resistance properties (Nomani et al., 2016). The 
combination of alloying elements such as chromium, molybdenum, and nitrogen further 
provides these steels chemical stability (de Oliveira et al., 2014). 

Because of their advantageous properties, and because of SDSS being less expensive 
than other nickel-based alloys (Gamarra and Diniz, 2018), SDSS finds much use in the 
marine, oil and gas industries, construction and chemical processing industries. The wide 
industrial applications and the growing use of these alloys in industries necessitate more 
efficient manufacturing processes for these alloys. And, regardless of the primary 
manufacturing process (casting and/or forging and/or rolling) of these alloys, all 
industrial applications demand that the final functional form for parts made of these 
alloys be made by machining. There is hence a clear and present need to understand how 
to machine these alloys more efficiently. This is indeed the aim of this paper – to 
contribute to a nuanced understanding of turning SDSS. 

The same characteristics that give SDSS advantageous mechanical and chemical 
properties impair their machinability. Their high ductility results in high cutting 
temperatures, formation of built-up edge and high wear on the tools (Gamarra and Diniz, 
2018). Due to their high hardening rates and hardness of the austenite and ferrite phases 
being different further complicates machining of these alloys and accelerates tool wear 
and shortens tool life (de Oliveira et al., 2014). Higher mechanical strength and fracture 
toughness of these alloys require more energy for chip removal, thus increasing cutting 
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forces and heat generated during machining, further reducing tool life. Increased process 
forces also makes machining of these alloys susceptible to process-induced vibrations 
(Bordinassi et al., 2008; de Oliveira et al., 2014) that may become unstable and hence 
limit the potential productivity of making parts with these alloys. 

Given that SDSS has high industrial applicability and that SDSS are very difficult to 
machine, it is the goal of this paper to contribute to the understanding of speed-dependent 
machinability and the vibration-free machining stability related aspects of turning SDSS. 
These aspects of investigating machining of SDSS are new and have not been addressed 
in other published research. Even though application scenarios for SDSS include parts 
that must be turned, milled, and/or drilled, this study will focus its attention only on 
turning SDSS. Furthermore, this study will only be focused on the dry turning of SDSS. 

Most machining-related studies have focused more on DSS than SDSS. Reported 
research on turning of DSS has discussed the influence of cutting parameters: on surface 
integrity (Królczyk et al., 2014; Królczyk and Legutko, 2014a), on surface characteristics 
(Królczyk et al., 2013a; Królczyk and Legutko, 2014b), and on tool wear and on tool life 
(Królczyk et al., 2013c, 2013d, 2013b, 2015). Other research on turning DSS has focused 
on using measured cutting forces as a metric to evaluate the role of cutting dry (Królczyk 
et al., 2016; Selvaraj et al., 2014) and with different cutting fluids (Dhananchezian et al., 
2018; Ghatge et al., 2018; Koyee et al., 2014; Xavior and Adithan, 2010). In general, 
these studies report that surface roughness increases with an increase in feed and cutting 
speed, wear increases and consequently tool life decreases with an increase in speed, and, 
cutting forces decrease with an increase in cutting speed. 

Even though SDSS has been reported to be more difficult to cut than DSS (Kaladhar 
et al., 2012), there has been comparatively less research attention paid to understanding 
its machinability during turning. Bordinassi et al. (2008) reported on the influence of 
cutting parameters induced residual stresses. de Oliveira et al. (2014) reported on the role 
of high-pressure cooling strategies under different cutting speeds on the tool life and 
surface roughness. Influence of cutting parameters on deformation mechanisms in turning 
of SDSS were reported by Nomani et al. (2016), whereas de Paiva et al. (2017), Rajaguru 
and Arunachalam (2017) and Gamarra and Diniz (2018) were more concerned with 
understanding the role of different coatings on tool wear and life and surface roughness 
respectively. 

Of all the relevant published work on turning of SDSS, we find that not much has 
been discussed about the changing characteristics of forces with cutting parameters. We 
also find no mention of cutting force coefficients (specific energies). Since this paper is 
concerned with developing an understanding of the machinability of turning SDSS, and 
since machinability can mean ‘all things to all men’ (Astakhov, 2014), instead of relying 
on the machined surface characteristics and/or tool life/wear as proxies for  
machinability – as has been reported on by other research on turning duplex steels, this 
paper prefers the method of relating machinability to the mechanistically identified 
cutting force coefficients. These coefficients are identified from experiments by 
measuring how forces change with feed for specific values of depths of cut at specific 
speeds, and by using semi-empirical models that assume cutting forces to be proportional 
to the area of the uncut chip thickness (Altintas, 2012). Since these coefficients lump 
within them the influence of high strain, high strain-rate, and high temperatures 
encountered during machining of SDSS, and since these coefficients also account for 
how the geometry of the cutting tools influences cutting behaviour, we feel that these 
serve as excellent metrics to characterise the process machinability of materials. 
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Though the mechanistic approach of identification has the disadvantage of having to 
repeat experiments for every tool-workpiece material pair, the relative ease of identifying 
these coefficients has made the approach useful and popular in research laboratories and 
in industrial practice (Gradisek et al., 2004). Other ways of obtaining these coefficients 
that serve as proxies for machinability are based on the orthogonal to oblique 
transformation method (Budak et al., 1996). However, the transformation method 
assumes that an orthogonal database of these coefficients is available, which, sadly for 
SDSS is not. Yet other model-based methods to characterise coefficients rely on 
constitutive equations that relate stress to the high strains, strain-rates, and temperatures 
seen during machining. However, since no such published database for SDSS exists, this 
paper hence prefers the mechanistic identification of coefficients that characterise 
machinability. 

To help characterise the process machinability of SDSS, this paper will discuss the 
identification of these coefficients under varying cutting conditions. This identification is 
discussed in Section 2 of this paper. The identified coefficients are used as inputs in a 
mechanistic model to predict cutting forces for cutting parameter sets that were not part 
of the identification set. This prediction is discussed in Section 3 of this paper. 

Since cutting process-induced vibrations of this very difficult-to-cut SDSS may lead 
to chatter, and since chatter deteriorates surface quality, tool life, and can damage the 
machine tool system – chatter must be avoided like plague. Given that there exist no 
reported discussions on the stability of machining of SDSS and/or DSS in the literature, 
this paper will also discuss the machining stability of SDSS – presented in Section 4 of 
this paper. The section on stability also discusses the measured dynamics of the tooling 
system for turning of SDSS and uses the coefficients identified in Section 2 as inputs to 
the stability models to predict stable cutting conditions. Models presented in Section 4 are 
based on other earlier reported works (Altintas, 2012; Budak and Altintas, 1998; Ozlu 
and Budak, 2007a, 2007b). Following the experimental validation of stability predictions, 
the paper is concluded by synthesising the main findings. We expect our observations to 
result in a nuanced understanding of the speed-dependent machinability of SDSS along 
with the conditions necessary to guarantee vibration-free high-productivity turning of 
SDSS. 

2 Experimental identification of cutting force coefficients 

This section details the experiments performed to measure cutting forces with varying 
cutting parameters such as to identify the cutting force coefficients. We also discuss how 
surface characteristics are influenced by cutting parameters. All experiments were 
conducted under dry cutting conditions, i.e., no coolant was used. 

All experiments were conducted on hot forged SDSS 2507 (ASTM A240 – UNS 
S32750). Tensile tests on specimens were carried out at low-strain rates of 10-4 s-1 and 
the elastic modulus and yield strength were found to be 420 Gpa and 700 Mpa 
respectively. Prior to machining, chemical/elemental analysis of the SDSS 2507 material 
used in this study was undertaken using an electron probe micro analyser (Model:  
JXA-8230 SuperProbe) – results of which are shown in Table 1. These are like those 
reported elsewhere by de Paiva et al. (2017) and Rajaguru and Arunachalam (2017). 
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Table 1 Chemical composition of SDSS 

Cr Ni Mo Si Mn C Fe 
28.56 6.35 1.63 0.34 0.39 0.24 Remainder 

2.1 Experimental setup and process parameters 

Experiments were performed on an ACER AMS CNC lathe (Model: Simple Turn  
5075-SPM). Cutting forces were measured using a calibrated Kistler make dynamometer 
(Model: 9257BA). Data was acquired through a data acquisition system (Make: National 
Instrument, Model: NI9234) and the data acquisition module of the CutPro® software 
(CutPro V11.2.27.1, 2019). Cutting inserts of the CCMT120408MR type with a grade of 
GC2220 supplied and recommended by Sandvik Coromant were used. These were 
mounted on a tool holder of the SCLCR 2020K type supplied by Seco Tools Ltd. The 
holder has a 0° rake angle and 5° side cutting edge angle. The setup to measure forces is 
shown in Figure 1. Surface roughness was measured using a portable surface 
profilometer (Make: Mitutoyo, Model: SJ-210). To ensure repeatability in all 
experiments, all fasteners were tightened as per their recommended tightening torques. 

Figure 1 Experimental setup (see online version for colours) 

 

Process parameters selected based on the cutting tool manufacturer’s recommendation are 
listed in Table 2. Experiments were conducted for a cutting length of 15 mm and each 
experiment was repeated three times to check for repeatability. A total of 48 experiments 
were conducted to identify the coefficients. 
Table 2 Process parameters 

Cutting speed (m/min) Feed rate (mm/rev) Depth of cut (mm) 
160 0.15; 0.175; 0.2; 0.225 1.5 
175 0.15; 0.175; 0.2; 0.225 
190 0.15; 0.175; 0.2; 0.225 
205 0.15; 0.175; 0.2; 0.225 
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2.2 Identification of cutting force coefficients 

We use the mechanistic method for the identification of cutting force coefficients 
(Altintas, 2012). In this method, the relationship between the measured averaged cutting 
forces and the coefficients are described by a straight line: 

, , ,i ic ieF K bh K b i t f r= + =  (1) 

wherein Fi is the cutting force; i = t, f, r corresponds to the tangential, feed and radial 
directions respectively; Kic is the main cutting force coefficient; Kie is the edge 
coefficient; and b and h correspond to the depth of cut and the feed (uncut chip thickness) 
respectively. Clearly, the main coefficients are slopes and the edge coefficients are 
intercepts. 

We construct equation (1) for every speed by varying the feed at four levels – with 
the parameters being as reported in Table 2. A representative example of the measured 
forces at a speed of 160 m/min and at a feed of 0.15 mm/rev is shown in Figure 2. The 
profile of cutting forces follows the classical turning force profile. In the present case the 
tangential (t), radial (r), and feed (f) forces correspond to the machine’s global Y, X and Z 
directions respectively. As is evident and is expected, the tangential cutting force is the 
main component. The feed and radial components are high due to the large nose radius on 
the insert that contributes to some rubbing action. 

Figure 2 Measured cutting forces at cutting speed of 160 m/min and feed of 0.15 mm/rev 

 

A representative case of changing forces with changing feeds at a fixed speed, and with 
changing speeds at a fixed feed are evident from comparisons in Figure 3. As is evident 
from Figure 3(a) and is expected, forces increase linearly with feed suggesting that the 
mechanistic method for identification of coefficients presented in equation (1) is indeed 
valid. As is evident from Figure 3(b), forces do not change significantly with speeds. This 
is surprising and is unlike what has been reported by others before in the case of turning 
DSS (Selvaraj et al., 2014). Since no comparable published work exists for turning of 
SDSS, we think our observations to be important – that in turning of SDSS, the forces do 
not change much with an increase in cutting speeds, and hence thermal softening effects, 
if any, during high-speed turning of SDSS may indeed be not very significant. 
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Figure 3 (a) Variation of cutting forces with feeds at a cutting speed of 160 m/min (b) Variation 
of cutting forces with cutting speeds at a feed rate of 0.15 mm/rev 

  
(a)     (b) 

Conducting all 48 experiments as planned (four levels of speeds, with four levels of feed 
for every experiment, and each experiment being repeated three times), we use  
equation (1) to evaluate the speed-dependent cutting force coefficients. These results are 
summarised in Figure 4 – which limits the analysis to only the main coefficients. As is 
evident from Figure 4, except for an outlier or two, the main cutting force coefficients 
can be considered to be speed independent. Since these coefficients are quantities derived 
from measured forces, and since the measured forces were also observed to not change 
with increasing speeds, the coefficients not changing with speeds is consistent with our 
earlier observation on the forces in Figure 3(b). Similar level of analysis as is presented 
for the main coefficients in Figure 4 was carried out for the edge coefficients, and those 
too did not appear to change significantly with speeds. However, for brevity, those results 
are not presented herein, and instead, we summarise the speed averaged main and edge 
coefficients from all experiments conducted in Table 3. 

Figure 4 Variation of cutting coefficient with cutting speeds 
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Table 3 Experimentally identified and averaged cutting and edge coefficients 

Ktc (N/mm2) Kfc (N/mm2) Krc (N/mm2) Kte (N/mm) Kfe (N/mm) Kre (N/mm) 
2,064 751 867 49.8 69.5 –21.3 

These coefficients are a direct proxy for the process machinability of SDSS. They 
incorporate within them all influences of high strain and strain-rate dependent material 
deformation along with all influences of temperatures during machining. Furthermore, all 
unmeasurable quantities such as the shear angle, the friction angle, temperature and  
rate-dependent shear stresses – are all lumped into this coefficient – making this 
coefficient more representative of the machinability of the SDSS material under 
investigation for the tool geometry used and for the process parameters under 
investigation, and for the dry cutting conditions discussed herein. Any change in the 
geometry of the tool, or in the cutting parameters, or in the coolant/lubrication conditions 
will require these coefficients to be re-evaluated experimentally to generate a more 
comprehensive database. 

Since the mechanistic model is linear, these coefficients can directly be used to now 
predict how the forces will change with changing cutting parameters. Moreover, since the 
coefficients are observed to be relatively speed-independent, equation (1) remains valid 
for all speeds within the range investigated. 

The negative radial edge coefficient in Table 3 has no physical meaning and does not 
mean that forces reduce with increasing depths of cut – even if that is what the linear 
force model suggests. Since edge coefficients are identified from the intercept of the 
straight line fitted to forces changing with feeds, sometimes, if the slope is very steep, the 
intercept can turn out to be negative, which in turn makes the coefficient negative. This is 
indeed why the radial edge coefficient in our investigations is negative. Negative edge 
coefficients are hence only an artefact of the method of identifying them. Negative 
coefficients are not unusual, and have been reported on by others too, for other machining 
processes (Gradisek et al., 2004; Lamikiz et al., 2005; Ehsan Layegh and Lazoglu, 2014). 
Furthermore, it is worth noting that the edge coefficients are a fraction of the main cutting 
force coefficients and hence, even if negative, these do not dictate the force levels, the 
main coefficients do. Furthermore, these edge coefficients play no role in the stability 
models that we use. 

These identified coefficients will now be used to predict forces for cutting parameter 
sets that were not part of the identification experiments – as is discussed in Section 3, 
after briefly discussing the cutting parameter-dependent surface characteristics. 

2.3 Surface characteristics 

For all 48 experiments as earlier, surface roughness was measured. Each surface 
roughness measurement is the average of three measurements on every surface. Measured 
Ra is summarised in Figure 5. As is evident, the surface roughness values increase with 
feed as is expected but the changing surface characteristics with increasing speed are 
unusual. There appears to be an increase in surface roughness with an increase in cutting 
speed from 160 m/min to 175 m/min. However, beyond this speed, i.e., at speeds of 190 
m/min, and at 205 m/min, the surface roughness reduces to values even below those 
observed at 160 m/min. This suggests that the cutting speed influences the surface 
characteristics of turning SDSS, and that there is an optimum speed at which the surface 
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roughness is low. These observations are insightful to guide the selection of cutting 
parameters when turning SDSS. Furthermore, these observations when made in 
conjunction with our observations of cutting forces not being strongly speed dependent, 
suggest that those applications that can be performed at high speeds, may be – since the 
force does not change, but the surface quality improves. However, since high speed 
cutting is known to hasten tool wear and reduce tool life, and since tool wear analysis is 
not addressed in this paper, how/if turning SDSS at high speeds influences tool life must 
also be correctly accounted for in the design of effective machining strategies for SDSS. 

Figure 5 Variation of surface roughness with feeds and cutting speeds 

 

3 Prediction of cutting forces and validation of identified coefficients 

Identified coefficients are used to predict forces at cutting parameter sets that were not 
part of the identification set. The parameters for validation of the coefficients are listed in 
Table 4. As is evident, the parameters for speeds and feeds lie in between the values 
listed in Table 2 – that were part of the identification set. The depth of cut for these 
experiments remains the same as earlier, i.e., at 1.5 mm. 
Table 4 Process parameters for validation of coefficients 

Cutting speed (m/min) Feed rate (mm/rev) Depth of cut (mm) 
167.5 0.162; 0.187; 0.212 1.5 
182.5 0.162; 0.187; 0.212 
197.5 0.162; 0.187; 0.212 

Using equation (1), and the identified coefficients listed in Table 3, we predict the 
tangential (y), radial (x), and feed (z) forces, and compare the predictions with 
experimentally obtained forces in Figure 6. As is evident, the predictions are in very good 
agreement with the measured forces, and again, the forces are not observed to be strongly 
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speed-dependent – suggesting that the coefficients identified are correct. Seeing that these 
coefficients are validated, these are now used to investigate the machining stability of 
turning SDSS – as is discussed next. 

Figure 6 Comparison of predicted forces with the experimentally measured forces for cutting 
speeds of 182.5 m/min and 197.5 m/min 

   

4 Machining stability of SDSS 

This section discusses the machining stability of turning SDSS to guide the selection of 
cutting parameters to guarantee chatter vibration-free machining of SDSS. Regenerative 
chatter involves small oscillations of the tool that results in waves being left on the work 
surface. These wavy surfaces are to be removed in subsequent rotations, and because of 
the earlier modulations, the resulting vibrations are of increasing amplitude, resulting in 
chatter. Since chatter fundamentally limits the part surface quality and productivity, we 
use the analytical models reported earlier (Altintas, 2012; Budak and Altintas, 1998; Ozlu 
and Budak, 2007, 2007b) to predict the stability. Since we do not a priori know the 
influence, if any, of the nose radius on the chatter stability, we present the analytical 
stability models for turning process with and without the effect of nose radius. Since the 
models also need information about the dynamics of the system, we also subsequently 
discuss the measurement of these dynamics characterised by their frequency response 
functions (FRFs). This section is concluded with validating the predictions 
experimentally. 

4.1 Stability model ignoring the nose radius 

The analytical stability model for turning discussed below that ignores the influence of 
the nose radius is based on the work described by Altintas (2012). A schematic of the 3D 
turning operation is shown in Figure 7. 

For the tool assumed to be more flexible than the workpiece, the critical stability 
limit, i.e., the limit of depth of cut beyond which chatter occurs can be described as 
(Altintas, 2012): 
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( )lim
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wherein 
2 2

1 fc rc
c tc

tc tc

K KK K
K K

   = + +   
   

 is the resultant cutting force coefficient that is a 

function of the main cutting coefficients evaluated as described earlier. Since we ignore 
the influence of nose radius on stability (which is separately addressed subsequently), the 
edge coefficients are also ignored presently. For detailed derivations on obtaining the 
stability limits, the reader is directed to Altintas (2012). 

Figure 7 Schematic of turning process with the tool assumed to be flexible 

 

φ0 within equation (2) is the oriented FRF matrix of the tool which is a function of the 
measured FRF matrix such that: 

[ ]
( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )

0

xx c xy c xz c

yx c yy c yz c

zx c zy c zz c

h jω h jω h jω
f h jω h jω h jω

h jω h jω h jω

  
  =   
    

φ  (3) 

wherein h(jωc) – are the measured FRFs – described in Subsection 4.3; ωc is the 
frequency at which chatter occurs – which is close to the dominant natural frequency of 
the system; and, j is the imaginary operator. 

Equation (2) makes plain that the critical depth of cut beyond which chatter occurs is 
inversely proportional to the resultant cutting force coefficient and the flexibility of the 
system characterised by the real part of the oriented transfer function. This clearly 
suggests that higher the coefficient is and more flexible the system is, lower will be the 
chatter-free critical depth of cut. 
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Since stability behaviour is typically characterised in the parameter space of critical 
depths of cut and spindle speeds, the relationship between the chatter frequencies and the 
spindle speeds can be shown to be (Altintas, 2012): 

602 ,cω τ ε kπ n
τ

= + =  (4) 

wherein ε is the phase difference between the outer and inner surface modulations, n is 
the spindle speed in RPM and k is the integer number of waves on the surface in a period, 
τ. 

Equations (2) and (4) are used in conjunction with the measured dynamics and 
estimated coefficients to predict the chatter-free stability behaviour of turning SDSS – as 
is described in Subsection 4.4. 

4.2 Stability model considering the effect of nose radius 

The stability model that we use to account for the influence of the nose radius on 
machining stability was proposed by Ozlu and Budak (2007a). As suggested by them, we 
divide the curved chip area at the nose into n trapezoidal elements as shown in Figure 8. 
We find the elemental stability limit and determine the total stability limit by multiplying 
the elemental stability limit by the total number of elements in cut. However, since the 
total number of elements in cut is not known a priori, at first, we assume a certain number 
of elements can appropriately define the nose region, and then check if the limiting depth 
of cut, blim is smaller than b. If blim is greater than b, then the solution continuous to the 
next element. 

Figure 8 Schematic representation incorporating the influence of nose radius in a stability model 

 

The solution for stability including the influence of the nose radius proceeds differently 
than without the nose radius, and the critically stable limiting depth of cut, blim is obtained 
by solving an eigenvalue problem formulation as reported by Ozlu and Budak (2007a, 
2007b): 

( )2
lim

1 Λ 1
2 Rb K= − +  (5) 
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wherein ΛR is the real part of the eigenvalue – which is obtained by solving the 
eigenvalue problem formulation – which includes inside it the effects of the dynamics of 
the system, and the cutting force coefficients. K within equation (5) is the relationship 
between the imaginary and real parts of the eigenvalues, and can hence be thought of a 
‘phase’, and is expressed as: 

Λ sin
Λ 1 cos

I c

R c

ω τK
ω τ

= =
−

 (6) 

wherein ωc is the chatter frequency that is near the natural frequency of the system; and, τ 
is the time period. For more details on the stability model, the interested reader is directed 
to Ozlu and Budak (2007a). The relationship between the chatter frequencies and the 
spindle speeds is the same as given in equation (4) for the model without the nose radius. 
As was done for the model without nose radius effects, in the present case too,  
equations (4)–(6) are used in conjunction with the measured dynamics (discussed next) 
and estimated coefficients to predict the chatter-free stability behaviour of turning SDSS 
– as is described in Subsection 4.4. 

4.3 Measured dynamics of the system 

A modal test was conducted to measure and evaluate the dynamics, i.e., the FRFs of the 
system. The setup to measure the dynamics is shown in Figure 9. We used an impact 
hammer (Make: Dytran, Model: 5800B) to excite the tool, and measured the response 
using an accelerometer (Make: Dytran, Model: 3225F1). Signals were acquired using a 
data acquisition system and further processing was done in CutPro® and in MATLAB®. 
Since the stability models require all nine FRFs to be measured, i.e., three direct FRFs 
(hxx, hyy, hzz), and six cross FRFs (hxy, hxz, hyx, hyz, hzx, hzy), each of these were measured 
separately. Furthermore, dynamics were measured for tools with two different overhangs 
as shown in Figure 9. The 35 mm overhang is most commonly used, and the 70 mm 
overhang was so chosen to emulate an application that requires turning of SDSS with a 
tool with a long overhang. 

Figure 9 Modal testing setup, (a) 70 mm overhang (b) 35 mm overhang (see online version  
for colours) 
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All measured FRFs for tools with both overhangs are shown in Figures 10–11. As is 
evident from the FRFs in Figure 10 – which shows the results for the case of 70 mm 
overhang, the tool with a higher overhang is naturally more flexible than the tool with the 
short overhang – results for which are shown in Figure 11. The flexibility of the system is 
characterised by the peak amplitude of the imaginary part of the FRFs, and, as is evident, 
the peak amplitude for the direct z directional mode at ~2,000 Hz is ~1.2 × 10–6 m/N for 
the long overhang case, whereas the peak amplitude of the direct z directional mode at 
~2,800 Hz is ~2.7 × 10–8 m/N for the short overhang case – which is significantly stiffer. 
It is also noteworthy that the flexibility in the feed direction, which is the direction of 
regeneration is greater than all other directions. These measured dynamics are now input 
into the stability models discussed above along with the coefficients identified earlier to 
predict the chatter-free stability boundaries – as is discussed next. 

Figure 10 (a) Real (b) Imaginary part of FRF for 70 mm overhang (see online version  
for colours) 

  
(a)     (b) 

Figure 11 (a) Real (b) Imaginary part of FRF for 35 mm overhang (see online version  
for colours) 

  
(a)     (b) 
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4.4 Model predicted stability 

Stability is predicted and compared for three cases in Figure 12. Two cases correspond to 
the two different overhangs without the influence of the nose radius, and, and for the long 
overhang case, the influence of the nose radius is also considered. As is evident from 
Figure 12, there is a significant increase in the absolute stability limit from 0.66 mm to 
14.3 mm as the tool overhang is reduced. This is understandable – since equation (2) 
suggests as much that as the flexibility increases, the stability limit decreases. In general, 
selection of cutting parameters in the regions above the stability boundaries will result in 
unstable chatter vibrations, whereas selection of cutting parameters below these stability 
boundaries will result in stable cutting. Seeing how the stability limit is already very high 
for the short overhang case, the influence of nose radius on stability is hence only 
discussed for the long overhang case. Inclusion of the nose radius in the stability model 
appears to increase the stability limit – which is consistent with results reported by Ozlu 
and Budak (2007b). Experimental validation of these results is discussed next. 

Figure 12 Predicted analytical stability limits for different situations (see online version  
for colours) 

 

 

4.5 Experimental validation of machining stability 

Since the predicted stability limit for the tool with less overhang is greater than 14 mm, 
and since cutting this deep is not possible on the machine on which cutting tests were 
performed, experiments to validate the stability predictions were only conducted for the 
tool with 70 mm overhang. The experimental setup is shown in Figure 13. A microphone 
and an accelerometer were used to measure the sound pressure and vibrations of the tool 
respectively. Signals were acquired using the data acquisition system and CutPro®. 
Experiments were conducted at four levels of depths of cut and three levels of spindle 
speeds as listed in Table 5. Since the stability models suggest that the limiting depth of 
cut is independent of feed, a constant feed rate of 0.15 mm/rev was used for all the 
experiments. Unstable chatter vibrations were detected by studying the time evolution of 
the recorded signals, and by looking at the frequency spectra of the recorded signals. 
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Frequency spectra were obtained by taking fast Fourier transforms (FFTs) of the 
measured signals. If the response appears to grow – it suggests the presence of chatter, 
and this can be confirmed by the spectra of the response signal being dominated by a 
peak around the measured natural frequency of the system. Chatter can also be visually 
inspected. A total of 12 experiments were conducted to validate the predicted stability 
boundaries. Experimental observations are overlaid on the predicted boundaries in  
Figure 14. 

Figure 13 Experimental setup for validating predicted stability limits (see online version  
for colours) 

 

Table 5 Process parameters tested for chatter 

Spindle speed (RPM) Depth of cut (mm) Feed rate (mm/rev) 
1,000 0.5; 1.0; 1.5; 2.0 0.15 
1,100 0.5; 1.0; 1.5; 2.0  
1,200 0.5; 1.0; 1.5; 2.0  

As is evident from Figure 14, all experiments up to a depth of cut of 1.5 mm were found 
to be stable, and all experiments conducted at a 2 mm depth of cut were observed to be 
unstable. A representative example of the stable cutting experiment shows the measured 
sound pressure to be uniform through the experiment, and its spectra not being dominated 
by any peak(s), whereas the representative example of the unstable cutting experiment 
shows clearly the growing nature of the measured sound pressure. The spectra of this 
signal is dominated by a peak at 2,354 Hz, which is greater than the dominant natural 
frequency observed for this overhang from Figure 10. Both these metrics point to chatter. 
Moreover, inspection of the machined surfaces also indeed confirms the presence of 
unstable chatter vibrations. Interestingly, as is evident from Figure 14, all experimentally 
unstable data points lie above the predicted stability boundary that accounts for the nose 
radius, whereas a lot of experimentally stable cutting points lie above the predicted 
stability boundary without the influence of the nose radius – suggesting that the model 
that ignores the influence of nose radius in turning of SDSS is not adequate. 
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Figure 14 Experimental validation of predicted stability boundaries (see online version  
for colours) 

 

5 Conclusions 

SDSSs offer many advantageous mechanical and chemical properties that has made their 
use popular in many industries. However, the same mechanical properties that give SDSS 
their edge, makes them very difficult to cut. Since machining parts made of SDSS is 
necessary to give the parts their final functional form – this study focused its attention on 
investigating through systematic experimental characterisation – the process 
machinability of SDSS. Since SDSS is difficult to cut and since the process forces are 
usually very large, this study also focused its attention on how these large process forces 
induce unwanted vibrations during cutting. More than 80 experiments were undertaken. 
These included experiments conducted at varying levels of speeds and feeds to identify 
cutting force coefficients which are the best proxy to understand process machinability. 
Experiments were also undertaken to validate the identified coefficients. Further 
experiments were also conducted to validate the analytical machining stability predictions 
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such that model-based predictions may guide the vibration-free machining of SDSS. 
Based on our experimental observations we conclude the following: 

• Cutting forces and coefficients were observed to be relatively speed independent. 
These observations suggest thermal softening effects, if any, during high-speed 
turning of SDSS may indeed not play a dominant role. This observation can guide 
the selection of cutting parameters to improve productivity. 

• Surface roughness characteristics were observed to first increase with speeds, and 
then reduce at higher speeds, suggesting that there is an optimal speed beyond which 
the surface roughness does not adversely degrade. This observation is also relevant 
to guide the selection of cutting parameters that do not degrade surface quality, 
hasten tool wear, or compromise on the productivity. 

• Experimentally validated machining stability predictions suggest that the nose radius 
increases the absolute minimum stable depth of cut beyond which unstable chatter 
vibrations occur. This observation can guide the selection of cutting parameters to 
ensure high-performance and vibration-free machining of SDSS. 

All observations made above are new and have not been reported on in the literature. We 
believe that the speed-dependent process machinability and the machining stability 
investigations presented herein contribute to a nuanced understanding of how to cut 
SDSS. Investigations in this work did not focus on tool wear and/or life, nor did they 
focus on the role of lubrication/coolant and/or coatings, and those need to also be 
separately investigated. 
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