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Energy Efficiency Analysis
for Machining Magnesium Metal Matrix
Composites Using In-House Developed
Hybrid Machining Facilities

Navneet Khanna and Prassan Shah

Abstract Adoption of sustainable machining techniques shall offer the local indus-
try a cost-effective route to improve its environmental, economic and social footprint
when it comes to machine difficult-to-cut materials. This experimental study inves-
tigates the behavior of sustainable cutting fluid approaches on active cutting energy
(ACE), active energy consumed by machine tool (AECM) and energy efficiency
(EE) for machining PMMCs (particulate metal matrix composites) of magnesium at
different combinations of rotational speed and feed. Minimum Quantity Lubrication
(MQL), cryogenic and CryoMQL machining are performed on in-house developed
MQL and cryogenic experimental setups and the results obtained from them are com-
pared with dry machining. The L36 orthogonal array is employed to design the exper-
iments. It is observed that cryogenic machining consumes comparatively lower ACE
and AECM among the four cutting fluid approaches. It is found that dry machining
provides comparatively lowerEEamong four cuttingfluid approaches. From themain
effects plot, it is observed that cryogenic assistance further improves the machining
performance of the MQL technique and offers better EE. The results of Analysis of
Variance (ANOVA) suggest that rotational speed, cutting fluid approach and feed are
the significant parameters that affect the EE in descending order respectively.
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13.1 Introduction

It has been forecasted by International EnergyAgency that up to 2030 the demand for
electrical energy increases by1.7%per year.Manufacturingprocesses consumeabout
30% of the total electrical energy produced. Almost all machining processes being a
subpart ofmanufacturing process consume electrical energy for performingwork. By
considering this fact, it is required to consider energy consumption as an important
machinability indicator along with tool wear, cutting force and surface roughness
for machining processes (Bilga et al. 2016; Li and Kara 2011). Due to lightweight
and exceptional mechanical properties at elevated temperature, the PMMCs of Mg
are widely used in the aerospace and automotive industries (Khanna et al. 2019).
Machinability of PMMC is poor due to the existence of hard particles within a softer
metal matrix. To combat it, cutting fluid is used which reduces the cutting zone
temperature, cutting force, surface roughness and tool wear. MQL and cryogenic
machining have a low impact on the environment due to a minimum and no usage
of cutting oil respectively during machining. These processes do not only decrease
the hazards to the operator but also eliminate the chip recyclability process (Khanna
and Agrawal 2020; Adler et al. 2006). Though the dry machining does not consume
any type of cutting fluid, it is not sustainable because it generates higher surface
roughness and tool wear and hence results in lesser product quality and productivity
(Canter 2009). So, it will be interesting to compare the above-mentioned sustainable
processes with dry machining. In this context, the EE is measured for dry, MQL,
cryogenic andCryoMQLmachining processes at different combinations of rotational
speed and feed. EE is defined as the ratio of ACE to AECM (Bilga et al. 2016). ACE
is the net energy consumed during the cutting process while the AECM includes
the ACE and the energy losses occurred due to mechanical transmission, electrical
motors and electrical networks. The difference between active power consumed by
machine tool (APCM) with material removal and without material removal i.e.,
when the spindle is on but no contact between cutting tool and the workpiece is
active cutting power (ACP) and it converts into ACE when it is multiplied by cutting
time (Bilga et al. 2016).

Pu et al. (2012) compared surface integrity of machined surface of the AZ31B
Mg alloy for dry and cryogenic machining. A combination of large tool radius and
cryogenic machining provided higher values of compressive stresses as compared to
dry machining.

Kara and Li (2011) made an empirical model of specific energy consumption
(SCE) for turning and milling operations for dry and wet machining. The lower
values of SCE were observed in the dry machining as compared to wet machining
for the same material removal rate.

Madanchi et al. (2019) developed a model to identify the effect of cutting fluid
strategies with the change in process parameters (cutting speed, feed and depth of
cut) on the energy consumption and cost. This model considered the correlation of
elements of the machining system with the change in the cutting fluid strategies.
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From the above literature, it can be inferred that the selection of cutting process
parameters and cutting fluid influence the machining performance and eventually
energy consumption and EE during the machining process.

The industry is facing a decisive challenge to make energy-efficient machine
tools for machining difficult-to-machine materials. Research work focused on this
theme is required to increase pertinent understanding in order to develop an energy-
efficient hybrid machining facility for the local industry. The adoption of sustainable
production techniques shall allow the local industry a cost-effective way to fulfill
its socio-economic and environmental challenges. In relation to this, the present
work compares the effect of process parameters on EE for dry, MQL, cryogenic and
CryoMQL machining. It is envisioned that the findings of this work will help in the
development of optimized in-house retro-fitted hybrid machining facility.

13.2 Experimental Setup and Design of Experiments

AZ91/5SiC PMMC is used in the form of a 20 mm diameter and 190 mm length
rod for turning tests on a conventional lathe. In the final composition of AZ91/5SiC
PMMC, 5% SiC is reinforced with 67 µm particle size in the metal matrix of AZ91.

For MQL machining, in-house developed mist generator is used. LRT30 cutting
oil is used as a lubricant with 14ml/h flow rate. For performing cryogenic machining,
LN2 was stored in Dewar at 6 bar pressure. To convey the N2 in liquid form from
Dewar to the cutting zone, a vacuum insulated hose pipe is used. In MQL and
cryogenic machining, 2 mm diameter nozzle is used. For CryoMQL machining,
the above two setups are merged in such a way that MQL and LN2 stroke on flank
and rake face of the cutting tool respectively. Figure 13.1 describes the experimental
setup of CryoMQL machining.

Here CNMG120404AH DLC (Diamond Like Coating) insert is used with
MCLNR2020K12 tool holder. For every experiment, a fresh cutting edge is used
to have the same experimental treatment. Fluke 435 (series-II) 3 phase energy and
power quality analyzer is used to measure the APCM. To limit the experimental
design, the rotational speed, feed and cutting fluid approach is considered as factors
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Fig. 13.1 Experimental setup for CryoMQL machining
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(Bilga et al. 2016; Kara and Li 2011). Here L36 orthogonal array is used which con-
sists of three levels of factors namely rotational speed (835 (N1), 557 (N2), 371 (N3)
rpm), feed (0.111 (F1), 0.222 (F2), 0.333 (F3) mm/rev) and four levels of cutting
fluid approach (dry, MQL, cryogenic and CryoMQL) to analyze the results of ACE,
AECM, and EE.

13.3 Results and Discussion

The results of ACE, AECM, and EE are shown in Fig. 13.2. It is observed from
Fig. 13.2 that dry machining gives higher values of ACE, AECM and lower values of
EE atmost of the tests among four cutting fluid approaches. For cryogenicmachining,
ACEandAECMare found tobe the lowest atmost of the tests among four cuttingfluid
approaches except at lower rotational speed and higher feed. The reason for lower
energy consumption for cryogenic machining may be a noteworthy grain refinement
of Mg alloy on the surface of machined parts at low temperature. It reduces the
requirement of cutting force and hence energy (Pu et al. 2012).

It has been observed that the main effects and interaction plots provide
qualitative information regarding the impact of factors on response with direc-
tion. Figures 13.3 and 13.4 show the main effects and interaction plots for EE
respectively. From Fig. 13.3, it is observed that rotational speed, cutting fluid
approach and feed are the significant parameters that affect the EE in descending
order respectively. It is evident that as the rotational speed increases the EE increases
rapidly. Though there is a marginal difference of EE for the MQL, cryogenic and
CryoMQLmachining, they have significantly higher value of EE as compared to dry
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Fig. 13.4 Interaction plot for EE

machining. It is also observed that at intermediate feed (0.222 mm/rev) the value of
EE is higher. This result does not provide sufficient information if the interaction
effect of factors is not considered.

From the interaction plot (Fig. 13.4), it is clear that rotational speed with feed and
cutting fluid approach with rotational speed strongly affect the EE if the interaction
effect of factors is considered. It is also clear from the Fig. 13.4 that for all cutting
fluid approaches if the value of rotational speed increases the value of EE increase
rapidly.

ANOVA is considered as a valuable tool to predict the impact of factors on
response quantitatively with interaction effect (Khanna and Agrawal 2020). Here
the p-test is performed with ANOVA to analyze the information regarding the signif-
icance of parameters on response. For any parameter having p-value less than 0.05 is
considered as a significant parameter with 95% confidence. From the Table 13.1, it is
reconfirmed that rotational speed, cutting fluid approach and feed are the significant
parameters, which affect the EE by 43.21%, 12.23%, and 5.01% respectively.

In this study, only the spindle network is considered as machining system and
the rest of the elements are not included (e.g. air-compressor used for the MQL
and CryoMQL machining). If the energy consumed by air-compressor is considered
then even lower values of ACE and AECMmust be observed in cryogenic machining
as compared to MQL and CryoMQL machining. This clearly establishes cryogenic
machining as eco-efficient machining.
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Table 13.1 Results of ANOVA for EE

Source DF Seq SS Adj SS Adj MS p Contribution (%)

Rotational speed (rpm) 2 174.04 177.16 88.58 0.000 43.21

Feed (mm/rev) 2 20.17 21.67 10.83 0.040 5.01

Cutting fluid approach 3 49.25 31.83 10.61 0.030 12.23

Rotational speed (rpm)
* Feed (mm/rev)

4 70.41 75.32 18.83 0.000 17.49

Feed (mm/rev) *
Cutting fluid approach

6 9.60 10.17 1.69 0.710 2.38

Rotational speed (rpm)
* Cutting fluid
approach

6 46.05 46.05 7.67 0.060 11.44

Error 12 33.15 33.15 2.76 8.24

Total 35 402.71

13.4 Conclusions

This study presents cryogenic machining as an eco-efficient machining technique
suitable to reduce energy consumption in modern-day manufacturing processes. Tri-
als are carried out using in-house developed retro-fitted hybrid machining facilities.
The following conclusions are drawn from the study.

• The lowest values of ACE and AECM at most of the turning tests have been
obtained for cryogenicmachining among four cutting fluid approaches. Cryogenic
assistance further improves themachining performance of theMQL technique and
offers higher values of the EE.

• From the results of the main effects plot, rotational speed, cutting fluid approach
and feed are the significant parameters affecting theEE indescendingorder respec-
tively. With the interaction effect of parameters, it is clear that for all four cut-
ting fluid approaches higher values of EE are found at higher rotational speed
(835 rpm). It is also clear that the interaction effect of rotational speed with feed
and cutting fluid approach with rotational speed affect the EE strongly.

• From the results of ANOVA, it is observed that rotational speed, cutting fluid
approach and feed affect the EE by 43.21%, 12.23%, and 5.01% respectively.
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