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Abstract

Water based metalworking fluids (MWFs) commonly used for cooling and lubrication during machining are utilised in combi-

nation with cutting tools, work materials, fixtures and machine tools. However, they are an often overlooked component of the

overall machining process, despite the fact that in some reported cases MWF costs were twice that of tooling costs. During its life

cycle in a machine tool, the MWF is exposed to changes due to a range of factors which impact its quality and longevity. The key

process variables (KPVs) reviewed in this study are MWF concentration, hydraulic (tramp) oil, solid particulates, water quality,

MWF pH and microbial contamination. The aim of the present work is to highlight these KPVs which impact machining quality

and health and safety, and to present industrially applicable measurement, monitoring and control (MMC) methods and tech-

niques. This review is supported by a machining case study which demonstrates the impact of a single KPV—hydraulic (tramp)

oil on MWF quality and machining output, and the need for applying MMC methods. Continuous hydraulic (tramp) oil

contamination into the cutting fluid can cause tool life and wear to vary by 70%. A novel quantification methodology with

gas chromatography was developed in this study to quantitatively measure hydraulic (tramp) oil contamination present within

MWF and verified through experiments. The study overall highlights the need to apply a strict maintenance programme to

increase the MWF lifetime and maintain performance for improved production, experimental process control and operator health

and safety.

Keywords Metalworking .Metal cutting . Fluid . Coolant . Machining . Process . Variables

Nomenclature

GC Gas chromatography

KPV Key performance variables

MMC Measurement, monitoring and control

MWF Metalworking fluid

1 Introduction

Metalworking fluids (orMWFs), also referred to as cutting fluids

or coolants interchangeably, are used in metal manufacturing

processes. F. W Taylor demonstrated the impact of using liquids

during metal cutting [1]. By flooding the cutting zone with suf-

ficient water, cutting speeds could be increased by 30 to 40% [2].

MWF usage encompasses both forming and cutting processes,

this paper focusses on cutting applications. MWFs provide sev-

eral benefits, such as thermal control during machining, improv-

ing the life and function of cutting tools, improving machinabil-

ity of materials and preventing corrosion of machine tools [3].

The fundamental requirements of MWFs at the tool-chip-

workpiece interfaces are removing heat produced by the cutting

process, lubrication of contact faces to reduce friction and heat

created between the workpiece and tool, and by transporting cut

metal (known as swarf or chips) from the contact zone [4–7].

Typically, MWFs are used to improve the life and function

of cutting tools, the machined surface quality, the machinabil-

ity of materials and to prevent corrosion of machine tools.

Generally MWFs consist of a base fluid and additive pack-

age(s) [3, 5, 6, 8]. MWFs can be classified into the following

categories [6, 9]:
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& Petroleum oil-containing fluids:

& Semisynthetic fluid;

& Straight oil.

& Emulsifiable oil (frequently referred to as “Soluble Oil”);

& Synthetic nonpetroleum fluids:

& Straight synthetic oil.

& Solution synthetic fluid;

& Emulsion synthetic fluid;

With the cost for use and disposal of cutting fluids increas-

ing combined with new stringent legislation, there is a focus

on biodegradable and environmentally friendly cutting fluids.

There is an increase in the development of vegetable-based

cutting fluids which are less toxic and highly biodegradable

[10–12].

Previous works [10, 13, 14] have highlighted the relevance

and significance of different additives regarding surface qual-

ity and tool wear. The addition of additive such as oil soluble

extreme pressure (EP) additives such as phosphorous or sul-

phur as well as other novel additives can impact the life of the

cutting tools when machining [1, 15]. Advancements in the

MWF additive technology has led to the development of sev-

eral nanolubricants. These are lubricants which consist of a

base oil with nanosized particles dispersed within. Analysis

has shown the nanoparticles can easily penetrate into the cut-

ting zone and be an effective method to reduce friction [16]. In

the last decade, new alternatives to MWF’s have been devel-

oped such as solid lubrication, minimum quantity lubrication

and cryogenic cooling. MQL and dry machining are currently

widely evaluated alternatives from a technical point of view

[17].

Cutting fluids can be applied to the cutting zone with a

variety of delivery methods [5]. Ensuring and maintaining

the quality of the MWF influences its service life, which is

important from a technological, environmental and economi-

cal perspective [3]. Approximately 2,000,000 m3 of cutting

fluids are used per year in industry and can account for up to

15% of production costs. The purpose of MWFs is not widely

recognised, they are often regarded as a supporting tool, nec-

essary but not important [18–20]. Figure 1 demonstrates that

in the production of a component, coolant technology can

account for 15% of total manufacturing costs and the costs

of MWFs were more than double the tool-related costs [21,

22].

This study highlights the key performance variables

(KPVs) impacting the quality and lifecycle of MWFs. A num-

ber of measurement, monitoring and control (MMC) tech-

niques will be discussed, which are currently used within in-

dustry to help maintainMWF quality. The novel aspect of this

work is the inclusion of an industrial case study to analyse the

impact of a single KPV—hydraulic oil and effectiveness of

MMC methods on fluid maintenance and machining perfor-

mance. The learning derived can help both practitioners and

researchers in best practice MWF management and

maintenance.

2 Key process variables impacting fluid
quality and longevity

2.1 Background to variables

Regardless of the MWF type, some form of maintenance is

required to maintain quality, performance and longevity. A

number of factors can impact the performance of MWFs, with

deteriorated properties influencing the loss of machining pre-

cision, reduced tool life, machine tool degradation and un-

pleasant working areas [23].

Rakic et al.’s [24] study stated that the main cause of failure

of MWF systems (Fig. 2) are due to (1) contamination with

particles; (2) corrosion; (3) increase of temperature; (4) de-

crease of machining accuracy due to tribological processes;

and (5) other causes (e.g. flow and composition). Better fluid

maintenance could reduce the occurrence of these failures.
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Fig. 1 Manufacturing cost in the German automotive industry [22]
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2.2 Key performance variables and the measurement,
monitoring and control procedures

After an initial literature review and consultation with experi-

enced MWF practitioners, the KPVs selected for inclusion in

this study are bulk fluid concentration, hydraulic (tramp) oil

frommachine lubricating oils, solid particulate contamination,

water quality, fluid pH and microbial contamination. These

variables can directly impact the quality of the MWF or influ-

ence the fluid’s deterioration.

2.2.1 Fluid concentration

Fluid bulk concentration is a measure of the proportion of

chemical components of a mixture diluted with water.

MWFs are tailored to work within a specific concentration

range, which is determined by the manufacturer for optimal

performance to assure product quality and maximum cutting

tool life, and for health and safety reasons. Theminimum fluid

concentration level must be observed to maintain the stability

of the emulsion, pH level, good corrosion protection,

biostability and cutting performance [5, 8]. High fluid concen-

trations can increase MWF costs due to wasted concentrate,

reduction in heat dissipation, reduced lubrication, foaming,

residue formation and more severe health risks such as der-

matitis [5]. Increased concentration levels may indicate low

fluid levels in the sump, a major cause is the evaporation and

loss of water due to mist generation during machine use. In

addition, MWF adhering to swarf is another mechanism for

concentration change, depending on the type of material and

generated surface area of the swarf as it is carried away via a

conveyor system to a swarf container.

Measurement and monitoring The fluid level in the sump is a

good visual indicator that the concentration needs checking.

To maintain the target concentration, a refractometer is used

for measurement. There are various types and styles available,

ranging from basic handheld optical refractometers (Fig. 3) to

more sophisticated digital units [8].

Control MWFs must be mixed in a certain way for the chem-

ical components to be correctly dispersed. It is recommended

that for any desired concentration of an oil in water emulsion,

the concentrate is added to the water whilst it is stirred

vigorously. If this is not done correctly the emulsion may split

[8], which is irreversible and requires a full fluid changeover.

Adjusting concentration when necessary by moderate addi-

tions of emulsion or water will keep theMWF condition under

control [25].

2.2.2 Hydraulic (tramp) oil contamination

Several different lubricants are used within machine tools to

lubricate machine tool components and keep interacting metal

surfaces apart. These oils can eventually end up in the coolant

sump and contaminate the MWF causing multiple issues [8].

MWFs that contain emulsifiers in oil-based fluids can chem-

ically emulsify the contaminating oils. The emulsifiers even-

tually become saturated; at this point, oil starts to float on the

surface. Fully synthetic MWFs cannot mix and readily reject

hydraulic (tramp) oil, also leading to oil floating on the

surface.

High concentrations of hydraulic (tramp) oil in MWFs can

lead to an increase in the level of oil mist and smoke formation

because of the reduced cooling capability [5]. The increased

risk of exposure to such aerosols makes the work environment

less safe [8].

Measurement and monitoring Visual inspections of the ma-

chine sump give an indication of hydraulic (tramp) oil con-

tamination as well as of the sump fluid level. As a rule of

thumb, a full surface layer of oil indicates greater than 2%

hydraulic (tramp) oil concentration relative to the total fluid,

which would be detrimental to fluid life if left unattended.

Hydraulic (tramp) oil levels should be kept to a minimum

and inspected at least weekly [26].

Control Minimising interaction of hydraulic (tramp) oil and

MWF is the best method of control, because the impact of

their interactions is complex. Routine preventative mainte-

nance should be carried out to prevent oil leaks from contam-

inating the fluid. Some hydraulic (tramp) oil contamination is

inevitable due to MWF washing down the slideways during

use and returning back into sumps. This will require removal.

There are various methods of hydraulic (tramp) oil removal

such as a simple disc and belt skimmer. Oil is collected on a

material which has a greater affinity for oil than for aqueous

emulsion, due to surface tension. The material used to collect

the oil can be in the form of a continuous belt, rotating disc or

a mop partially immersed in the fluid.

2.2.3 Fine metallic particles

All machining processes result in the creation of swarf (cut

chips) of various sizes in the mm to cm range, and fines (solid

particles or solid particulates) in the micron to submicron

range. Particle composition is influenced by the cutting
Fig. 3 Image of a typical hand refractometer used to measure fluid

concentration
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process, operating conditions, coolant characteristics and

coolant systems [24]. The large surface area to volume ratio

of these particles can catalyse other chemical or biological

processes in the machine system [8].

Metal fines can make their way into the coolant pumps and

be reintroduced into the cutting zone, which will contribute to

tool wear as a third-body abrasive mechanism, resulting in

reduced tool life and poor surface finish. These fines can

eventually settle out of the fluid and combine with hydraulic

(tramp) oil to produce a sludge which can float on the surface

of the bulk fluid as well as depositing around the sump, cre-

ating suitable conditions for undesirable anaerobic bacterial

growth [8, 24, 27].

Measurement and monitoring Techniques such as optical mi-

croscopy allow fine contaminating particles to be counted

manually. Automated optical particle counters are less labour

intensive. Laser-based instruments use an unimpeded laser

beam which is interrupted when a particle passes through

the instrument [28].

Control A number of options exist to separate fine particles

from MWFs, such as magnetic separators, filters and weirs

[25] and centrifuges.

Centrifuges are extremely effective in removing all types of

solid fines from a liquid medium. They are mechanical de-

vices with moving parts that rotate at high speeds, separating

the solid material from a liquid through centrifugal forces.

These units consist of a horizontal revolving bowl, inside

which a screw rotates in the same direction. The fluid enters

the centre of the bowl, and the solids are transferred to the

outer edge. Centrifuges are also capable of removing hydrau-

lic (tramp) oil from water-mix MWFs. Hydrocyclones work

on the same principle for separation, however the fluid spins

rather than a bowl being spun [25]. Two-stage hydrocyclone

treatments can trap particles down to about 5 μm [23, 25].

2.2.4 Water quality

Suitable water quality is important when preparing the MWF

emulsion or solution, to ensure long term stability and perfor-

mance. Hardness values must be compared to manufacturer’s

requirements [27]. Water hardness is essentially a measure of

the dissolved minerals within the water solution [29]. The

interactions of dissolved metallic ions in water with emulsi-

fiers may reduce the stability of the emulsion, resulting in the

oil and water phases splitting.

Water can be classified as soft or hard [30]. The water

hardness for diluting MWFs should be in the range from 80

to 125 ppm as per Table 1. Outside of this range, excessively

soft water mixtures cause foaming [31]. Excessively hard wa-

ter can cause chemical instability and emulsion splitting,

alongside combining with emulsifiers of synthetic or

semisynthetic concentrates to form scum deposits inside pipes

or machine tools [5, 8].

Measurement and monitoring The units of water hardness are

ppm, where 1-ppm hardness is defined as 1 mg/L of CaCO3.

Test strips are available for quick and easy determination. The

strips are dipped in the water used to make up the coolant and

colour changes reflect the water hardness, usually evaluated

with a reference colour chart [32].

Control Good quality water is essential for mixing MWF con-

centrates. Water treatments may be required to achieve this

and there are a number of options, for instance reverse osmo-

sis or deionising the water. This can greatly enhance the fluid

life expectancy due to absence of dissolved minerals which

enhance fungal growth [5, 8].

2.2.5 MWF pH

Once water based MWFs are diluted, the pH is typically

between 8.5 and 9.5. The MWF formulation acts as a

buffer solution which maintains this pH level, preventing

bacterial growth. A high pH leads to health and safety

issues for the operator such as skin irritation and occupa-

tional dermatitis [33].

Measurement and monitoring pH indicator strips (Fig. 4b)

can be applied to MWFs in the sump. MWF pH should be

maintained within the suppliers recommended range [27]. At

pH < 8.5, bacterial growth rates increase rapidly and when pH

Table 1 Water hardness classification [30]

CaCO3 (ppm) Classification

Less than 50 Very soft water

50 to 120 Soft water

120 to 240 Medium hard water

240 to 360 Hard water

More than 360 Very hard water

b)a)

Fig. 4 pH can be determined using a a portable meter or b litmus strips

Int J Adv Manuf Technol



< 7.5 carbon steel may rust. A pH above 9.5 must also be

avoided due to skin reaction [34]. The use of a dedicated

digital pH probe or meter (Fig. 4a) allows real time measure-

ments and monitoring.

Control Specific additives such as buffering agents can be

used to maintain the MWF and increase its lifetime, by restor-

ing pH to its required value. If the pH cannot be restored by

this method, the alternative solution is a full fluid change.

2.2.6 Microbial contamination

A major cause of fluid spoilage is microbial contamination

[5]. Water miscible MWFs are commonly associated with

microbial degradation, which leads to functional and hygienic

concerns [35]. The presence of water combined with MWF

constituents create suitable conditions for microorganisms to

grow. A single MWF can be composed of up to sixty different

components which are a source of nutrients and energy for

microorganisms [4, 35]. Bacteria can gradually metabolise

these components [3].

The impact on machine operator health must also be

highlighted. In their supplied condition, MWFs can be haz-

ardous to health, especially when biocides are used. Once

microbes are present, interaction with the skin and lungs can

result in dermatitis, occupational asthma, extrinsic allergic al-

veolitis, and other breathing problems [3, 36]. When consid-

ering the combination of bacteria, fungi, modified additive

chemicals and fine debris, the interactions may lead to un-

known health risks [3].

Measurement and monitoring As described, good fluid man-

agement includes the control of MWF concentration and pH,

both of which can impact bacterial formation [25]. Dip slides

are used as a cost effective means of testing the microbial

content of liquids. The dip slide carries a sterile culture medi-

um. The UKHealth and Safety Executive (HSE) recommends

the use of dip slides to monitor the general activity of aerobic

bacteria [37]. If bacteria are present in the coolant, colonies

should form on the dipstick as shown in Fig. 5 [27].

Other techniques such as the catalase test, 2-h oxygen de-

mand, and the ATP molecule detection test can provide more

immediate data on the level of microbes in a system [38].

Control Biocides can be used to control bacterial and fungal

growth. Most water-mix MWFs contain a biocide within the

mixture, whilst others rely on the natural resistance of the

components to microbiological consumption. Biocides can

be used in a number of ways, either preventatively when sup-

plied with the additive package of the cutting fluid or reactive-

ly to tackle an already contaminated fluid [3]. Selvaraju et al.

[39] found that the concentration and type of biocide had a

significant influence on effectiveness. Overuse of biocides can

have a harmful impact on industrial workers due to their toxic

properties [34]. Biocides must be used within practical limits

[3].

Alternative methods for eliminating bacteria include expo-

sure to ultraviolet (UV) radiation and ultrasonic sound [3, 40,

41].

This study will investigate the industrial impact of a single

KPV—hydraulic (tramp) oil contamination during machining

and its impact on performance. It will utilise gas chromatog-

raphy to develop a novel chemical analysis methodology to

quantify hydraulic (tramp) oil presence in the cutting fluid

used during machining.

3 Experimental work

3.1 Trial configuration

Milling in this project was carried out using two 3-axis

vertical CNC machines using a setup demonstrated in

Fig. 6. Machining involved a simple shoulder milling pro-

cess of numerous aerospace alloys using coated cutting

inserts. Surface speeds were dependent on the work piece

Fig. 5 Bacterial growth on dip slides—low to high bacterial presence [27]
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machined. The tool performed a straight line cut through

the work material, following common practice the tool en-

tered the cutting pass in an arc to control chip form and

forces on entry.

Machine A is a state-of-the-art industrial 3-axis CNC mill-

ing platform with a medium-sized sump (550 L) was used for

cutting fluid trials. The lubricating oil used for the machine

tool A slideways and box-ways contaminated the MWF in the

sump. Large amounts of hydraulic (tramp) oil were observed

in the sump and filtration chambers. According to the manu-

facturer (and verified by testing), the contamination rate of

slideway grade 68 oil for a 6-h machining time in an 8-h

period was 259 mL.

Machine B which is an older model with a different slide-

way design and has a low lubrication oil output compared to

machine A. According to the manufacturer and verified by

testing, the dosage rates of slideway grade 68 oil in machine

B were between 5.8 and 14.5 times less than machine A. The

reason being that the oil dispense rate of machine B whilst

powered on was constant, whether machining or not.

3.2 Tool life testing

Numerous tool wear measurements are taken after machining

for set time intervals until a failure limit is reached. Tool life is

calculated from the machining time taken to reach this failure

limit. The cutting tool is removed from the machine and

inspected using an ISM-PM200 digital microscope. Tool wear

is initially analysed after a set machining time period, if the

average wear is below or above a set wear threshold at this

point, the machining time interval is adjusted to ensure the

moment of failure is captured. The digital microscope fixed

to a stand was used for measuring flank wear on the cutting

tool inserts as shown in Fig. 7a. The device was calibrated

against a glass etched measuring scale. Wear was measured

after a complete length of cut with the given cutting parame-

ters. Tool wear was measured on the flank face of the cutting

edge, focusing on the corner radius (CR) feature of the tooling

insert. Previous work dictated that this region was in cutting

contact and would wear out in the shortest time and was there-

fore the area of interest. Images were repeatedly taken until

Fig. 6 Experimental set-up of milling process: a Workpiece setup on machine bed; b Tool holder and cutting tool in the machine spindle

Fig. 7 a USB (ISM-PM200) dig-

ital microscope set up to take

cutting insert flank wear images,

b example of where five tool wear

measurements were taken on the

flank face of the cutting region of

the insert
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tool failure (average measured wear > 0.2 mm). Five measure-

ments were taken at different time intervals per tooling insert

as shown in Fig. 7b.

3.3 Chemical analysis technique for hydraulic (tramp)
oil quantification

Gas chromatography (GC) was employed to look at the dif-

ferent components of several reference samples that could be

vaporised without decomposition. This was done to examine

key features in the responding chromatograms, and calibrate

peak heights with concentration to be able to quantify the

levels of oil in the MWF samples. GC is a separation tech-

nique capable of separating complex mixtures based primarily

upon differences of boiling point, of vapour pressure and of

polarity. Gas chromatography utilizes an inert gaseous mobile

phase and a liquid stationary phase. The mobile phase, which

is the carrier gas, transports the sample to be tested onto a

column enclosed in a temperature-controlled oven. As the

sample passes through the column, chromatographic separa-

tion occurs, and the separated components are analysed by a

detector. The detector provides an electronic signal propor-

tional to the amount of eluting analytes [42].

4 Results and discussion

This metal machining case study was carried out to investigate

the real application impact of a single KPV and MMC

methods on the condition and quality of MWF. It investigated

the impact of contaminating hydraulic (tramp) oil on tool life

during machining and explored the ability of a filtration sys-

tem to maintain contaminating oil at a minimum level. This

process also involved the development of a novel quantifica-

tion methodology to measure hydraulic (tramp) oil contami-

nation present, to support the tool life data produced,

highlighting the impact of the different levels of tramp oil

present in the MWF during machining trials.

This case study aimed to (a) identify the impact of a

single KPV, hydraulic (tramp) oil, on the repeatability of

machining experiments, and (b) determine the effective-

ness of potential control measures that could be applied.

Machinability trials were being carried out on commercial

emulsion MWFs so that their performance could be quan-

tified and compared.

4.1 Tool life testing

4.1.1 Background

During machining trials using machine A, a continuous

dose of hydraulic (tramp) oil entered and contaminated

the MWF, the contamination rate of slideway grade 68

oil for a 6-h machining time in an 8-h period was 259

mL. Note that the capacity of the lubricating tank was just

over 4 L. The results demonstrated that hydraulic (tramp)

oil contamination caused the MWF performance to vary

as measured through tool life consistency. In the most

extreme case, tool life increased by almost 70% over time

(Fig 8) as a result of hydraulic (tramp) oil build-up in the

fluid system. Similar behaviour trends were observed by

Popov et al. [43] where with increasing levels of hydrau-

lic oil contamination led to tool life increasing by almost

40%, before a decrease was observed at high levels of

contamination. The increase in tool life can be expected

due to the presence of antiwear and extreme pressure ad-

ditives in the hydraulic oil. Most antiwear additives con-

tain zinc dithiophosphate, whereas extreme pressure addi-

tives contain sulphur and phosphorous compounds. These

compounds are usually activated by metal-on-metal con-

tact and high loads, causing them to interact with the

metal surface and form a protective sacrificial film. The

increasing presence of sulphur and phosphorous com-

pounds within the MWF with higher hydraulic (tramp

Fig. 8 Change in tool life due to tramp oil contamination. Error bars

represent 99% confidence interval

Fig. 9 Adjusted tool life results at the beginning and end of testing over

10 days with the application of separation tank modifications and the

IFDR system onmachine A. Error bars represent 99% confidence interval

Int J Adv Manuf Technol



oil) contamination levels may be responsible for the ex-

tended tool life due to better antiwear and lubricating

properties [15, 44–47]. Popov et al. [43] observed tool

life reach a steady state before beginning to decline which

is a common trend with increasing levels of contamination

because of the decreasing cooling effect of the fluid [46].

4.1.2 Application of control

To determine the effectiveness and impact of MMC equip-

ment on limiting and maintaining low levels of hydraulic

(tramp) oil, machine A was subsequently adapted to improve

control. (1) An oil-coolant separation tank which was causing

90 to 95% of the collected contaminating oil and MWF from

under the machine slideways to enter back into the sump was

removed, and (2) an IFDR300 filtration system was retro-

fitted, this was a hydrocyclone and tramp oil separator as

described in Section 2.2.2 and Section 2.2.3, respectively.

Machining tests were done over a period of two working

weeks, where repeat tool life tests were performed on the

nominal first (day 1) and last working day (day 10) of that

period. Meanwhile the MWF was kept in the machine, mon-

itored and controlled twice daily, and allowed to be used

passively, i.e. in general machining use between days 1 and

10. Results for the adapted machine A are shown in Fig. 9.

Data on the ordinate axis has been adjusted to a scale from 0 to

100 min, and n represents the number of repeat tool life tests

that were carried out. Tool life was consistent over the 10-day

testing period (x1 ≈ x10 minutes), indicating that the MMC

procedures implemented were effective.

To further verify the tool life results achieved after control

was implemented to machine A, machine B which was an

older model with a different slideway design, was used as a

baseline for low lubrication oil output to compare against ma-

chine A. According to the manufacturer and verified by test-

ing, the dosage rates of slideway grade 68 oil in machine B

were between 5.8 and 14.5 times less than machine A. The

MWF supply flow rates for each machine were very similar.

The same MWF type was used, along with the same water

source, work materials, tool types, and machining parameters.

The results (Fig. 10) show that the initial tool life (y1minutes)

was almost identical to results from the last day of testing (y10
minutes).

Figure 11 compares the tool life results at the begin-

ning and end of testing across the two platforms (ma-

chines A and B), highlighting that the four results are

the same within the intervals of confidence. The results

for machine A demonstrated consistent performance and

therefore experimental control over the period of two

working weeks, and matched the low lubrication rate ma-

chine B. These tests demonstrate that high levels of hy-

draulic (tramp) oil cause variation (up to 70%) in machin-

ing performance regarding tool life. The contaminating

lubricating oil from machine slideways has been stated

in several studies [48, 49] as being beneficial for machin-

ability due to it enriching the MWF and influencing ma-

chining properties encouraging better antiwear properties

as explained earlier. However, in the context of a repeat-

able experiment the influence of hydraulic (tramp) oil on

tool wear behaviour was undesirable and in the long-term

will lead to the degradation of the cutting fluid’s proper-

ties, thus highlighting the need to control this KPV [43].

Fig. 10 Adjusted tool life results at the beginning and end of testing over

10 days using a low oil dosing control platform on machine B. Error bars

represent 99% confidence interval

Fig. 11 Comparison of adjusted

tool lives across machine A (blue)

and machine B (red) at the be-

ginning and end of testing. Error

bars represent 99% confidence

level
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4.2 MWF chemical analysis for hydraulic (tramp) oil
measurement

This study aimed to develop a chemical analysis methodology

which would give a quantifiable measurement of hydraulic

(tramp) oil present in MWF compared to existing measuring

and monitoring techniques. Current measurement techniques

involve allowing the hydraulic (tramp) oil contaminated cutting

fluid to stand until the oil settles at the top surface of the solu-

tion, at which point the contamination percentage is estimated

[43]. Having a quantifiable method would allow the study to

directly link the tool life behaviour observed in Section 4.1.2 to

the hydraulic (tramp) oil levels in the cutting fluid. It would also

allow a further check that the control measures applied to ma-

chine A to control hydraulic (tramp) oil were effective.

Chemical analysis using GC was conducted onMWF sam-

ples from three points in time for machine A. These were (#1)

when tool life had increased to a maximum level, before the

IFDR system was implemented and the separation tank was

modified and; (#2) at the beginning (x1) and; (#3) end (x10) of

test periods where tool life was seen to have been maintained

constant (Fig. 9).

With this technique and using a sample of the virgin

contaminant (G68 lubricating oil), a gradient calibration

curve was formed using samples with known levels of

contamination. From calibration an equation was derived,

based on which any future analysis would simply require

integration of one peak to give the value of contamina-

tion. Using GC, three reference samples and three MWF

test samples (Table 2) were analysed. The MWF test sam-

ples #1 to #3 were collected as explained above. The

reference samples comprised of (sample A) neat MWF,

(sample B) neat contaminating oil G68 as used to lubri-

cate machine A’s slideways, and (sample C) an unused

MWF emulsion composed of sample A (at 8%) in mains

water as a comparative, controlled sample.

4.2.1 Chemical analysis results

The reference samples were analysed by GC where

characteristic signals were identified from the chromato-

grams. A small peak around 12.1-min retention time

that was only present in the contaminant (sample B)

was detected (Fig. 12a), so this was the signal used

for calibration of the contaminant. It should be noted

that this signal was weak, which might cause issues

with sensitivity and detection limits. The calibration

for contaminant levels was achieved by testing various

concentrations of contaminant, sample B in emulsion C,

and analysing the peak height in GC at 12.1 min. Each

of these samples were analysed by GC in triplicate

using tetrahydrofuran (THF) as the carrier solvent. A

calibration curve against weight/volume (% w/v) values

(Fig. 12b) was achieved with a linearity coefficient R
2

of 0.9982.

Table 2 Samples analysed by gas chromatography to quantify

hydraulic (tramp) oil contamination

Sample ID Sample description Sample notes

A Neat MWF MWF concentrate

B Neat G68 oil Lubricating oil (contaminate)

C Emulsion 8% of A in H2O mains water)

#1 Tested emulsion sample Before machine adaptation

#2 Tested emulsion sample After machine adaptation (day 1)

#3 Tested emulsion sample After machine adaptation (day 10)

a)
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Fig. 12 a Overlay of GC

response with varying

concentrations of contamination

in emulsion C, at 12.1-min

retention time b derived

calibration curve from peak

heights at 12.1-min retention time
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Using the calibration curve Fig. 12b, the GC analysis of the

MWF test samples (#1 to #3) focused on the peaks generated

at 12.1 min and the heights measured. Thereby the concentra-

tion of contaminating oil was quantified. Results are supplied

in Table 3.

The GC results in Table 3 show that before controls

were applied there was a high level of oil contamination

in the MWF as seen with Sample #1. However, with the

removal of the separation tank and the installation of the

IFDR system, the contaminating levels of G68 were re-

duced (Sample #2) and maintained low as shown by the

GC results for Sample #3. These results show a direct

correlation between tool life and hydraulic (tramp) oil

levels. They demonstrate that high input rates of lubrica-

tion oil make tool life unpredictable, whereas when con-

trol measures were applied and hydraulic (tramp) oil

levels were minimal, tool life behaviour was consistent.

This GC analysis method provides an accurate methodol-

ogy in comparison to current industry techniques which

typically involve visual inspection and estimation of oil

levels present [26].

5 Conclusions

The aim of this research was to highlight key performance

variables (KPVs) influencing the quality and condition ofmet-

alworking fluids (MWFs) and the measurement, monitoring

and control methods applied to maintain them. This was sup-

ported by a case study which experimentally demonstrated the

impact of a selected KPV during machining.

The key conclusions drawn from the work are as follows:

1. Uncontrolled leakage of machine lubricating oil into

the MWF is believed to have caused an observed im-

provement of the MWF performance in terms of cut-

ting tool wear characteristics (up to 70%) over time.

The application of MMC systems effectively con-

trolled this behaviour.

2. Gas chromatography showed promise as a viable tech-

nique to detect and quantify lubricating oil contamination

in MWFs. Before machine modifications, 0.43% lubricat-

ing oil was contaminating the MWF, whereas after mod-

ifications the measurement dropped to below 0.15%.

Further improvements in detecting low levels of lubrica-

tion oil presence could be pursued.
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