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Abstract

This article reports the effects of various ari#flaging methods and lubrication modes (dry, mist,
wet) on the recorded cutting forces and chip maquioin drilling Al-Si-Mg (A356) cast alloys. In
the course of this work, the work part sampled waseeceived alloy (TO), solution heat-treated
alloy (SHT) and then aged alloys at 155°C, 180, 220°C (T4, T6, T61, T7), respectively. The
significant effects of artificial aging the recoddeutting forces were noticed. Except minor cases
under lower levels of feed rate, in general lowettiog forces were observed in A356-TO and
A356-T7 which are more brittle than other testddyal A direct relationship can be formulated
among the microcracks on the free surfaces of tiyscbrittieness and the recorded cutting forces.
The use of MQL led to lower resulting cutting fasaender similar cutting conditions. This can be
related to less effect of thermo-mechanical stessethe work part under MQL mode which tends
to reduce the cutting forces.
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1. Introduction

The A356 aluminum alloy comes from the Al-Si-Mg fé&ynwhich is grouped as a heat-treatable
alloy due to the presence of magnesium contentclwkhbmbines with Si to form the MSi
precipitation hardening phase [1]. Such alloys aubjected to solution heat treatment at
temperatures close to the eutectic temperaturerder to obtain the maximum amount of Mg and
Si in solid solution, as well as avoid localizedlting at the grain boundaries [2, 3]. The solution
heat treatment of AA 356 has been widely usederathitomotive industry for fabrication of several
types of automobile parts, such as wheels, pamglseaen in the vehicle structure. Using these
alloys as an alternative to steels is expectededa [to great improvements in energy savings,
recyclability and life-cycle cost.

Heating the solution heat treated alloys to aboemtemperature and sustaining the similar
conditions for a specific period of time may leadincreased precipitation rate and the strength
comparing to natural aging used. The abovementigmedess is known as artificial aging, age
hardening or just aging that is generally carrietl @ temperature up to approximately %Gador
Al-Si-Mg alloys [4]. In fact, it is to note that ¢haging treatments are used to precipitate out the
alloying elements which were originally placed a&mgbt in solid solution by the solutionizing and
guenching processes. The role of heat treatmeheimachinability of the common alloys has been
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extensively reported in the literature [5-8]. Hegatment increases the hardness, while it also
reduces the presence of built-up-edge (BUE) formmatin the cutting tool and tends to improve the
surface finish of the machined part. Knowing thighler cutting loads and temperatures appeared at
the higher hardness, it can be exhibited that metntal effects on the tool life are expected when
the hardness of the workpiece increases. In dyiland turning operations, any increase in the
cutting temperature is unfavorable to tool lifecgnt produces excessive accelerated heat-causing
wear-out of the edge. In milling operation, thereased hardness leads to higher impact loads when
the inserts experience the interaction with thekwgart in cutting operations, often resulting ie th
premature breakdown of the cutting edge [9]. Tylpergomotive machining techniques, however,
usually require a minimum of workpiece’ shardnessorder to avoid potential complications
associated with built-up edge (BUE) occurrence. tMegtomotive machine shops agree that a
minimum hardness of 80BHN is desirable [10, 11]. sAsourtesy to this observation, the 319
aluminum alloy intake manifolds are often agedhe T5 temper, and the 356 aluminum alloy
manifolds usually require full heat treatment te 6 temper [5, 12].

Knowing that the hardened material is associatéd igher cutting force and cutting temperature,
the use of lubricated machining might be demanafeparticular when higher machining efficiency
and better surface quality are required under gewetting conditions. In fact, despite the benefits
aforementioned, the use of cutting fluids degraithesenvironment and increases the machining
cost around 16-20% of production costs. To overctimeerestrictions imposed against lubricated
machining, special attention has been paid to dsdry machining over the past few years.
However, since few years ago, a new technique knasvminimum quantity of lubricant (MQL)
[13] has been proposed to insert the fluid/lubricgaratomized format through a nozzle to form fine
droplets which are fed to the machining area infdinen of an aerosol spray at a rate not exceeding
100 mi/h [14]. The successful applications of MQidaryogenic in drilling operations are reported
in literature [15-18]. Sreejith and Ngoi [19] repadt the effects of dry, MQL, and flooded coolant
conditions on cutting forces, surface roughnesstantiwear in turning aluminium alloy. It was
found that when properly employed, MQL can repldeeflooded coolant condition. According to
review of literature, limited studies are availalleout the effects of artificial aging methods on
machinability attributes of A356 under various ligation conditions [20]. Therefore, the main
objective of this study is to evaluate the influeraf machining conditions and cutting fluid on the
cutting force and the surface roughness attributegilling A356 aluminum alloys under several
heat treatment conditions and lubrication modes.b&ter study the effects of heat treatment
methods on machinability attributes, the machinadspwere heat-treated to produce different
precipitation states and were then machined urolgraled cutting conditions.

2. Material and Method

2.1 Sample preparation

The basic requirements of the age-hardening ofllay aystem are: decreasing solubility with
decreasing temperature, and the formation of dlsigiEsolute atoms coherent with the matrix; in
other words, there should be an orientation ratatigp between the precipitates and the matrix
[21]. The greater portion of growth in tensile pegjes that accompanies most heat treatments is a
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result of the formation of non-equilibrium precgi#s, such as thiephase, during the application
of the aging treatments. Since the structure angbhabogy of the precipitates are controlled by the
times and temperatures used in the heat-treatnegptences, it is possible for a considerable
amount of control to optimize the strength, dustjliand toughness of these alloys. In the
precipitation-strengthened alloys, it is possilde more than one phase to be precipitated in the
matrix of a predominant phase. To obtain the besilts, the precipitate phase should be hard and
discontinuous, its particles small and numerousjentme morphology should be rounded rather
than sharp-edged. On the other hand, the matrildtoe soft and ductile so that if the cracks were
to nucleate, it would be much safer for this tcetpkace in the particles than in the matrix [22].
The following heat treatment conditions were perfed:

* TO:as-cast condition

* T4: Solution Heat-Treated (SHT)+ Quenching

e T64: SHT+ Quenching+ Artificial aging at 155°C for burs

* T6,: SHT+ Quenching+ Artificial aging at 180°C for burs

« T7: SHT+ Quenching+ Atrtificial aging at 220°C fohburs
All samples were solution heat-treated at 540°€ sfilution period of 8 hours. The solution-heat
treated samples were then quenched in warm wabé€)6In all abovementioned conditions, the
samples were solution heat-treated and quenchiba aame time leaving only the other condition,
such as natural and artificial aging time.

2.2 Experimental Plan

Experimental works were carried on a high-speedi8-&NC milling machine (Power: 50 kW,
Speed: 28000 rpm, Torque: 50 Nm) using non-coaighk-$peed steel twist drills (3/8 inch stub
drill bright finish with 118 point angle). The three levels of rotational spe000, 6000, 10000
rmp) as well as feed rate (0.015, 0.15 and 0.35ravwnivere used. The experimental works were
repeated twice and the average of readings wasdevad.

It is to underline that similar drilling tools weresed throughout the tests in order to ensure the
uniformity of geometry, microstructure and propestiof the tools used. The work materials were
rectangular blocks of aluminum 356 cast alloys Bifl0x100x20 mm in size, mounted on a special
machining fixture.

The MQL tests were used with the delivery pressiré bar gauge and flow rate 50 ml/h. The
vegetable oil was used as the lubricant. The flat® under wet mode was 5000 ml/h.

A three-axis table dynamometer (Kistler 9255-B) wasd to record the cutting forces. The cutting
forces were then amplified and analyzed using Hrapting frequency of 48 KHz. The drilling
performance was evaluated based on the totalmdyiltutting force (f. The scanning electron
microscope (SEM) was used to characterize thewieal and the chip formation morphologies.

3. Results and Discussion

3.1 Cutting Force
The total drilling cutting force (- under different cutting conditions and lubricatimodes are
presented in Figures 1-3. Despite the lubricatimdes and age hardening methods used, higher
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cutting forces were observed under higher rotatispaed when the lowest level of feed rate is
used. This phenomenon can be attributed to thedlifes of adequate plastic deformation at lower
levels of feed rate. In fact, in such cutting caiotis, the use of low levels of feed rate leads
tolonger contacts between the cutting tool and vpanit. Consequently, heat generation may occur,
while in fact no proper cutting action is takengaaln very low levels of feed rate,rubbing takes
place rather than cutting process. Consequenthhigtter levels of cutting speed, more heat
generation and stress is applied to the cutting amnd eventually increased cutting forces may
occur. Despite the lubrication mode used, the diffetrends can be observed at higher levels of
feed rate (0.15 and 0.35 mm/rev).
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Figure1l.The recorded cutting forces under dry lubricaticodm
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Figure2. The recorded cutting forces under mistibabion mode
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Figure3. The recorded cutting forces under wetitabion mode

Despite the levels of cutting speed and the feeglused, increased cutting forces occur on the T4,
T61 and T62 work part under wet mode, while comgtraeduced cutting forces were observed
under T7. This phenomenon reveals the direct effettutting speed and feed rate on the cutting
the force. However, as similar as the cutting tesider mist and dry modes, lower cutting forces
were observed under T7. It can also be stated th®atT7 increases the brittleness feature as
compared to other treatment methods with aging.s€guently, except minor cases, despite the
lubrication mode and the cutting parameters usaaed resulting values of cutting forces were
observed as compared to other heat treatment neetlsadl. Moreover, expect minor cases, despite
the age hardening and the cutting parameters tisedpwer cutting forces were observed under
mist mode. This can be considered as the potebéakfit of MQL. Under wet mode, due to
thermo-mechanical stresses induced to the work geara result of rapid cooling and warm-up
phenomenon, higher cutting forces were observedhé&umore, as discussed earlier, the MQL
machining is associated with less environmentahaitims effects as well as machining cost.
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3.2 Chip surface characterization

Figures 4(a) and 4(b) present the SEMimages ofindyichipsrecorded during drilling A356-TO.
The outsidesurface of this chip exhibits many smatks, which is acharacteristic of brittle featur
of A356-TO cast alloys. The deformation and thetionon this surface are higher than other tested
parts. A356-T61 revealsno systematic segmentagbiavdor. It was observed that thefragmentation
bands are denser and strongly crushed againstotiegearasshown in Figures 4(e) and 4(f), whereas
the bands are more separated in the case of oweg-a856-T7 material. Consequently, due to
easier plastic deformation and ease of cut in AB8&ast alloys, lower resulting values of cutting
forces were recorded as compared to other testtslIpafact, the presence of microcracks in the
brittle materials decreasesthe micro-friction andturn less cutting forces are demanded. This
phenomenon confirms the findings in Figures 1-3fakt, less recorded cutting forces in A356-T0
and A356-T7 despite the lubrication methods uségli(Es 1-3) confirm less cutting forces in more
brittle materials.The more brittle materials,therenaracks on the chips and the lessdifficulties in
the chip formation and plastic deformation process&gonsequently, those materials with higher
cracks on the chips can be cut easier and eveptioalier resulting values of cutting forces are
expected. In fact, the observations made in Figuaee align with the findings in Figures 1-3.
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4. Conclusion

The following conclusions can be presented fromeexpental works conducted with a view of
studying the effects of artificial aging methodsrenorded values of cutting force in drilling of
A356-T0,A356-T4, A356-T61, A356-T62, and A356-T7dan dry, mist, and wet lubrication
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Figure4. SEM images of the drilling chips of AA 3&8 different resolutions)under various

heat treatments and artificial aging methods
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* The experimental results prove that the variatibrh@at treatment methods has significant
effects on the change of cutting forces. Exceptomaases as low levels of feed rate, the lowest
resulting values of cutting forces were recordedtlom A356-T7 and A356-TO, despite the
cutting conditions and lubrication methods usedis Tshenomenon can be related to higher
brittleness in the tested parts than others. Thesrface characterization studies led to present
direct relationships between the micro cracks anfthe surfaces of the chips, brittleness and
the recorded cutting forces.

* Except minor cases at the lowest levels of feeel the maximum cutting forces were found on
the A356-T61, A356-T62, despite the lubrication m®dsed. This can be related to the induced
hardening on the work parts which increases thienguforces.

» It was observed that despite the feed rate anthgugpeed used the use of MQL method led to
lower resulting values of cutting forces than tlodiserved in dry and wet methods. This
phenomenon can be related to less effect of themachanical stresses on the work part under
MQL mode than that can be found in wet mode.
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