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Abstract:

Magnesium alloys are widely used materials in industry because of their formability and low density. The
machining process of these alloys; however; is a challenging problem due to their flammability. This
challenge demands for extensive studies on the work-piece and machining zone temperature, especially in
processes with elevated temperature; such as high-speed machining. In this research, the temperature
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distribution of the AZ91C magnesium alloy in high-speed milling is investigated. In order to study the
temperature distribution, two temperature measurement methods are employed (i.e. the infrared
thermometer for measurement of the machining zone temperature, and the contact method for the workpiece temperature) and the results are presented. The experiments are carried out in different cutting
speeds (both in high-speed range and normal speed range) in two different depths of cut. The results show
that the work-piece temperature is reduced as the cutting speed passes the cutting speed of 452 m/min in
high-speed milling, while the machining zone temperature is increased as the result of the increase in the
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cutting speed. The results also show that the temperature is increased 13.9% and 14.2% as the depth of
cut is increased from 0.5 mm to 1 mm in the cutting zone and workpiece respectively, which is the result
of an increase in the uncut chip area that results in higher cutting forces.
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1. Introduction
Magnesium is one of the widely used materials in different industries. The appropriate formability and
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low density of the material has extended the use of magnesium in industries such as bio-medical and
aerospace industries. The main drawback of the material in manufacturing processes is that magnesium is
very chemically active, and is flammable in high temperatures. While burning, it cannot be extinguished
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using water or other fire extinguishers in which water is used as it reacts with water, and the fire is
escalated. The flammability of the material has restricted the use of material in the manufacturing
processes in which the material is subjected to high temperatures (upper than 450 ˚C).
Machining is one of the manufacturing processes in which the work-piece temperature is elevated during
the process. The elevated temperature is mainly caused by the high plastic strain and high friction
coefficient between the tool and the chip. This elevated temperature; if not suppressed; might cause flame
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in the magnesium and its alloys which might result in catastrophic events. Furthermore, the water-based
coolants are not applicable in the machining of the magnesium and its alloys. In machining of magnesium
alloys, a great amount of effort is directed toward the selection of the appropriate machining parameters
(cutting speed, feed-rate, depth-of-cut, lubricant, tool material and geometry, etc.) so that the work-piece
temperature remains below the flaming temperature. It is also proved that; in most of the machining
processes; the temperature is increased as the cutting speed is increased. In high-speed machining;
however; the temperature is decreased as the cutting speed passes a specific amount called critical cutting
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speed. In other word, the temperature would reduce as the cutting speed passes this critical point. This is
in fact one of the main advantages of the high-speed machining. Regarding the flammability of the
magnesium alloys, the study of the work-piece temperature in high speed machining of magnesium is of a
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great importance.
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There is a rich literature on the machining of magnesium and its alloys. Dinesh et al. studied the use of
liquid nitrogen in machining of biodegradable ZK60 magnesium alloy using micro-structured tools and
reported the excelled machinability of ZK60 alloy [1]. Danish et al. have carried out experimental

CE

analysis on heat transfer in turning of AZ31C magnesium alloy by cryogenic cooling [2]. Abbas et al.
studied the surface roughness improvement of AZ61 magnesium alloy in finish turning and optimized the
process by artificial neural network [3]. Hebbar et al. [4] investigated the surface roughness in machining
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of AZ31 magnesium alloy. Sundar Singh Sivam et al. [5] analyzed the quality of the machined AM60
magnesium alloy using ANOVA. Kuczmaszewski and Zagórski [6] addressed the problem of temperature
measurement in milling of the magnesium alloys and reviewed the different methods for temperature
measurement. Viswanathan et al. [7] studied the MQL and dry turning of magnesium alloys. Hou et al.
[8] performed research on the flank temperature in face milling of magnesium alloy and studied the
effects of the cutting speed. Hou et al. [9] also addressed the ignition problem in machining of magnesium
alloys, and found the machining parameters in which the ignition of the AM50A magnesium alloy is
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occurred. Pu et al. [10] performed a FE analysis on the dry and cryogenic machining of AZ31B
magnesium alloy. Sunil et al. studied the effect of the aluminum content in machinability of AZ31 and
AZ91 magnesium alloys [11]. Shi et al. investigated on the tool wear during the high speed milling of the
magnesium alloys and produced chips [12]. Kuczmaszewski et al. studied the time-to-ignition of
magnesium alloy chips and the ignition-preceding stages [13]. They also investigated the chip
morphology of the magnesium alloys in high speed milling. Zgorniak and Grdulska investigated the
temperature distribution during the milling of the AZ91HP magnesium alloy using the infrared
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temperature measurement [14]. Fang et al measured the flank temperature in high speed machining of the
magnesium alloy [15].

As it can be concluded from the literature survey, although some researchers have addressed the
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temperature variations in machining of the magnesium alloys, the work-piece and machining zone
temperatures are not measured in the high speed machining of the magnesium alloys and therefore, the
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applicability of the high speed machining of the magnesium alloys is not extensively studied.
Furthermore, AZ91C magnesium alloy is investigated in none of the abovementioned research works
neither in terms of machinability nor temperature measurement.
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In this research, the work-piece temperature is measured in AZ91C alloys during high-speed milling
using two measurement methods (i.e. the infrared thermometer and contact method). A fixture for workpiece temperature measurement, which is fabricated in previous research works [16], is employed for the
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contact method. The surface roughness is also measured in the work-pieces and the results are presented
in the following sections. The main objective of this research is to study the temperature elevation in
machining of magnesium alloy AZ91C, in order to assure the safe machining condition.
2- Experimental Procedure

The magnesium alloy AZ91C chemical composition is presented in Table 1.
Table 1: the magnesium alloy AZ91C chemical composition [17]
Aluminum
9
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Element
WT %

Manganese
0.13

Zinc
0.7

Magnesium
Balance

This magnesium alloy has good ductility, toughness, and moderate strength [17].
The high-speed milling machine is a high-speed milling center fabricated by RAMBAUDI. The machine
spindle can perform milling operations with maximum 25000 rpm rotational speed. The cutting tool is a
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12 mm HSS end mill with 4 cutting flutes.

The fixture system which is used for contact method temperature measurement is depicted in Fig. 1 [16].
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Fig. 1 The fixture for temperature measurement [16]

The work-piece is a 99 × 100 × 12 mm AZ91C magnesium alloy. The temperature sensors which are
employed are platinum temperature sensors. The sensors are connected to a circuit and the temperature
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values are read by the micro controller. The results are then transferred to the computer through an USB
port. In order to measure the work-piece temperature, the work-piece has to be drilled so that the
temperature sensors could be located in their positions. The work-piece should be drilled as depicted in
Fig. 2a-b. The temperature sensors are located in top of the holes, which means that the sensors in Fig. 2 a
and b are reading the temperature in 1.7 and 0.7 mm below the work-piece's surface respectively.
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Fig. 2 holes in the work-piece [16]

Another method for measurement of the temperature is the IR thermometer. In this research, testo 845 IR
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thermometer is employed for temperature measurement. The range of the thermometer is -30 to +950 ˚C.
The experiments' parameters are presented in Table 2. It should be noted that the range of the high cutting
speed is derived from [15].
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Table 2 The experiments' parameters

Cutting speed (rpm)
1000
2000
4000
12000
14300
16600
17800

Tool diameter
(mm)

Feed-rate
(mm/min)

Machining
length (mm)

Depth-of-cut
(mm)

12

120

118

0.5-1
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Cutting speed
(m/min)
37.6
75.2
150.4
452
540
625
680

Each of the experiments repeated 3 times. After each machining experiment, the test setup is left idle for
one hour in order to eliminate the effect of the elevated temperature resulted from the previous
experiment.

3- Results and discussion

The effects of the cutting speed on the machining zone and work-piece temperature are studied in two

sections.
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different speed ranges (i.e. normal speed and high-speed). The results are presented in the following sub-

3-1 The effect of the cutting speed and the depth of cut on the work-piece and cutting zone
temperature in normal cutting speed range

In normal cutting speeds; generally; it has been shown previously that the increase in the cutting speed
increases the generated heat [18]. The effect of the cutting speed and the depth of cut on the workpiece

temperature is depicted in Fig. 4.
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temperature is presented in Fig. 3. The effects of the cutting speed and depth of cut on the cutting zone

Depth of cut 1 mm
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Fig. 3 the effect of the cutting speed and depth of cut on the work-piece temperature in the normal
cutting speeds using thermocouples

The deviation in the work-piece temperature measurements was in the range of ±1˚C.
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Fig. 4 The effects of the cutting speed and depth of cut on the cutting zone temperature in the
normal cutting speeds using IR thermometer
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As it can be seen from Fig. 3, the work-piece temperature and the cutting zone temperature are increased
as the cutting speed is increased. This is mainly due to the increase in the strain rate because of the
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increased cutting speed, which consequently increases the material strength and the energy needed for the
cutting process.
It is also observed that the temperature is increased because of the increase in the depth of cut. This is
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mainly due to the increase in the uncut chip cross section because of the increase in the cutting depth,
which results in higher cutting forces and higher required energy for the cutting process.
3-2 The effect of the cutting speed and the depth of cut on the work-piece and cutting zone
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temperature in high cutting speed range

In high speed machining, the temperature increases because of the increase in the cutting speed up to a
certain point, over which the temperature decreases because of the increase in the cutting speed. This
point is called the transition point. This transition point is very important in high speed machining
technology, because the reduced temperature would decrease the cutting tool wear and increases the tool
life.
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The main cause is that the greater share of the energy is dissipated by the chip from the machining zone in
comparison to the normal speed machining. in the other world, the material removal rate is so high that
the heat cannot be transferred to the machining zone and workpiece, and therefore is dissipated by the
chip.

The effects of the cutting speed and the depth of cut on the work-piece and cutting zone temperatures are
depicted in Figs. 5 and 6.
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Fig. 5 the effect of the cutting speed and depth of cut on the work-piece temperature in high
cutting speeds using thermocouples

The deviation in the work-piece temperature measurements was in the range of ±1˚C.
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Fig. 6 The effects of the cutting speed and depth of cut on the cutting zone temperature in the

T

RIP

high cutting speeds using IR thermometer
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The results presented in Figs. 5 and 6 show that the temperature in the work-piece is increased as the
cutting speed is increased from 452 to 540 m/min. However, the temperature is remained constant in
higher cutting speeds (540, 625 and 680 m/min). This shows that the transition point in machining of the
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magnesium is in this range, and the temperature would not increase further. The same results can also be
observed in the cutting zone temperature, in which the slope of the graph is reduced significantly as the
cutting speed is increased from 452 to 540. The graph is almost horizontal after the cutting speed 452
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m/min.

The effect of the depth of cut is similar to that in normal cutting speeds. The temperature in both the
cutting zone and the work-piece is increased as the depth of cut is increased. This is similarly due to the
increase in the uncut chip cross section, which is described above.
The presented results are also in good agreement with the results presented in [6], which has investigated
the cutting zone temperature in different magnesium alloys. The workpiece temperature which is
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measured in this research, is in good agreement with the results presented in [8, 13], which shows the
validity of the results and method.

The results of the cutting zone temperature is roughly in agreement with the previous results presented by
[12]. The differences is mainly due to the difference in magnesium alloy chemical composition,
machining parameters such as cutting speed, feed-rate, depth of cut, tool diameter and tool material.
4- Conclusion
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The work-piece temperature and cutting zone temperature in normal cutting speeds and high cutting
speeds of the AZ91C magnesium alloy are studied in this research. Since Magnesium is a flammable
material, the study of the work-piece temperature as well as the temperature of the cutting zone is of a
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great importance. As a general trend, the temperature in the machining processes is increased as the
cutting speed is increased. However, in high-speed machining, there is a transition point, over which the
temperature is decreased as the cutting speed is increased. In this research, the temperature of the work-

T

AC

piece and the cutting zone temperature are measured in normal speeds and high-speed machining of the
AZ91C magnesium alloy. The results of this research are concisely outlined as follows:
• The temperature both in the cutting zone and the work-piece in high-speed machining of the
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magnesium alloys are higher than that in normal machining. In all of the experiments in the
normal cutting speed zone, the increase in the cutting speed resulted in the increase in the workpiece and cutting zone temperature values, which is due to the increase in the strain rate during
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the machining process. The increase of the depth of cut also resulted in the increase in the
increase of the work-piece and cutting zone temperature values, which is mainly due to the
increase in the uncut chip cross section.
• In the high-speed machining experiments, the effect of the depth of cut is similar to that in
normal cutting speed zone. However, since the transition point in high speed machining lies after
the cutting speed of 452 m/min, the temperature graphs show that the temperature do not have the
increasing trend like that in the normal cutting speed zone. Although the determination of the
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exact transition point is not possible due to the limitation of the tests, the results show that after
452 m/min, the temperature in both cutting zone and work-piece is almost constant.
• In none of the experiments, the magnesium alloy was flamed. This shows that the cutting zone
and the work-piece temperature values are not dangerously high, and therefore, the high-speed
milling of the magnesium alloy is possible. However, precautions should be considered about
other factors that may increase the cutting zone and/or work-piece temperature values; such as the
worn cutting tools, the water-based coolants, etc.
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