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Abstract Metal cutting is a complex material removal process with elastic deformation (ED) and plastic 

deformation (PD) together taking place in chip formation and surface generation. PD consists of shear PD 

(SPD) and normal PD (NPD) intrinsically relevant to cutting mechanism, such as pure cutting and 

ploughing. In ultra-precision machining, PD induces phase changes of Zn-Al alloy once, i.e. phase 

decomposition. In this study, the distinctive effects of SPD and NPD in surface generation on phase 

changes of Zn-Al alloy in ultra-precision raster milling (UPRM) with horizontal cutting under up-cutting 

mode were firstly discussed. At the machined surfaces of Zn-Al alloy, NPD and SPD both results in phase 

changes, but only NPD changes preferred crystal orientation; and PD under high speed cutting induces 

phase changes twice, i.e. four-phase transformation occurs after phase decomposition, namely twin phase 

changes, which were firstly observed. 

Keywords Phase change; Normal plastic deformation; Shear plastic deformation; Zn-Al alloy; Ultra-

precision raster milling 

1. Introduction

In practical cutting, material removal is a complex mechanical maufacturing process. At the being-

machined surface, it involves pure cutting (shearing) and ploughing (compressing) [1], named cutting 

mechanism, accompanying elastic deformation (ED) and plastic deformation (PD) [2, 3] not only in chip 

formation and but also in surface formation [3, 4]. Essentially, ED and PD together affect components' 

surface integrity [5, 6], such as surface quality (surface roughness and form error) and surface material 

properties. Further, surface integrity determines components' quality, life, and stability [6, 7]. Therefore, 

much attention has been attracted to studying the complex cutting process. 

In a general material removal process, more or less ploughing always takes place with pure cutting. 

Ploughing force is caused majorly by ED and PD of the machined material around tool cutting edge and 

influenced by tool cutting edge radius [4]. Large cutting edge radius will create more ploughing instead of 

chip formation [8]. The relationship between ploughing force and tool cutting edge radius has been 

theoretically and experimentally investigated fully [4, 9-11]. Moreover, the effects of the tool cutting edge 

radius changed by edge wear on ploughing force have been discussed with details [12, 13]. For ploughing 

force components, thrust force is more sensitive to tool cutting edge radius or/and edge wear than cutting 
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force, and the cutting force acting on the tool rake face is almost not changed [4, 12, 14]. Additionally, PD 

covers shear PD (SPD) and normal PD (NPD), which are induced by cutting force and thrust force as 

orthogonal components of ploughing force, shear force, and friction force, as schematically shown in 

Figure 1. At the being-machined surface, SPD is corresponding to shear force, friction force component, 

and ploughing force component in the horizontal direction, i.e. cutting force. In addition, NPD is caused by 

the friction force component and ploughing force component in the vertical direction, i.e. thrust force. The 

external stresses are not only left at a deformed chip and but also left at a machined surface layer [3, 4]. 

Much research has focused on chip formation under PD [15, 16]. However, the different effects of NPD and 

SPD on surface formation have not been discussed. 

In our previous studies [17, 18], phase changes of Zn-Al alloy are an indicator of PD and the phase 

changes occur in low speed cutting (low strain rate). However, strain rate plays a crucial role in 

influencing phase transition [19, 20]. Inspired by their work, the phase changes of Zn-Al alloy under high 

speed cutting (high strain rate) in ultra-precision raster milling (UPRM) were discussed. The distinctive 

effects of SPD and NPD on phase changes were studied. A tool before and after worn was employed to cut 

the alloy, which can makes the SPD and NPD contributions to chip deformation and surface formation 

different at the milled surfaces of Zn-Al alloy. A series of experiments have been conducted through 

measuring phase changes, chip deformation, crystal orientation, and tool wear features. The SPD and NPD 

were analyzed with theoretical modeling. 

2. Experimental setups

Two prepared eutectoid Zn-Al alloy (76wt%Zn–22wt%Al–2wt%Cu) specimens were treated at 350oC 

for 4 days and then furnace cooled (FC) to room temperature. Two flat-cutting tests were performed on an 

UPRM machine with a commercial natural single crystal diamond tool, as shown in Figure 2. It is a five-

axis ultra-precision freeform machine system, possessing three linear axes (X, Y and Z) and two rotational 

axes (B and C). A diamond tool is set up with the spindle and a workpiece is installed on the B axis rotation 

table. 

In the flat-cutting tests, the selected cutting strategy is horizontal cutting, i.e. feed direction is 

horizontal, and the cutting mode is up-cutting, as shown in Figure 2. The cutting conditions are listed in 

Table 1, and the tool geometry parameters are presented in Table 2. The cutting speed is very high at 

1,360 m/min (2π × 8,000 rpm × 27 mm), which means high strain rate. The new tool was extremely sharp 

with a tool cutting edge radius of 10~20 nm. The coolant was used in order to eliminate heat effect on 

phase changes of the machined material. It is Clairsol 330 mainly comprised of petroleum distillates 

(hydrotreated light, kerosene-unspecified). 

In practical material removal, SPD and NPD together take place in chip formation and surface 

formation. In this study, the SPD and NPD at the machined surfaces of Zn-Al alloy were discussed. Due to 

the extremely sharp tool cutting edge resulting in extremely low thrust force, the SPD is dominant with a 

little NPD, as schematically shown in Figure 1 (a). When the tool becomes blunt, edge wear results in a 

substantial increase in thrust force [12], i.e. the NPD substantially increases, as schematically shown in 

Figure 1 (b). Overall, as edge wear increases tool cutting edge radius to result in a cutting-to-ploughing 
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evolution, the NPD will sensitively increases and the SPD slightly increases. For this reason, the 

experiment includes three steps. 

Figure 1. Idealized surface formation with chip formation in: (a) pure cutting and (b) ploughing with force 

components, and (c) tool wear features (Ft: thrust force; Fc: cutting force; Fτ: shear force; Fp: ploughing 

force; Fμ: friction force; Fσ: compressive force) 
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Figure 2. Ultra-precision raster milling with horizontal cutting under up-cutting 

Table 1. Cutting conditions 

Table 2. Diamond tool geometry parameters 
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Firstly, one Zn-Al alloy specimen denoted by Sample 1 was milled by the new tool. Since the tool was 

too sharp, the SPD dominantly took place with a little NPD at the machined surface. Secondly, the new tool 

was used to flat-cut copper alloy to produce edge wear, as shown in Figure 1 (c), obtained by scanning 

electron microscopy (SEM). The worn tool edge radius is up to several micrometers further larger than its 

original edge radius of 10~20 nm. Finally, the worn tool was employed to mill the other Zn-Al alloy 

specimen denoted by Sample 2, where more ploughing occurred. Hence, at the machined surface the NPD 

greatly increased. In addition, the produced chips were simultaneously collected. Each sample was cut at 

five times with the same cutting conditions. After each cutting tests, the diamond tool was cleansed by 

high-pressure air with alcohol and observed by optical microscopy (Olympus BX60). 

The two specimens after each UPRM were examined immediately. Back-scan electron microscopy 

(BSEM) and X-ray diffraction (XRD) techniques were employed to detect phase changes. The phases 
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involved in this study are presented in Table 3. The XRD incident angle at 3o was selected in order 

efficiently to trace phase changes at the deformed surface layers. Hardness and elastic modulus tests of 

the machined surfaces were performed on a Nano-indenter II (Nano Instruments Inc., Model IIs). A 

Berkovich nano-indenter (a three-sided pyramidal diamond tip) with a tip radius of 200 nm was 

employed. It has a high accuracy for the loading as low as 500 µN and for the resolution of the penetration 

depth to be 0.04 nm. In testing, the hardness and elastic modulus are automatically measured against 

different loads coordinating with different nano-indentation displacements. Then, the nano-indentation 

displacements are collected together with the related loads. For each sample, 13 indentations were made 

at different points with different loads from 0.07 to 300 mN, which was repeated at ten times to calculate 

the average values of hardness and elastic modulus. The data between the hardness and elastic modulus 

to the nano-indentation displacement were obtained statistically based on the multi-measured method. 

Optical microscopy (Olympus BX60) was utilized to observe chip formation. 

Table 3 Phases involved in this study (fcc: face-centered cubic; hcp: hexagonal close-packed) 

Phase Description 
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Figure 3. Compressive and shear stresses in a stress infinitesimal element 

3. Results and discussion

3.1 Theoretical modeling 

In a loaded material body, the stress at each point can be characterized by a stress infinitesimal 

element. For simplicity, a 2D element is employed in this study, as shown in Figure 3. In addition, some 

assumptions have to be made: (i) the system is static equilibrium; (ii) only the dominant factors, such as 

cutting forces, are considered and others are neglected. Therefore, the relationship between compressive 

stress and shear stress for each infinitesimal element at a machined surface is written as Equation 1, 
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where σ2=0. Under pure cutting, only SPD occurs where σ1=0, i.e. Equation 1 is rewritten as Equation 2. 

Under the cutting-ploughing mode, SPD and NPD together occur, i.e. Equation 1 is rewritten as Equation 3. 

As comparing Equation 2 with Equation 3, the difference is the NPD, i.e. σ1. Generally, due to edge wear 

resulting in a cutting-to-ploughing evolution, the NPD substantially increases and the SPD slightly 

increases. Accordingly, it is ideally assumed that the SPD is only determined by material yield limit 

(material damage criterion [21]) when cutting. Therefore, the SPD is considered constant. The equations 

well explain the model in Figure 3. 
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3.2 Phase changes 

Figure 4 shows the BSEM and XRD results of Zn-Al alloy before and after being milling with a new tool 

and the worn tool, respectively. Figure 4(a1), (b1) and (c1) shows the BSEM results of the raw sample, 

Sample 1 and Sample 2, respectively. It is clearly observed that the α phase precipitated in the light-imaged 

ηT phase. It has been reported in Refs. [18, 22] that ŋFC→ŋT+α+ε. Surprisingly, the α phase of Sample 2 is 

not more than that of Sample 1, which is contrary to that the more PD induces the more α phase 

precipitation [18]. 

The XRD results are shown in Figure 4 (a2) for the raw Zn-Al alloy specimen before milled and Figure 

4 (b2) and (c2) for Sample 1 and Sample 2, respectively. The evolvement of (0002) ŋT means the ŋFC phase 

decomposition induced by an external stress during UPRM and its intensity also decreased. The same 

result has been reported by To et al. [5, 17, 18]. Reversely, the relative intensity of (0002) ŋT of Sample 2 is 

further higher than that of Sample 1, which all are higher than that of the raw sample before milled. In 

addition, the relative intensities of the phases ε and α are almost the same, which matches well the BSEM 

results in Figure 4 (b1) and (c1), but more than that of the raw sample before milled, as shown in Figure 4 

(a1) and Figure 4(a2). The peak amplitude indicates partial stress relieving. 

From the BSEM and XRD results, the relative intensities of the phases ε and α are the same for the 

milled samples with the tool before and after worn, but the relative intensity of the phase (0002) ŋT 

increases. The only reason is that four-phase transformation simultaneously occurred, i.e. α+ε→T+ŋ, 

known as quenching, when the ηFC phase decomposed, namely twin phase changes. As compared with the 

previous results [17, 18], the difference is that the cutting speed is high, i.e. high strain rate. Therefore, it 

can be inferred that under high speed cutting (high strain rate) phase decomposition and four-phase 

transformation together take place and edge wear promotes phase decomposition and four-phase 

transformation through SPD and NPD. 
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Figure 4. Phase changes indicated by (1) BSEM images and (2) XRD patterns of Zn-Al alloy (a) before milled, 

and after milled: (b) Sample 1 and (c) Sample 2 (←: α phase precipitation) 

3.3 Nano-indentation testing and chip deformation 

Nano-hardness tests were conducted to measure surface hardness and modulus of Sample 1 and 

Sample 2. In Figure 5 (a1) and (a2), the corresponding hardness to penetration depth is plotted for the 

two samples. A very thin hardened layer was generated at the two raster-milled surfaces. Sample 2 

possesses a thicker deformation layer at about 500 nm and Sample 1 has a thinner one at about 100 nm. It 

means that the edge wear strongly degenerated the surface layer. According to the proposed-above XRD 

and BSEM results, the heavier phase changes took place at the more greatly deformed surface layer with 

the worn tool; and the thinner deformed surface layer was formed with the slighter phase changes with 

the new tool. 

The corresponding elastic modulus of the raster-milled surfaces for the two samples is plotted in 

Figure 5 (b1) and (b2). Figure 5 (b1) shows that the corresponding modulus of Sample 1 slightly increases 

and then gradually decreases. However, in Figure 5 (b2), the modulus of Sample 2 only decreases, and the 

surprising transition took place. It indicates that as ploughing had a significant impact on surface 

deformation in the cutting process, since edge wear enhanced NPD at the machined surface, where more 

four-phase transformation after phase decomposition occurred. Therefore, edge wear resulted in the 

transition with great phase changes through substantial NPD. 

In a material removal process, chip deformation is an indirect indicator of SPD and NPD in surface 

formation. The corresponding chips were imaged by an optical microscopy, as shown in Figure 5 (c1) and 

(c2). The sheet-chips were produced when milling Sample 1 as shown in Figure 5 (c1) and the 
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catastrophic stripes were formed for Sample 2 as shown in Figure 5 (c2). It indicates that the chips were 

generated neatly with the new tool but the chips were produced laboriously with the worn tool. 

Accordingly, it reflects that the more NPD took place at the machined surface with the worn tool than that 

with the new tool, which reasonably supports the above results. 

Figure 5. Nano-indentation testing of Zn-Al alloy: (a) surface hardness, (b) surface elastic modulus and (c) 

chips of (1) Sample 1 and (2) Sample 2 

3.4 Crystal orientation changes 

Accompanying UPRM-induced phase changes, preferred crystal orientation was evolved at the raster-

milled surface layers [18]. The peak shift indicates residual stress. From the XRD results, as shown in 

Figure 4, the Braggle angle for the (0002) ŋ / ŋT/FC phase was obtained. The Braggle angle for the raw FC 

sample is 36.73 o. 

The Braggle angle for Sample 1 is 36.74 o, which is not obviously changed. It means that its d-spacing was 

not changed, i.e. its plane did not shift, but the ηFC phase transformed into the ηT phase proved by the 
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above XRD results. In addition, the Braggle angle for Sample 2 is 36.66o, which is significantly less than 

that of the raw FC sample and Sample 1, i.e. the Braggle angle for the (0002) plane shifted. 

More importantly, in a material removal process, SPD is almost considered constant at the machined 

surface. Therefore, both of SPD and NPD resulted in phase changes, and only the NPD shifted the preferred 

crystal orientation but the SPD not. Further, it can be asserted that four-phase transformation took place 

under high speed cutting after phase decomposition. 

4. Conclusions

Ultra-precision raster milling (UPRM) induced external stress results in phase changes at the 

machined surfaces of Zn-Al alloy, accompanying shear plastic deformation (SPD) and normal plastic 

deformation (NPD). In this study, their different effects on phase changes of Zn-Al alloy after UPRM with 

high speed cutting (high strain rate) were firstly discussed, using a series of instruments to detect phase 

precipitation and phase decomposition, examine preferred crystal orientation, test surface hardness and 

elastic modulus, and observe chip deformation. Some results have been found as follows: 

(1) During UPRM, SPD and NPD both result in phase changes of Zn-Al alloy at its milled surfaces, which is 

relevant to the cutting and ploughing contributions to chip deformation and surface formation.

(2) Under high strain rate, SPD and NPD induce phase changes of Zn-Al alloy twice, i.e. four-phase 

transformation takes place after phase decomposition, namely twin phase changes.

(3) Further, it is worth noticing that only NPD causes the shift of preferred crystal orientation of Zn-Al 

alloy but SPD not.
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