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Abstract: Gallium arsenide (GaAs) components, ranging from the planar substrate to those possessing 

complicated shapes and microstructures, have attracted extensive interest regarding their applications in 

photovoltaic devices, photodetectors and emerging quantum devices. Single point diamond turning (SPDT) is 

regarded as an excellent candidate for an industrially viable mechanical machining process, as it can generate 

nano-smooth surfaces, even on some hard-to-machine brittle materials such as silicon and silicon carbide, with a 

single pass. However, the extremely low fracture toughness and strong anisotropic machinability of GaAs 

makes it difficult to obtain nano-smooth, crack-free machined surfaces. To bridge the current knowledge gaps in 

understanding the anisotropic machinability of GaAs, this paper studied the mechanical material properties of 

(001)-oriented GaAs through indentation tests, assuming the diagonals of the indenter acted in the similar way 

of the cutting edge of a diamond tool with a negative rake angle. The results showed that the (001) plane of the 

GaAs material displayed harder and more brittle when indented along direction I (one diagonal of indenter 

parallel to the <110> orientation) compared to direction II (one diagonal of indenter parallel to the <100> 

orientation), which coincides with anisotropic machined surface quality by SPDT. This finding reveals, for the 

first time, that the crystallographic orientation dependence of both hardness and fracture toughness represents 

the underlying mechanism for the anisotropic machinability of GaAs. The paper presents a novel approach to 

evaluate the critical depth of cut under a high cutting speed comparable to SPDT and to determine the maximum 

feed rate for ductile-regime diamond turning. The 26.57 nm critical depth of cut was obtained for the hardest 

cutting direction using a large negative rake angle diamond tool. Finally, a nano-smooth surface was 

successfully generated along all the orientations in ductile-regime diamond turning, in which the material 

removal mechanism is considered as plastic deformation caused by high-density dislocations.  The subsurface 

layer remains to its single crystal structure and no cracks are found under a transmission electron microscope 
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(TEM). The results proves the proposed evaluation approach for the critical depth of cut and the maximum 

allowed feed rate is highly effective for guiding the ductile-regime machining of brittle materials.

Keywords: Gallium arsenide; Diamond turning; Mechanical properties; Anisotropy; Critical depth of cut. 

1. Introduction

Gallium arsenide (GaAs) outperforms silicon in the aspects of larger band gap, better stopping power, 

higher resistivity, carrier mobility and radiation hardness [1-10]; therefore, it is being applied in efficient 

photovoltaic devices [1-3], photodetectors [4], microwave devices [5], radiation detectors [6-8], light-

amplification devices [9] and other optoelectronics [10]. Furthermore, due to its high refractive index, GaAs has 

become a favourite candidate material for emerging quantum devices, for instance, as a solid immersion lens 

applied in a quantum emitter that can effectively improve the light-materials’ interactions for an emitter buried 

in a solid-state environment [11]. Overall, GaAs components, ranging from planar substrates to those possessing 

complicated shapes or microstructures, have recently attracted extensive research interest. In general, lapping 

[12], chemical polishing [13-14] or chemical mechanical polishing [15-16] are used to obtain planar GaAs 

substrates; however, these manufacturing processes are extremely time-consuming. Electrochemical wet 

stamping and laser micromachining [17-19] have been used to fabricate microstructures on GaAs substrate. 

However, these methods have difficulty of meeting the required high form accuracy when compared to 

mechanical processing [13]. Recently, focused ion beam (FIB) machining has been used to successfully obtain 

GaAs quantum emitters that possess a hemispherical cavity of 1 μm curvature radius to meet the required form 

accuracy [11]. However, FIB machining is limited in processing an area in the scale of a few or tens of microns 

because of its extremely low material removal rate. There is an urgent need to develop an industrially viable 

manufacturing technique for the mass production of GaAs-enabled devices.

Single point diamond turning (SPDT) has been regarded as an excellent mechanical machining process to 

generate nano-smooth machined surfaces with a single machining pass, and it can also generate three 

dimensional freeform surfaces and micro/nano structures even on hard and brittle materials, such as Si and SiC 

[20-23]. Furthermore, the components machined by diamond turning have a much better metallurgical structure 

than those obtained through polishing or lapping processes. Thus, diamond turning offers flexibility of the 

generated figure, better-step definition, deterministic form accuracy and economy of fabrication time [22]. 

However, GaAs is indeed an extremely challenging brittle material to machine because of its low fracture 

toughness and strong anisotropy in comparison with other typical brittle materials [24, 26]. Jasinevicius found 

 

 

 

Journal Pre-proof



that the ductile machining of (001)-oriented GaAs cannot be realised even with the extremely small feed rate of 

1.25μm/rev during SPDT, although a smooth surface can be generated under the same condition for (001)-

oriented silicon [25]. Fang and Yuan reported a mirror surface of GaAs was achieved in diamond turning, 

without providing further information on the crystallographic plane nor the orientation of the machined surface 

[26]. A previous study of the authors showed the strong anisotropic machinability of (001)-oriented GaAs 

because the machined surface exhibited four obvious fan-shaped sections, as shown in Fig. 1. Cutting along the 

<110> direction cannot gain a complete ductile response even with the extremely small feed rate of 0.5μm/rev, 

while it is relatively easy to achieve ductile machining when cutting along the <100> direction. An in-depth 

understanding of the anisotropic machinability of GaAs materials and of an effective approach for determining 

process parameters remains a significant knowledge gap for obtaining the ductile-regime diamond turning of 

GaAs. 

Brittle

Ductile    

Brittle

Ductile    

Copper fixture GaAs wafer

<110> <100>

Fig. 1. Anisotropic machinability of (001)-oriented GaAs.

The aforementioned literature results were gained using diamond tools with a rake angle of 0°. An 

abundance of literature has demonstrated that brittle material undergoes phase transformation when a high 

hydrostatic press exists by adopting a negative tool rake angle like the indenter [27-31]. In this case, the brittle 

material around the tool’s rake face would then become plastic enough to sustain plastic flow, which is plastic 

material removal [27]. Therefore, it is significant to discover the detailed machining characteristics as well as 

the feasibility of obtaining smooth surfaces for anisotropic GaAs by using a diamond tool with a negative rake 

angle.

On the other hand, a nano-smooth surface on a brittle material can only be obtained when subsequent tool 

passes remove the brittle fractures generated along the tool edge and no fractures propagate into the finished 

bottom surface. Furthermore, a brittle fracture will take place along the tool edge when the chip thickness is 

larger than the critical undeformed chip thickness [23]. Therefore, the critical undeformed chip thickness is an 
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important factor in evaluating the machinability of brittle materials during diamond turning. Blake et al. first 

proposed an ‘uncut shoulder’ to calculate the critical undeformed chip thickness (critical depth in the paper) for 

SPDT; however, the calculated value through theoretical equations is not precise when considering the influence 

of the machining system’s vibrations on chip thickness [25, 29]. In addition, the critical undeformed chip 

thickness was significantly influenced by feed rate, which results in a non-deterministic and complicated 

procedure. Furthermore, many researchers have adopted tape cutting or plunge cutting on brittle materials to 

measure the cross-sectional profile of microgrooves and then evaluate the critical undeformed chip thickness 

(critical depth of cut in some papers), since it is easier and more precise than the ‘uncut shoulder’ method [20, 

27, 28, 30, 31, 32]. However, the speed of plunge cutting or tape cutting is much slower than that in SPDT. Yan 

et al. pointed out cutting speed may affect the thermal and dynamical aspects of a cutting process [30]; thus, the 

critical depth of cut gained at low speed may be drastically different from the value under a high-speed 

condition. Hence, a novel method for determining critical depth of cut under a high speed comparable to SPDT 

must be studied for the diamond cutting of brittle materials.

Aiming to bridge the aforementioned knowledge gaps, this study examined the fundamental machining 

characteristics and feasibility of ductile-regime SPDT of GaAs by using a diamond tool with a negative rake 

angle, and a novel approach for determining the critical depth of cut was proposed under the condition of a high 

cutting speed comparable to SPDT. To reveal the reason for strong anisotropy and brittleness, the mechanical 

properties, including hardness, elastic modulus and fracture toughness, were also studied along specific crystal 

orientations. Afterwards, the anisotropic machinability and critical depth of cut were analysed, aiming to realise 

the complete ductile machining of (001)-oriented GaAs. Finally, the material removal mechanism was studied 

by observing the crystal structure beneath the machined surface.

2. Experimental details

2.1 Mechanical testing experiments

The polished undoped single crystal gallium arsenide (GaAs) wafers (diameter of 25mm, thickness of 1mm, 

Wafer Technology Ltd. (UK)) were used in mechanical testing experiments. These wafers were grown at low 

pressure from high purity polycrystalline GaAs in a vertical temperature gradient (VGF-vertical gradient freeze). 

Vickers indentation experiments were carried out on an ultra-precision machine-micro-3D in order to determine 

hardness and fracture toughness, as shown in Fig. 2 (a). The (001)-oriented GaAs specimen was glued on an 

aluminum block, and ultrasonic cleaned with 95 vol. % medical alcohol. Then, the specimen was fixed on a 
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three-component piezoelectric dynamometer (Kistler 9129 AA) with a resolution of 1 mN, thus the load of 

indentation was measured in real time. As shown in Fig. 2 (a), a current-controlled linear slide rail was used to 

apply the load through NC program, which enables a minimum displacement of 0.2 μm and a maximum load of 

up to 40 N. A Vickers indenter HV-3 at loads of 0~50 kgf was connected to the end of the linear slide rail to 

produce impression on the sample. 

(a)         (b)

Dynamometer

GaAs wafer   
Vickers indenter    

Linear slide rail    

Fig. 2. (a) Experimental setup, (b) Crystal orientations on (001) plane and two directions for indentation tests.

The indentation experiments were conducted along direction I and direction II respectively, as shown in 

Fig. 2 (b). Diagonals of indenter in indentation acted in the similar way of tool edge with largely negative rake 

angle during diamond turning. Therefore, the indentation along direction I is similar to diamond cutting along 

the <110> direction (including [110], , , ), while another direction is similar to diamond cutting [110] [110] [110]

along the <100> direction (including [100], [010], , ). For each direction, in view of indentation size [100] [010]

effect [33], twelve maximum loads (0.25 N, 0.5 N, 0.75 N, 1.0 N, 2.0 N, 3.0 N, 4.0 N, 5.0 N, 8.0 N, 11.0 N, 14.0 

N, 17.0 N) were used to make impression, and the tests were repeated seven times at each maximum load. All 

tests were performed with a 10s holding time and 30s loading-unloading period. The indentation impressions at 

different loads were firstly imaged by scanning electron microscope (SEM, TM-1000, Hitachi, Japan), and then 

all the two diagonals of the square shaped indentation impression and cracks generated at the corners of the 

impressions were measured by image analysis software (Digimizer, Belgium). The averages of diagonals and 

crack sizes at each maximum load were calculated by considering seven indents. 

Experiments of testing elastic modulus were carried out on a Nano indentation system (Keysight G200), 

where the diamond indenter was a Berkovich tip with a tip radius of 100 nm. The maximum loads were set as 10 

mN, 100 mN and 500 mN respectively. The tests were repeated three times at each load with the loading-

unloading period of 25 s. Similar to the directions in Fig. 2 (b), one of the diagonals of indenter perpendicular to 
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the <110> direction was defined as direction I, while one of the diagonals of indenter parallel to <110> was 

regard as direction II.

2.2 Single point diamond turning experiments

The SPDT face cutting of GaAs ((001) plane) were carried out on a custom-built machining system, where 

cross linear X and Z axes carry the tool holder, and the air bearing work spindle was fixed on a granite bed, as 

shown in Fig. 3 (a). The work spindle has a total indicator reading error of less than 1μm in the axial direction 

and a maximum speed of 10000 rpm. Each linear axis comprises of a dovetail section air bearing carriage with 

direct drive DC brushless linear motor and a high resolution encoder. Their positioning repeatability is less than 

0.5 μm and straightness error is smaller than 0.3 μm. The polished GaAs wafers with a size of Φ50 mm×0.5 mm 

were glued on a copper fixture and then connected to the vacuum chuck of machining system. Single crystal 

diamond tool was fixed on the tool holder and cutting force was measured by a three-component piezoelectric 

dynamometer (Kistler 9129 AA), as shown in Fig. 3 (a). All the experiments were conducted under dry cutting 

condition, since coolant cannot improve the machined surface quality according to our previous cutting results. 

In order to study the influence of rake angle on the machined surface quality, three types of diamond tools were 

used, and the cutting edge radius was measured by using an Atomic Force Microscope (AFM, DI Dimension 

3100). The detailed machining parameters were listed in Table 1.

(a)       (b)

Work spindle

X axes

Z axes

Vacuum chuck

Diamond tool

GaAs sample

Dynamometer

Fig. 3. (a) Experimental setup of SPDT, (b) Measurement for anisotropic surface quality.

The machined surface was firstly ultrasonic cleaned with 95 vol. % medical alcohol, and then the 

distribution of surface roughness and topography in circumferential direction was measured using AFM with the 

method illustrated in Fig. 3 (b), in which the angle between radial direction of measuring position and that along 

[110] orientation was defined as θ. Moreover, the angle θ ranges from 0° to 360° with an angle interval of 5°. 

The machined surface was also imaged by the SEM and a white light interferometer (Zygo NewView 5000). In 

 

 

 

Journal Pre-proof



order to observe the subsurface damage caused by the cutting process, a slice cut off from a machined surface 

was measured by using a Transmission Electron Microscope (TEM, Themis Z, Thermo Fisher, USA).

Table 1 Machining parameters of SPDT.

SI. no. Parameters Unit Values

1 Tool nose radius of diamond tools mm 5

2 Rake angle degree -25 (tool I), -30 (tool II), -40 (tool III)

3 Clearance angle degree 10 (tool I), 10 (tool II), 20 (tool III)

4 Cutting edge radius of diamond tools nm 73.79 (tool I), 101.10 (tool II), 61.14 (tool III)

5 Feed rate μm/rev 0.5, 1.0, 1.5, 2.0, 2.5

6 Cutting speed m/s 1.84

7 Depth of cut μm 10

3. Mechanical properties along two directions

Many researchers have found that crystallographic orientation had a significant effect on the brittle-ductile 

transition of single crystal brittle material, meanwhile brittle micro fracture first occurred for cutting along 

specific crystallographic direction [21, 27, 29-32]. But the mechanism of crystallographic orientation 

dependence was not yet understood. Diamond cutting process shares certain similarity with indentation test in 

terms of using largely negative rake angle tool [27]. Moreover, material mechanical properties is known to play 

an important role in determining the critical undeformed chip thickness which indicates the machinability of 

brittle materials [29]. Thus the hardness and fracture toughness of crystalline materials obtained from the 

indentation tests, should be different in different crystallographic orientation like the crystallographic orientation 

dependence appeared in the diamond cutting process. In order to reveal this issue, indentation tests for two 

directions (shown in Fig. 2 (b)) were designed on the (001) plane. 

(a)              (b)

[110]

[110]

Fig. 4. (a) Indentation impression obtained under the load of 0.98 N [24], (b) Indentation impression along 

direction I obtained at the load of 1.0 N in this study.

As shown in Fig. 4 (a), Wang et al., carried out indentation tests at room temperature on undoped (001)-

oriented GaAs with the maximum load of 0.98 N [24], when diagonals of indenters were parallel to [110] and 
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 orientations which is the same as the direction I in this study. From Fig. 4 (b), it can be seen that the size [110]

of indentation impression and the pattern of cracks are very similar to that achieved by Wang, et al. Therefore, 

the indentation test procedure and results are considered to be reasonable and reliable in this study.

3.1 Vickers hardness and the indentation size effect

The Vickers hardness is defined as the ratio of the applied load via a geometrical indenter of defined shape 

to the contact projected area, which can be described as [33, 34]:

                                                             (1)3
21.8544 10v

PH
d

 

where  is the Vickers hardness in GPa, P is the applied load in Newtons and d is the average value of the vH

two diagonal lengths in μm. When the applied loads varied from 0.25 N to 17 N, the Vickers hardness values of 

GaAs were calculated and plotted in Fig. 5, where each plotted data points and its error bar are the averages of 

seven indent measurements and their standard deviations, respectively. For two directions, the hardness firstly 

increased and then decreased, and tended to be stable in the end with the increase of applied loads, which is 

similar to the results of single crystal SiC reported by Li et al. [35]. The Vickers hardness of 5.45 GPa in 

direction I was determined to be slightly higher than the value of 5.27 GPa in direction II. However, the 

relationship between hardness and load for single crystal GaAs differs from other typical brittle materials, for 

which the hardness decreases and then tends to be stable with the increase of loads [33]. This phenomenon may 

be attributed to its special zincblender structure [36]. 

        

n1=2.28

n2=2.27

Fig. 5. Vickers hardness varied with applied load.                   Fig. 6.  ln P versus ln d fitting curves. 

Moreover, the indentation size effect was also considered to exist in indentation test of GaAs, so the 

classical Meyer’s law was analysed and plotted in Fig. 6. The Meyer’s index n is given by [33]
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     (2)nP Ad

where A is constant and d is the average value of the two diagonal lengths in μm. The indentation size effect was 

usually related to the deviation of the n-value from 2 [33]. As shown in Fig. 6, the n values of two directions 

were larger, but not smaller than 2 like many ceramic materials [33]. Although n value of direction I was close 

to the other direction, the indention impression showed very different from one to the other in Fig. 7. Obvious 

elastic recovery for the edge of impression were observed along the <100> orientation for direction I. In 

addition, the external applied energy cannot be completely absorbed by elastic and plastic deformation, but 

formed cracks at middle point of each edge along the <100> orientation, which is the intersection of the {110} 

plane and the (001) plane, as shown in Fig. 7 (a). For GaAs material, {110} plane is the preferential cleavage 

plane [36], so the cracks mainly propagated along the <100> orientation for direction II shown in Fig. 7 (b), but 

no elastic recovery was found in the edge of impression. It can be explained that <110> orientation in Fig. 7 (b) 

is the intersection of the {111} planes and the (001) plane [24], where the {111} slip planes is easier to produce 

dislocation and plastic deformation than elastic deformation [36]. 

(a)     (b)

<100><110>

Fig. 7. The indentations obtained at the load of 0.5N. (a) Direction I, (b) Direction II.

3.2 Elastic modulus

Elastic modulus Es can be obtained by the following equation [37]:

                                                          (3)
2 2(1 ) (1 )1 s i

r s i

v v
E E E

 
 

where Er and vs are the reduced elastic modulus and Poisson’s ratio of the specimen, respectively. Ei and vi are 

elastic modulus and Poisson’s ratio of the indenter. The indenter parameters used in this study are Ei = 1141 

GPa and vi = 0.07 and it was assumed that vs = 0.31 for the GaAs [38]. The reduced modulus can also be 

determined by analysing the load-displacement curve according to the following equation:
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                                                                    (4)
2r

c

SE
A


 

where Ac is the projected area of contact between the specimen and the indenter at maximum load, S is the 

stiffness of the test material, and can be obtained from the initial unloading slope by evaluating the maximum 

load and maximum depth, which is S = dP/dh [37]. 

The loading–unloading curves for the nanoindentation test at different loads are shown in Fig. 8. It is clear 

that the maximum depth hmax and the residual plastic depth after unloading hrp at different loads are almost the 

same for the two directions. In addition, both the load-displacement curves of two directions creep at the 

maximum load, which can be attributed to plastic deformation of GaAs material. The elastic recovery is relative 

to the plastic deformation during the indentation process, and it can be expressed by the ratio of elastic recovery 

 from the loading–unloading curve, as follows [38]e

                                                            (5)max

max

100%rph h
e

h


  

No obvious difference for the ratio of elastic recovery was found between the two directions, and the average 

value was calculated as 42.14% taking into consideration of all three maximum loads, which is very close to the 

ratio of elastic recovery of 40% reported by Fang et al. at maximum load of 3mN on (100)-oriented GaAs 

surface [38].

(a)   (b)

Fig. 8. The load-displacement curves. (a) Direction I, (b) Direction II.

Through considering all the nanoindentation tests, the elastic modulus values of GaAs were calculated and 

plotted in Fig. 9, where the error bars were their standard deviations. It can be seen that when the load was 

larger than 100 mN, the elastic modulus tended to be stable at a value of 109 GPa and showed no difference 

between the two directions. The results implied the elastic modulus did not exhibit crystallographic orientation 
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dependence when adopting the Berkovich indenter, since we found that one edge of indenter was along <110> 

orientation while the other two edges were approximately along <67 25 0> or <25 67 0> orientation for each 

direction, as shown in Fig. 9. Hence, the elastic modulus of 109 GPa was used to calculate fracture toughness of 

two directions on (001) plane. Moreover, Fang et al. reported the elastic modulus of (100)-oriented GaAs ranged 

from 120GPa to 100GPa at different loads [38].

I    
II    

<110>    

<67 25 0>    <25 67 0>    

Fig. 9. The elastic modulus at different maximum load.

3.3 Fracture toughness

The typical cracks propagating at the corners of impression shown in Fig. 10 belong to radial-median 

cracks. Therefore, the fracture toughness can be evaluated by [33]:

                                                           (6)1/2
3/20.0154( ) ( )c

v

E PK
H c



where c is the crack length initiated at the centre of indentation impression and E is elastic modulus. Wang et al. 

have ever found surrounding the indentation site was a square region of slip lines lying along the 

<110>directions [24]. Similarly, a lot of slide lines along the [110] and  orientations appeared outside the [110]

impression and emerged from cracks for direction I in Fig. 10 (a). However, Fig. 10 (b) showed slide lines 

distributed within the impression area along all <110> orientations (including [110], , , ) for [110] [110] [110]

direction II, since <110> direction is the intersection of the {111} slip planes with the (001) sample surface [24]. 

Because the formation of slide lines arising from dislocations within impression area consumed some energy, 

the length of crack propagating from the corner of the impression in the case of direction II should be shorter 

than that of direction I, which was proved by the data shown in Fig. 11 (a). 
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(a)       (b)

<110>

c

Slide lines
Slide lines

<110>

2a

Fig. 10. Indentation impression and cracks at the load of 4 N. (a) Direction I, (b) Direction II.

During calculating fracture toughness, the ratio of crack length c to diagonal half-length a was generally 

required to satisfy the condition of c/a >> 2 [39], so the fracture toughness was evaluated at the loads ranging 

from 2.0 N to 17.0 N. The average value and error bar based on seven indentation tests for each load were 

plotted in Fig. 11 (b). It is clear that the fracture toughness of direction II is obviously higher than that of 

direction I at each load, which may be caused by the shorter crack length for direction II than direction I at the 

same load. The average values of fracture toughness considering all the loads were determined as 0.482 

MPa·m1/2 and 0.579 MPa·m1/2 for Direction I and Direction II, respectively. Hence, the results achieved in this 

study proves that both hardness and fracture toughness presents crystallographic orientation dependence.

 (a)    (b)

Fig. 11. Crack length and fracture toughness. (a) The relationship between crack length and diagonal half length, 

(b) Fracture toughness at different load. 

4. Analysis of anisotropic machined surface quality obtained by SPDT
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The machined surface quality on GaAs wafer exhibited strong anisotropy by using the parameters listed in 

Table 1. Through observing the machined surface roughness (Ra) distribution in circumferential direction, it was 

found that the surface roughness was higher than 10 nm when the angle θ (illustrated in Fig. 3 (b)) varied in the 

ranges of 60°–130° and 245°–315°. Furthermore, the maximum machined surface roughness (Ra) appeared at 

the angle of 80°, not at 90° ([110] orientation) as shown in Fig. 12. This phenomenon maybe attributed to the 

findings that some cracks propagated along the {110} plane while others generated from a high density of 

dislocation along the {111} plane [36, 40], and cutting at the angle of 80° maybe the most beneficial direction 

for the crossing of cracks in different directions to form brittle fracture. However, although the surface 

roughness was lower than 10 nm when cutting along  orientation (θ=0°) and  orientation (θ=180°), a [110] [110]

few of micro cracks caused by micro fracture were found on the machined surface.

                 

Fig. 12. Distribution of the machined surface roughness in the circumferential direction after SPDT by using 

tool Ⅱand feed rate of 2.5 μm/rev.

Therefore, in this study, brittle fracture index I was defined and classified into six levels to further evaluate 

anisotropic machined surface quality. The I value of 0 means crack free; level 1 represents that the machined 

surface shows regular cutting trace and a few small cracks; level 2 refers to the flat surface with obvious cutting 

trace, many cracks and a few micro pits; level 3 means the surface with high-density micro pits and no cutting 

trace; level 4 represents uneven surface exhibiting a few macro brittle pits besides micro pits; level 5 means the 

most serious brittle fracture featured by a large amount of macro brittle pits. As shown in Fig. 13, brittle fracture 

index reached 5 only in the case of cutting at the angle of 80°. The ductile response with crack free on machined 

surface was observed to distribute within four angle ranges of 20°–50°, 135°–175°, 195°–220°and 315°–350°, 

that is near the cutting along four <100> orientations. On the other hand, the machined surface exhibits brittle 

fracture when cutting near the directions in four <110> orientations. This result can be explained by the 
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crystallographic orientation dependence of hardness and fracture toughness shown in Fig. 5 and Fig. 11 (b), in 

which diagonals of indenter along the <110> orientations were relative to higher hardness and lower fracture 

toughness as compared to the diagonals along the <100> orientations.

Fig. 13. Distribution of brittle fracture index in circumferential direction on (001) plane. 

Nevertheless, the brittle fracture indexes I of the machined surface along the [110] and  orientations [110]

are much larger than that along  and  orientations, which may be caused by the noncentrosymmetric [110] [110]

structure of GaAs as a polar crystal [24]. Wasmer et al. reported that in the glide set configuration of GaAs, α 

dislocation was along the [110] orientation with type Ⅲ  (As) atoms, while β dislocation was along the  [110]

orientation with type Ⅴ(Ga) atoms [40]. In addition, the maximum velocity of β dislocation is 2.5 μm/s, but the 

maximum velocity of α dislocation reaches 250 μm/s [40]. The cracks propagating on the {111} plane are 

associated with a high density of dislocations. So, the brittle fracture on the machined surface showed very 

different from cutting along [110] and  orientations to cutting along other two <110> orientations.[110]

As mentioned before, only a few micro cracks caused by brittle fractures were found on the machined 

surface at the angle of θ=0° (cutting along  orientation). So this angle was chosen to analyse the influence [110]

of feed rate and tool’ rake angle on surface defect. According to surface topography measured by the AFM, five 

larger pits were determined, and then the depths of pits were calculated through obtaining their cross-sectional 

profiles. The average depth of five pits, named as depth of pitting damage, was expressed in Fig. 14 (a). Among 

the three diamond tools, tool Ⅲ with rake angle of -40° was found better to suppress the generation of surface 

defect in comparison to tools with rake angle of -25° and -30°, since crack-free machined surfaces were 

obtained by using this tool under the feed rate smaller than 2.5 μm/rev. It can be explained that larger negative 

rake angle can cause deeper phase transformation or dislocation layer through higher hydrostatic pressure, 
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which was supported by the results of normal cutting force. As shown in Fig. 14 (b), the diamond tool with the 

larger rake angle generated smaller normal cutting force, since the deeper phase transformation or dislocation 

layer (softer than perfect single crystal GaAs) was produced and then removed in the form of chips during 

cutting by using the tool with larger rake angle. Accordingly, toolⅠwith rake angle of -25° was regard as the 

worst to achieve ductile machining of GaAs. Fig. 14 (a) also shows the depth of surface pitting defects increases 

with the increase of feed rate, which arises from the increase of the chip thickness. 
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Fig. 14. Cutting performance of diamond tools with different rake angles. (a) Depth of surface pitting damage 

obtained under different feed rates, (b) Normal cutting forces at the feed rate of 1.0 μm/rev. 

5. Critical depth of cut in the hardest cutting direction

5.1 An approach of evaluating critical depth of cut

According to the distribution of machined surface roughness and brittle fracture index in Figs. 12 and 13, 

the direction with the angle of θ=80° was regard as the hardest cutting direction, which is close to the [110] 

orientation. In other words, once this direction can achieve ductile cutting, it will be feasible to realise smooth 

surface on the (001) plane of GaAs. Therefore, in this paper the critical depth of cut was only studied in the 

hardest cutting direction. As most of the researches gained critical depth of cut through plunge cutting or tape 

cutting under low speed which cannot be regard as the true value in real SPDT, in this study a novel method was 

proposed to evaluate the critical depth of cut under a high cutting speed comparable to SPDT. Fig. 15 shows the 

detailed experimental setup, in which a slice of GaAs was cut out from the wafer along radial direction with the 

angle of θ=80°. Then the slice was glued on an aluminum fixture with one side slightly higher than the other 

side. In Fig. 15, the GaAs wafer was not connected to the fixture, and just used to illustrate the slice of GaAs. 

During SPDT with a spindle speed of 500 rpm and a feed rate of 600 mm/min, the nominal depth of cut was set 
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as 1 μm in every cutting circulation, and the cutting stopped until a row of inclined grooves appeared on the 

slice of GaAs, as shown in Fig. 15. 

     

Ductile

Ductile-
brittle

Brittle

w

w/2

R

dc

R

Fig. 15. Schematic diagram of experimental setup.        Fig. 16. Surface topography of inclined groove. 

5.2 Critical depth of cut under the high speed

Cutting speed of every inclined groove was calculated by its radial distance r and spindle speed. The 

machined surfaces of the inclined groove were measured by SEM to determine the position of brittle-ductile 

transition, and then the width of groove w was measured by image analysis software, as shown in Fig. 16. 

Accordingly, the critical depth of cut dc can be calculated by 

                                                          (7)2 21 4
2cd R R w  

where R is tool nose radius. In this case, vibration of machining system did not have remarkable influence on 

calculation of the critical depth of cut. From Fig. 16, it can be seen that the surface radial cracks approximately 

propagated in the direction perpendicular to the cutting speed within the region of brittle-ductile transition, 

which is near the  and  orientations. [110] [110]

As the diamond tool with the rake angle of -25° achieved the worst machined surface finish, only the other 

two diamond tools with larger negative rake angles were used to evaluate the critical depth of cut. The 

relationship between the cutting speed and the critical depth of cut was plotted in Fig. 17. Corresponding to the 

results shown in Fig. 14, the tool Ⅲ  with rake angle of -40° has better performance of suppressing brittle 

fracture, and is able to generate deeper critical depth of cut in comparison to the tool Ⅱ . On the other hand, 

cutting speed does not have obvious influence on the critical depth of cut, so the average value of dc was 

calculated through considering all the cutting speeds. The average dc of 26.57 nm was achieved using diamond 
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tool Ⅲ , which is almost 2.6 times of tool Ⅱ . The extremely low critical depth of cut implies it is very 

challenging to realise ductile cutting of GaAs.

Fig. 17. The critical depth of cut at different cutting speed.

6. Generation of nano-smooth surface

It is well recognized in SPDT of brittle materials that the nano-smooth surfaces can only be obtained when 

subsequent tool passes remove the brittle fractures generated along the tool edge, and no fractures propagate into 

the machined surface. Therefore, the length and growing direction of initiated crack at the position of the critical 

undeformed chip thickness (or critical depth of cut) was extremely significant to achieve nano-smooth surface. 

Lawn et al. has ever proposed a model for crack initiation in elastic/plastic indentation fields. They determined 

critical conditions for the growth of penny-like "median cracks" from sub-surface flaws beneath sharp indenter 

[41]. Accordingly, the threshold load P* (N) and threshold crack length C* (μm) of generating initial median 

cracks were given by [41]

                                                                    (8)2
2

1.767( )( )cKC
H

 

                                                               (9)3
2 4

54.47( )( )c
c

KP K
H


 

 

where Kc and H are the fracture toughness (MPa·m1/2) and hardness (GPa), α= 2/π for Vickers diamond indenter, 

θ≈0.2 and η≈1. As mentioned before, the diamond tool with largely negative rake angle in cutting acted like 

Vickers indenter in indentation, thus the indentation tests were conducted along directionⅠ and directionⅡ

which are close to the hardest cutting direction (cutting along <110> orientations) and the easiest cutting 

direction (cutting along <100> orientations), respectively. On the basis of equations (8) and (9), the threshold 
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load and threshold crack length were calculated and listed in Table. 2. It is obvious that the threshold load of 

generating cracks for the easiest direction was approximately 2.3 times of the hardest direction. Because the 

cutting force is directly related to the chip thickness in SPDT, the results also support that the critical depth of 

cut (or undeformed chip thickness) is extremely small along the hardest direction when compared to other 

typical brittle materials, for instance, higher than 300 nm for single crystal silicon and germanium by adopting 

largely negative rake angle [29].

Table 2 Parameters when cutting along the hardest (near <110> orientation) and the easiest (near <100> 
orientation) directions.

Parameters
Hardness 

Hv (GPa)

Fracture toughness 

Kc (MPa·m1/2)

Threshold 

load P* (mN)

Threshold crack 

length C* (μm)

Critical depth of 

cut dc (nm)

26.57 for tool ⅢCutting along 

hardest direction
5.45 0.482 7.23 0.345

10.06 for tool Ⅱ

Cutting along 

easiest direction
5.27 0.579 16.64 0.533 ——

The generation of cutting chip and machined surface in SPDT was illustrated in Fig. 18. Supposing that the 

critical crack length is C* (μm), the critical chip thickness is dc (μm) and the allowed maximum feed rate for 

generating smooth surface is defined as fmax (μm/rev). From Fig. 18, if f=fmax, the height of point E equals C*+G0, 

where G0 is the vertical distance from point C to point B given by f2/8R. Through analysing geometrical 

relationship between diamond tool and GaAs wafer shown in Fig. 18, the allowed maximum feed rate fmax can 

be deduced as 

                                  (10)2 2 2
max ( ) cos ( )sinc cf R R d R d     

where . Additionally, the maximum thickness of chip dmax should meet the 1 *
0cos (( ) / )R C G R   

requirement of dmax ≤ dc for generating crack-free surface, and dmax under certain process parameters was well 

known to be calculated by: 

                                         (11)2 2 2
max 2 2 p pd R R f f Ra a    

in which ap was nominal depth of cut in SPDT, and its maximum value can be calculated by dmax ≤ dc in the case 

of f=fmax. Here, the critical undeformed chip thickness dc is regarded as the same with the critical depth of cut dc 

described in Section 5. The maximum feed rate and maximum nominal depth of cut to generate nano-smooth 

surface were calculated and listed in Table 3.
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Fig. 18. The schematic diagram of cutting process in SPDT.

Table 3 Machining parameters for generating crack-free surface. 

Parameters
Threshold crack 

length C* (μm)

Critical depth 

of cut dc (nm)

Maximum feed rate 

fmax (μm/rev)

Maximum depth of 

cut apmax (μm)

Diamond tool Ⅱ with 

rake angle of -30°
0.345 10.06 0.850 0.356

Diamond tool Ⅲ with 

rake angle of -40°
0.345 26.57 2.218 0.372

It is worth noting that the values listed in Table 3 were calculated under ideal conditions without 

considering any material defects within GaAs wafer and the vibration occurred in the machining process. Hence, 

the real fmax and apmax during SPDT should be smaller than the values calculated. In view of the limitation of 

motion precision of the machining system, the nominal depth of cut was set as 0.3 μm, and the feed rate 

decreased from 2.0 μm to 0.5 μm with a space of 0.3 μm. Diamond cutting tests were carried out under the 

spindle speed of 800 rpm on the (001) plane of a GaAs wafer using toolsⅡand Ⅲ. Unfortunately, nano-smooth 

surface cannot be achieved along the hardest direction with all the feasible feed rates for the diamond tool Ⅱ, 

and the reason needs to be further studied. But for diamond tool Ⅲ , when the feed rate was decreased to 

0.5μm/rev, crack-free machined surface was successfully generated along all the orientations, as shown in Fig. 

19. Due to the vibration of machining system, irregular cutting traces can be clearly observed on the machined 

surface but without any brittle fracture feature, and thus machined surface toughness Ra only reached 3 nm in 

the hardest cutting direction. The experimental results proves that the method of calculating maximum feed rate 

and depth of cut is very effective to guide the ductile machining of brittle materials. In addition, it also supports 

that the method of determining the critical depth of cut under high speed and maximum feed rate is very viable 

to realise ductile-regime diamond turning of GaAs.
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Fig. 19. Ductile-regime turning of GaAs wafer and surface quality machined along the hardest cutting direction.

In order to further observe subsurface damage caused by diamond cutting, a cross-sectional sample was cut 

off from the position marked by yellow circle in Fig. 19 by using a focused ion beam (FIB), and then the cross 

section, which is perpendicular to the cutting speed direction in SPDT, was measured by TEM. As shown in Fig. 

20 (a), the three layers can be clearly observed beneath the cut surface, and named as the heavily deformed layer, 

the dislocation pileup layer and the dislocation extension layer. More significantly, No crack was found within 

the subsurface layer. It can be seen that the heavily deformed layer just beneath the machined surface also keeps 

a single crystal structure, as proved in Fig. 20 (b) and (f), and it did not transformed into amorphous or nano-

crystal structure under the machining pressure. However, the deformed layer with an average thickness of 43 nm 

contains a large amount of dislocations, meanwhile, lattice deformation can be observed along the cutting 

direction due to high shear stress and high pressure. As the depth of subsurface layer increases, both the shear 

stress and pressure decrease, thus the crystal defect is dominated by high-density dislocations and formed 

dislocation pileup layer with a thickness of 99nm, as shown in Fig. 20 (e). Finally, the density of dislocations 

gradually decreases as the depth increases in the dislocation extension layer, which has an average thickness of 

97 nm. Additionally, almost all the dislocation extended along the ( ) plane and a few of line dislocations 111

extended to a deeper region, as shown in  Fig. 20 (a) and (d). Fig. 20 (g-j) shows that no impurity atom was 

penetrated into the subsurface layer during cutting process. 

Consequently, material removal mechanism during ductile machining of single crystal GaAs can be 

described as: high contact pressure and shear stress caused crystal defects consisting of lattice deformation and 

high-density dislocations, so the material surrounding diamond tool nose was soften because of crystalline 
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defect and then was removed more easily through plastic deformation due to the initiation and extension of 

dislocations. The subsurface damage layer remains to its single crystal structure, meanwhile, no crack or 

impurity atom was found beneath the machined surface.

Fig. 20. (a) The BF-STEM image of cross-sectional sample, showing a clear three-layer structure, that is, the 

heavily deformed layer, the dislocation pileup layer and the dislocation extension layer. (b) and (c) The selected 

electron diffraction patterns (SAEDs) corresponding to areas marked with red braces. (d), (e) and (f) The 

HAADF-STEM images corresponding to dislocation extension layer, dislocation pileup layer and heavily 

deformed layer, respectively. (g), (h), (i) and (j) The BF-STEM image, EDS mapping of As, Ga and Pt, 

respectively.

7. Conclusions

In order to reveal anisotropic machinability of single crystal GaAs, crystallographic orientation dependence 

of hardness, elastic modulus and fracture toughness was studied by means of indentation tests in two different 

directions. Through analyzing anisotropic surface quality after SPDT and the influence of tool’s rake angle, the 

critical depth of cut in the hardest cutting direction was determined under high cutting speeds comparative to 

SPDT. The feasibility of generating nano-smooth surface and material removal mechanism were also 

investigated in this study. The main conclusions can be drawn as follows:
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(1) The (001)-oriented GaAs material was tested to be harder and more brittle when indented along direction I 

in comparison to direction II, which may be attributed to the results of the elastic recovery along the <100> 

orientations and slide lines along the <110> orientations within impression area of direction II as the 

intersections of slip plane {111} and (001) plane. Additionally, the Vickers hardness of single crystal 

GaAs firstly increases and then decreases, and tends to be stable in the end with the increase of applied 

loads, due to its special zincblender structure. Thus, the results implies cutting along the <110> 

orientations should be much easier to produce brittle fracture than that along the <100> orientations.

(2) The machined surface roughness and brittle fracture index on GaAs wafer after SPDT exhibits strong 

anisotropy, which can be explained by the crystallographic orientation dependence of hardness and fracture 

toughness. Furthermore, the ductile response with crack free is quite difficult to achieve when cutting 

along near the four <110> orientations, and the hardest cutting direction appears at the angle of θ=80°, but 

not θ=90° along the [110] orientation. In addition, the brittle fracture indexes at the angles along the [110] 

and  orientations are much larger than that along the  and  orientations, which may be [110] [110] [110]

caused by the noncentrosymmetric structure of GaAs as a polar crystal. 

(3) Diamond tool with larger negative rake angle was proved to have the better cutting performance for ductile 

machining of GaAs. On the basis of the method proposed in this study, the critical depth of cut of 26.57 nm 

was obtained using diamond tool with rake angle of -40°, which is almost 2.6 times that of tool with rake 

angle of -30°. Moreover, within the region of brittle-ductile transition on the inclined groove surface, radial 

cracks approximately propagated in the direction perpendicular to cutting speed, which was near the  [110]

and  orientations.[110]

(4) The proposed new evaluation approach is very effective to determine critical depth of cut and the allowed 

maximum feed rate to realise ductile-regime diamond turning. In this study, crack-free machined surface 

was successfully generated along all the orientations on the (001)-oriented GaAs using the diamond tool 

with rake angle of -40°, in which the material removal mechanism is considered as plastic deformation 

caused by high-density dislocations. In addition, no crack or impurity atom was found beneath the 

machined surface and the subsurface layer remains to its single crystal structure. The results prove that the 

approach is viable to guide the ductile regime diamond turning of brittle materials.
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Highlights

1.  The mechanism of strong anisotropic machinability of single crystal GaAs during diamond 

turning is revealed for the first time.

2.  A novel approach of determining the critical depth of cut is proposed to evaluate the real 

value of the critical undeformed chip thickness.

3.  A viable approach of determining process parameters for ductile-regime turning of 

anisotropic brittle materials.

4.  The material removal mechanism is presented during ductile-regime turning of GaAs. 
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