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Introduction

UPM of brittle crystalline materials has been an industry practice for quite some while [START_REF] Nakasuji | Diamond turning of brittle materials for optical components[END_REF][START_REF] Theodore | Diamond turning of optics: the past, the present, and the exciting future[END_REF]. A considerable number of the crystalline materials are used in infrared (IR) optical systems. Modern IR optical systems typically use aspherical, or di ractive optical elements, for better image quality. The manufacture of aspheres using traditional processes, i.e. grinding and polishing, poses great challenges to the optical fabricators [START_REF] Richard | Fabrication of optics by diamond turning[END_REF]. The challenges are mainly the lack of repeatability of such processes, thus increasing the time and e ort in finishing the optics within acceptable tolerances of IR light (<300 nm).

The invention of UPM centers initially enabled the production of very precise optical elements made of soft metals. This was achieved by using single crystalline diamond tools (SCDT) that allowed the production of highly specular surfaces. The very high hardness of diamond, as well as minimal wear of the cutting edge during the cutting process are key in achieving the specular finishes on such soft metals. Cutting low roughness surfaces with the diamond tool, however, on brittle materials is a much more nuanced subject matter. Many research works have provided insights on the transition from brittle to ductile material removal on materials such as Si, Ge, CaF2, glasses, etc. [START_REF] Blackley | Ductile-regime machining model for diamond turning of brittle materials[END_REF][START_REF] Morris | Origins of the ductile regime in singlepoint diamond turning of semiconductors[END_REF][START_REF] Shimada | Brittle-ductile transition phenomena in microindentation and micromachining[END_REF]. The accepted theory is that under certain conditions of applied high compressive stresses on the material, and shallow depth of cuts below a critical value, ductile removal of material from brittle surfaces can be accomplished [START_REF] Blackley | Ductile-regime machining model for diamond turning of brittle materials[END_REF][START_REF] Kim | A study on the critical depth of cut in ultra-precision machining[END_REF][START_REF] Peter | Ductile-regime machining of germanium and silicon[END_REF].

Ge has been a popular material for designing IR materials for two primary reasons; (1) high index of refraction (around 4), [START_REF] Theodore | Diamond turning of optics: the past, the present, and the exciting future[END_REF] the ability to single point diamond turn (SPDT) [START_REF] Dale | Design of a wide field di ractive landscape lens[END_REF]. The latter reason provides a unique opportunity in production of freeform and aspherical geometries. For this reason, SPDT of Ge has received a considerable attention in the optical fabrication community in large volumes < Corresponding author hossein.shahinian@micro-lam.com (H. Shahinian) ORCID(s): 0000-0001-7511-2910 (H. Shahinian) [START_REF] Rj Benjamin | Diamond turning at a large optical manufacturer[END_REF]. The seminal work done by Blackley and Scattergood [START_REF] Blackley | Ductile-regime machining model for diamond turning of brittle materials[END_REF], has been very insightful in understanding the machining mechanism of Ge. In that article it is shown that process parameters, and tooling geometry are highly correlated. Specifically how increase in tool nose radius and tool with higher negative rake angles can be used to cut Ge with higher tool cross feeds to that of smaller radius and milder rake angles. The ability in increasing the speeds and feeds merely by changing the SCDT geometry, could be of practical interest to the optical fabricator. The current standard machining parameters for Ge is typically done with rake angles of -25°a nd feedrates of the order of 0.5 m/rev [START_REF] Nakasuji | Diamond turning of brittle materials for optical components[END_REF][START_REF] Theodore | Diamond turning of optics: the past, the present, and the exciting future[END_REF][START_REF] Lai | Effects of crystallographic orientation and negative rake angle on the brittle-ductile transition and subsurface deformation in machining of monocrystalline germanium[END_REF][START_REF] Da Lucca | E ect of tool edge geometry on the nanometric cutting of ge[END_REF].

One of the active research areas in UPM of brittle materials, is the enhancement of conventional SPDT processes using assistive technologies such as vibration assisted [START_REF] De Brehl | Review of vibration-assisted machining[END_REF][START_REF] Sa Sajjady | Analytical and experimental study of topography of surface texture in ultrasonic vibration assisted turning[END_REF], thermally assisted [START_REF] Yan | Thermally assisted microcutting of calcium fluoride single crystals[END_REF][START_REF] Frank E Pfe Erkorn | A metric for defining the energy e ciency of thermally assisted machining[END_REF], etc. Laser assisted machining (LAM), another category of such enhancing techniques, can be broadly divided into two groups; (1) laser irradiance on a macroscale, (2) laser emission on a micro-scale. While a clear definition of these two groups of LAM processes is hard to find, the -LAM process, fits the later definition better. This is on the grounds that the laser is irradiated on the surface of a workpiece with an area less than 90000 m 2 . In this paper, the focus of the work is on the application of the -LAM process in SPDT of single crystal Ge.

A short review of previous work

Research work published by this group in the past has demonstrated the capabilities of the -LAM process in UPM of single crystalline materials such as silicon [START_REF] Shahinian | Microlaser assisted diamond turning of precision silicon optics[END_REF][START_REF] Shahinian | Micro laser assisted machining (µlam) of precision optics[END_REF]. The main reason for the application of a laser beam concurrent with the SPDT process, is to lower the material local hardness at the cutting zone. This concept is illustrated in Fig. 1.

As expected in any optical system, the -LAM process is accompanied by mechanical elements for positioning the optical elements, i.e. laser delivery optics, diamond tool, etc. such that the laser beam is delivered at the cutting edge repeatably and e ciently. E ciently, a loosely used term, is achieved by minimizing total internal reflections (TIR) and stray light within the system. The likelihood of such events are higher in the diamond tool itself, since the tool is a freeform optical element. The significance of minimizing the losses in the system lies in the fact that the coherent light will eventually be dissipated in the form of heat and can pose challenges in achieving low form tolerance parts. Fig. 2(a), depicts the specially designed tool post, hereby referred to as the Optimus T +1 , that enables the positioning of the optics with respect to each other. The diamond tool is placed at the outermost edge of the tool post. The diamond tool is specified with the geometry of the rake, flank, and tail faces. Fig. 2(b) explicitly highlights the di erent zones on the cutting tool. Additional details and information regarding alignment and calibration of the laser beam can be found in [START_REF] Shahinian | Microlaser assisted diamond turning of precision silicon optics[END_REF].

In the article [START_REF] Shahinian | Microlaser assisted diamond turning of precision silicon optics[END_REF] it was shown that the -LAM process can increase the diamond tool life by approximately 150%, during SPDT of single crystal Si.

Diamond tool wear is at much lower rates for SPDT of Ge. However, as highlighted by Blackley and Scattergood [START_REF] Blackley | Ductile-regime machining model for diamond turning of brittle materials[END_REF], the ability to machine Ge with the highest possible tool cross feedrates without inducing surface defects or fractured zones, would be of industrial significance. Therefore, the primary objectives of this study is to answer three questions regarding SPDT of Ge using -LAM process; [START_REF] Nakasuji | Diamond turning of brittle materials for optical components[END_REF] what is the correlation of maximum machining cross feedrates and tool geometry, i.e. nose radius and rake angle? (2) Can the tool geometry with the highest tool feed produce surfaces with small form errors? and ( 3) what is the e ect of the laser beam on the subsurface structure of the part?

The study presented in this paper was done experimentally by diamond machining workpieces made of single crystal Ge. The testing was done in three groups to address the above questions.

Experimental equipment

The UPM used was a Precitech 250 2-axis lathe, X (horizontal) and Z (axial). The machine was isolated using hydrostatic dampers under a large heavy granite base. The samples and the fixturing holding the parts, were held by a 100 mm vacuum chuck. Misting nozzles were used for delivery of the coolant, and odorless mineral spirits (OMS) was used as the cooling fluid.

The laser beam was generated using a laser module in continuous wave (CW) regime with a wavelength of 1064 nm. The module was embedded inside a cart with the controlling unit connecting the module to the machining center. This connection allowed for activation and deactivation of the laser using the machining center control panel. The generated laser beam was transferred to the terminal point using an optical fiber. Fig. 3(a) shows the machining center and the cart holding the laser module. Fig. 3(b) shows the optical fiber incorporated inside the Optimus T +1 .

Six SCDT geometries were used for the experiments. All of the tools had cylindrical flank faces with a clearance angle of 10°. These tools are listed in Table 1. As a side note, the laser power used in the experiments were measured with a thermopile sensor directly in front of the diamond tool. Details of laser power measurements are available in [START_REF] Shahinian | Microlaser assisted diamond turning of precision silicon optics[END_REF].

Two single crystal Ge samples were used. For the geometry of these samples see Table 2. Both samples were glued to aluminum fixtures with a planar back and held by the vacuum chuck on the machine. The crystal in both samples were Preprint submitted to Elsevier T +1 oriented such that the <111> direction of the sample, when mounted on the vacuum chuck, coincided with the Z axis of the machine.

Metrology and characterization

Surface form measurements were taken using an optical profilometer, LUPHOScan HD 260, whereas surface roughness was measured using Zygo ZeGage HR PRO, a scanning white light interferometer (SWLI). See table 3 for hardware and data processing of the supporting metrology.

A Siemens D5000 X-ray di ractometer (XRD), was used to study the subsurface of the samples. The instrument had Cu K↵ radiation at 20 kV and 5 mA. The X-ray beam size was approximately 2 mm ù 12 mm. The angular resolution of the instrument was 17.5 rad. The measurement scans ù ù ù ù were taken at 17.5 mrad/min with a step size of 0.17 mrad.

The camera used was a scintillation detector.

Tool geometry and maximum feedrates

This group of testing was used to determine the maximum tool cross feedrate, without inducing brittle fracture, as a function of the diamond tool rake angle and nose radius. The machining was done on sample A, with a spindle speed of 5000 RPM, and depth of cut of 4 m. The laser power was measured at 7.5 W. Each test was started with the tool feed at 0.6 m/rev. The feed rate was incremented by 0.1 m/rev after five successful passes. Success in this context refers to a surface free of any visible defects or fractured zones. Fig. 4(a), and (b) depict the surface of sample A in the presence and absence fractured zones and defects, respectively.

Upon the appearance of surface defects, the cross feedrate was reduced to the previous value, i.e. 0.1 m/rev lower, and five additional passes were taken, to ensure tool wear wasn't the cause of the appearance of the defects. Fig. 5(a) shows the maximum cross feed for tools 1, 2, and 3. The increase in feed is proportional to the tool nose radius. The maximum cross feed for tools 3, 4, 5, and 6, showed a hike with increase in the negative rake angle of the tools, see Fig. 5(b). The data suggested for tools with rake angles beyond a -65°, increasing the cross feed without inducing visible brittle fracture on the surface is not possible.

The results shown above are consistent with the findings of other researchers such as [START_REF] Blackley | Ductile-regime machining model for diamond turning of brittle materials[END_REF][START_REF] Da Lucca | E ect of tool edge geometry on the nanometric cutting of ge[END_REF]. The larger negative rake angles induced large hydrostatic pressures on the surface causing a phase transformation of the Ge. This phase transformation delays the onset of brittle fracture with the increase in the chip thickness, i.e. DOC and/or tool cross feed. To investigate this further, the critical chip thickness for the two groups of experiments are depicted in Fig. 6. The thickness values were calculated based on the model developed by Blake and Scattergood [START_REF] Peter | Ductile-regime machining of germanium and silicon[END_REF]. The data shows no increase in the critical chip thickness with increase in tool radius, see Fig. 6(a). However, as seen in Fig. 6(b), the increase in negative rake angle has increased this critical value by approximately 100%. The data in Fig. 6(b), reinforce the importance of the hydrostatic pressure, exerted by the negative rake face, in delaying brittle fracture during machining

The main takeaway here is that the addition of a laser beam to the SPDT process has not altered the general behavior of the Ge surface and the tool geometry influence on process feeds hasn't changed thereof.

Surface form and roughness at high tool feeds

The prospect of SPDT of Ge at tool cross feeds above 2 m/rev gave the motivation to investigate the surface roughness, and form error induced using the tool with the -65°rake angle, and 1 mm nose radius. Answering this question was essential in determining the industrial significance of using such a tool for production of Ge lenses.

Testing was done on sample A using 5000 RPM spindle speed, 4 m DOC, and 2.4 m/rev tool cross feed. The laser power was kept at 7.5 W. The surface form and finish of the part was measured at five pass intervals, and a total of 100 passes were taken.

Over the total 20 measurement sequences the form error was quantified as 243 nm ± 125 nm PV, and 51 nm ± 26 nm RMS. Fig. 7 shows sample form measurements at passes 15, 25, 35, 45, 55, 65, 75, 85, and 95. The RMS roughness measurements over all the 20 measurements were 0.7 nm ± 0.42 nm, see Fig. 8 shows sample roughness measurements taken at the same pass numbers that the form data was presented in Fig. 7.

The data suggests that achieving form tolerances less than 400 nm over extended cutting time (> 10 hours) and lengths (> 60 km) is quite feasible. Additionally, the surface roughness of the sample had remained less than 2 nm RMS which is considered a functionally smooth surface for IR optical components. These results underscore the key conclusion that an SCDT with steep negative rake angle such as -65°, didn't introduce complications for achieving optical quality surface form and finish over several passes. Furthermore, no sign of tool wear was observed up to the 100th pass, making this tool a suitable option for mass production of Ge lenses with higher e ciency than that of tools with mild negative rake angles.

E ect of laser beam

To understand and quantify the e ect of the laser beam on the SPDT of Ge using the -LAM process, a set of cutting experiments using di erent measured laser powers was conducted. The testing was performed on sample B, with the laser powers of 0 W, 5 W, 10 W, 15 W, and 20 W. The tool had the same geometry to that of tool 5 in table 1. Spindle speed was at 5000 RPM, DOC at 4 m, and tool cross feed of 2 m/rev. Based on the hypothesized working principle of -LAM, it is expected that the machined surface to be under less cutting induced stresses, given that the used laser power is su cient for thermal softening to take place. To assess the extent of the imparted residual stresses on a machined surface, XRD measurements were taken. The measurements were taken to obtain information on the {111} crystal plane's state of deformation. Due to the diamond cubic structure of the Ge crystal di racted beam from the {111} plane pro-vides information from the shallowest possible depth underneath the surface. The e ective depth of penetration of the X-ray beam is calculated using eq. 1 from [START_REF] Dennis | Elements of X-ray Di raction[END_REF].

x = ln 0 1 1 * G x 1 sin ✓ 2 (1)
Where G x is the percentage of the total intensity of the di racted beam. This was taken to be 95%.

is the absorption factor (361 cm *1 for Ge) extracted from [START_REF] Dennis | Elements of X-ray Di raction[END_REF]. As suggested by Eq. 1 the minimum depth of penetration is obtained where sin ✓ is minimum. This quantity is determined using Bragg's law, as follows:

sin ✓ = n 2d (2) 
Where , 1.54 Ω, is the wavelength of the X-ray beam, n is the di raction order, and d is the lattice spacing of the plane of measurement. The lattice spacing is maximum for the {111} plane and is equal to 3.27 Ω [START_REF] Yaser | Silicongermanium: Properties, growth and applications[END_REF]. Therefore, at this plane of measurement the first order di racted beam will amount to the smallest sin ✓ value for Ge. Solving for the aforementioned values resulted in ✓ = 13.65°and x = 9.83 m. The 9.8 m depth was reasonably close to that of the DOC of the cutting experiments, i.e. 4 m. In each of the cutting tests the surface was machined for five consecutive passes, i.e. 20 m total depth of material removal, to remove any remnant stresses from the preceding trial.

A first order calculation of the existing subsurface residual stress on a specific plane can be calculated by di erentiating Eq. 2.

✓ = * d d tan ✓ (3)
Considering the quantity d d as the strain of the crystal plane, by multiplying Young's modulus (E) of Ge to the both sides of Eq. 4, we arrive at:

= * E tan ✓ ✓ ( 4 
)
Where is a first order approximation of the stresses present in the crystal plane. The smaller deformation of the crystal plane translates to lower subsurface residual stresses. The di raction peak measured at the detector had a gaussian shape, and was quantified from two standpoints; (1) the angle at which the beam was di racted, i.e. 2✓, and (2) the spread of the measured beam, i.e. 2✓. This spread was evaluated by the full width at half maximum (FWHM) of the measured di racted beam.

To evaluate the aforementioned metrics, a best fit gaussian curve was calculated using least-squares method in MAT-LAB. The gaussian distribution equation is expressed as:

D(2✓) = 1 ˘2⇡ e * 1 2 ( ✓*⌘ ) 2
(5)
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✓

Where ✓ was the angle at which the di raction signal was measured, was the standard deviation, and ⌘ was the expected value of the distribution. These parameters were used to determine the FWHM and angle of the di racted beam respectively. Fig. 9(a) shows the FWHM of the measured XRD for 0 W to 20 W laser power test. The data clearly shows that for surfaces machined with laser powers more than 15 W the di racted beams have FWHM's 40% narrower than those of surfaces machined with laser powers of 10 W and below. Fig 9(b) depicts the di raction angle of the X-ray beam measured o the surface. Di raction beams with angles smaller than 27.3°means the surface has exhibited tensile residual stresses, whereas angles above 27.3°would mean a surface with compressive residual stresses. The 27.3°value is twice the 13.65°obtained from Bragg's law, i.e. Eq. 2 for a stressfree crystal. The results show that surfaces machined with laser powers of 10 W and below all were under tensile residual stresses. The tests for the 15 W case and 0 W were repeated to confirm these initial results. An example of the di racted beams with the XRD instrument for the 15 W, and 0 W test is illustrated in Fig. 10.

The results regarding the post process residual stresses have two key implications; (1) surfaces machined with laser power above 15 W exhibit a higher degree of ductile material removal and therefore it is expected that the rate of tool wear will be most likely reduced, and (2) a part with tensile residual stresses is undesirable for working environments that pose thermally or mechanically varying loads on the lens. Thus, using laser beam in the -LAM process has the opportunity to both increase the process e ciency by in-ù creasing the tool life, and producing lenses with better mechanical properties for various working environments.

As a final part of this section, surface roughness measurements taken from the tests done on sample B were evaluated. Four measurements per sample were taken, see Fig. 

Concluding remarks and future work

In this work experimental evidence showed that the -LAM process can be used to machine single crystal Ge at tool cross feeds 5 times the industry standard. This was achieved through using the tool geometry with a large negative rake, i.e. -65°, and nose radius > 1 mm.

• The tool cross feed could be increased with the increase in nose radius of the tool. This result was in agreement with previously published research work.

• The tool cross feed could also be increased with increase in the magnitude of the negative rake angle of the tool.

• The reason for the increase in the tool cross feeds with increase in nose radius and magnitude of the rake angle, are both believed to be due to higher cutting pressures with increase in those geometrical features of the tool.

• Extended cutting trials using the 1 mm nose radius, -65°rake tool, showed the ability of such tool in producing repeatable surface form and finish. This capability should be of great interest for large production of Ge lenses.

• XRD measurements revealed the significance of using the laser beam for machining Ge using -LAM. It was seen that surfaces that were produced with laser powers higher than 15 W, were under 57% less residual stresses. Furthermore, it was seen for the surface machined with laser powers lower than 15 W the residual stress was in the tensile stress regime. Tensile residual stresses are unfavorable specially for optical elements going through working conditions with large thermal variations.

• Finally, it was observed that using laser power of 20 W caused the surface roughness to degrade. This was speculated to be mainly due to the excessive heat causing thermal deformations on the surface.

While the work in this paper showed potential in mass producing Ge lenses far more e cient than that of the current industry practices, it is important to note that the -LAM process can be used to produce such lenses with better surface integrity and lower residual stresses. This could be beneficial in extending the fatigue life cycle of Ge lenses.

This encouraging result gives the motivation to pursue studying the e ect of the -LAM process on the subsurface residual stresses of di erent single crystal materials. In addition, studies on evaluating tool life on cutting Ge will be pursued. Lastly, measurement of the cutting forces during the -LAM process and correlating the forces with the induced residual stresses is of interest to this group for future studies.
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  . The Sq's were very similar for 0 W to 15 W test. However, a noticeable increase in the Sq of the 20 W test suggested a potential heat induced plastic deformation on the surface.Fig.12(a), (b), (c), depict the measurement data of sample B in the 0 W, 15 W, and 20 W laser power tests respectively. The surface of the sample machined with 20 W laser power shows clear zones which are speculated to be a consequence of the excessive heating of the surface.Preprint submitted to Elsevier
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