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Abstract

:

In the present study, the thermal cycling stability of mirrors made of silicon particle reinforced aluminum compounds, containing an amount of 42 ± 2 wt.% silicon particles, is investigated with respect to thermal loading. The compound is processed by single-point diamond turning to optical mirrors that were subsequently thermally cycled in a temperature range between 40 °C to −60 °C and between 20 °C and −196 °C, respectively. The residual shape change of the optical surface was analyzed using Fizeau interferometry at room temperature. The change of shape deviation of the mirrors is compared with dilatometric studies of cylinders using the same temperature regime. Due to different coefficients of thermal expansion of the two constituents of the compound, thermal mismatch stresses in the ductile aluminum matrix and the brittle silicon particles are induced by the investigated thermal loads. The plasticity that occurs causes the formation of dislocations and stacking faults as substantiated by Transmission Electron Microscopy. It could be shown that the silicon particles lead to the cold working process of the reinforced aluminum matrix upon thermal cycling. By using interferometry, a higher dimensional stability of mirrors made of silicon particle reinforced aluminum due to thermal loads is demonstrated.
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1. Introduction


Ultra-precise metal optics are particularly relevant for space applications and the scientific instrumentation of large telescopes are exposed to highly variable temperatures during their operational life. Shape deviations of <20 nm RMS (root mean square) at an area of 100 mm2 are commonly realized using a polishable electroless nickel plating on Al6061 (ISO AlMg1SiCu), a widely used substrate material for applications at ambient temperatures [1,2,3]. Unfortunately, metal optics of instruments used in large telescopes are often required to work under cryogenic conditions to avoid thermal radiation of the optical system itself [4]. Electroless nickel plated Al6061 shows a non-tolerable bimetallic bending under cryogenic conditions, due to the different coefficients of thermal expansion (CTE) of the substrate and the polishable layer [5]. In order to avoid those bending effects, a CTE matched aluminum substrate reinforced by silicon particles (42 ± 2 wt.% silicon) is used as substrate material for ultra-precise metal optics under cryogenic conditions [5,6,7].



Therefore, the dimensional stability in the nm-range of the substrate is crucial between ambient temperatures and −196 °C. Thermal cycling is known to result in stresses and plasticity in the aluminum matrix [8,9,10,11,12,13,14,15,16,17,18], which is caused by different coefficients of thermal expansion (CTE) of both phases, aluminum (CTEAl = 22.9 × 10−6 K−1 at 20 °C) [19], and silicon (CTESi = 2.6 × 10−6 K−1 at 20 °C) [20]. Residual dimensional instabilities of silicon carbide (SiC) particle reinforced aluminum compounds were described in [21,22,23,24]. Residual length changes of particle reinforced aluminum materials in different temperature ranges were described in [21,22], whereas residual length changes of <1 × 10−6 (nm/mm) are required for mirrors [25]. It was previously shown that the residual deformation per cycle disappears almost entirely with an increasing number of thermal cycles [26,27]. Nevertheless, the influence of residual length changes on the shape deviation of mirrors made of silicon particle reinforced aluminum compounds was not described in detail yet.



In this work, a silicon particle reinforced aluminum compound containing an amount of 42 ± 2 wt.% silicon particles (Al-42Si) is investigated in terms of dimensional stability and (micro-)structural changes after thermal cycling. The purpose of this paper is (i) to investigate residual length changes of Al-Si42 caused by thermal cycling in different temperature regimes using dilatometry; (ii) to investigate the dimensional stability of the silicon particle reinforced aluminum compounds in different temperature regimes using Fizeau interferometry; and (iii) to characterize microstructural features of the compound before and after thermal cycling using Transmission Electron Microscopy (TEM), in order to correlate the findings to each residual changes.




2. Materials and Methods


2.1. Materials


The compound for the examination is a commercially available silicon particle reinforced aluminum compound, containing 42 ± 2 wt.% silicon. Al-42Si is produced via spray forming; subsequent hot isostatic pressing was carried out at temperatures above 500 °C; however, specific temperatures and annealing periods are proprietary to the manufacturers. The ‘as-received’ Al-42Si was processed in-house to nine metal optics (mirrors) with a diameter of 48 mm and a height of 15 mm by single-point diamond turning for interferometric analyses. For dilatometry, four cylindrical samples with a length of 25 mm and a diameter of 6 mm were prepared. Samples for electron microscopy, specifically Scanning Electron Microscopy (SEM), TEM, and Energy-dispersive X-ray spectroscopy (EDS), were prepared from materials of the same batches, as the mirrors were using the Focused Ion Beam (FIB) technique. A Helios NanoLab 600i system by FEI Co. (Hillsboro, OR, USA), operating with gallium ions under high-vacuum conditions, was used for enabling the lift-out method. For Al-42Si, one sample in the as-received condition (Al-42SiAR) and one sample after the thermal treatments (Al-42SiTT) were analyzed by TEM (see Table 1):




2.2. Methods


The microstructure was investigated via optical microscopy BX51 by Olympus, Tokyo, Japan) using ground and polished samples made of the same batch as the mirrors. For SEM and scanning TEM-EDS, the samples prepared by FIB were used. TEM analyses were carried out using a TEM Jem 3010 by JEOL Ltd. (Tokyo, Japan) (acceleration voltage: 300 kV), equipped with an EDS system.



The dimensional stability of Al-42Si was investigated using dilatometry (DIL 402 C by Netzsch Gerätebau GmbH, Selb, Germany) and Fizeau interferometry (DynaFiz® by Zygo Corp., Middlefield, CT, USA). To compare residual length changes of Al-42Si cylinders to the residual changes of the shape deviation of metallic mirrors, three temperature regimes were applied to the cylinders: (i) annealing at 360 °C for up to twelve hours; (ii) environmental thermal cycling between −40 °C and 60 °C; (iii) cryogenic thermal cycling between −190 °C and 20 °C. To keep the atmosphere of the test chamber constant, it was purged with 30 mL/min helium. The residual length change ∆ε is analyzed observing the strain at 20 °C after several thermal cycles, using the following equation:


∆ε = ε(# + 1) − ε#



(1)







The residual length change ∆ε is the difference of the sample’s length before (subscript number #) and after a thermal cycle (subscript number # + 1). To diminish systematic errors, the dilatometer was calibrated by measuring a Fused Silica sample under identical conditions.



Establishing a relation between the residual length change and the residual change of shape deviation of mirrors, the shape deviation of the optical surface of the manufactured mirrors at 20 °C was investigated using Fizeau interferometry. The shape deviation is defined as the difference of the real surface form to the ideal surface form of the mirror (in the case of mirrors, which are ideally prepared as being flat). Typical values are given as peak-to-valley values of the shape deviation or as RMS. We analyze and calculate the shape deviation using RMS values, because this value is less sensitive against contaminations on the optical surface. Using reference structures at the lateral surface of the mirrors, the optical surface was analyzed after thermal cycling in the same alignment. Thus, shape deviations of each sample are ultra-precisely traceable at an accuracy of ~1 nm RMS. Using this technique, plastic deformation and the according shape changes were investigated for the addressed thermal treatments. Three temperature regimes were applied to the samples: (i) annealing at 360 °C for up to twelve hours (annealing); (ii) environmental thermal cycling between −40 °C and 60 °C with cooling/heating rates <0.5 K min−1; (iii) cryogenic thermal cycling between −196 °C and 20 °C with cooling/heating rates <0.5 K min−1. The temperatures at thermal cycling were held at both the upper and lower limits for at least 1 h.



For examining the stabilization effect of Al-42Si, the compounds were analyzed by TEM, regarding the occurrence of dislocations, twins, and/or stacking faults with respect to the thermal treatments. For distinguishing local strain fields of, e.g., dislocations from global strains, each sample was analyzed at two angles relative to the electron beam (90° and 80°). Crystallographic defects result in local strain fields that remain at a position, whereas global strain fields shift as a consequence of tilting the sample relative to the electron beam [28].





3. Results


3.1. Microstructure of Al-42Si


Figure 1 shows an optical micrograph of Al-42Si. The agglomerated silicon particles of Al-42Si are visible in the microstructure exhibit at a size of ≤50 µm.



The compound shows silicon particles, which coalesce in scattered elongated shapes due to the hot isostatic pressing procedure. After annealing, environmental, and cryogenic thermal cycling, optical microscopy did not reveal any changes to the microstructure of the compounds. The as-received condition (Al-42SiAR) and the thermally treated condition (Al-42SiTT) prepared by FIB were analyzed via SEM in secondary electron (SEM-SE) mode (Figure 2).



The distinct contrast visible in the microstructure allows for distinguishing aluminum and silicon phases, as confirmed by scanning TEM-EDS mappings (Figure 3).



Local quantitative measurements using EDS showed that the aluminum matrix and silicon particles are essentially pure phases. Additionally, the compound contains a small amount of Fe particles, which is a typical impurity [29].




3.2. Dimensional Stability upon Thermal Cycling


Dilatometric studies in a temperature range from 20 °C to 360 °C result in a residual length change of ∆ε ≤ 100 × 10−6 for Al-42Si. Fused Silica show a residual length change of ∆ε < 5 × 10−6 in the same temperature range, which represents the accuracy of the dilatometric technique.



The strain vs. time diagram for Fused Silica and Al-42Si in a temperature range between −40 °C and 60 °C is shown in Figure 4, exemplarily.



After the first environmental cycle between −40 °C and 60 °C, Al-42Si shows a residual length change of <25 × 10−6. On the other hand, Fused Silica shows no significant residual length change after the first environmental cycle. Both materials, Al-42Si and Fused Silica, show residual length changes of ∆ε ≤ 5 × 10−6 from the second up to the twelfth environmental thermal cycle (Figure 5).



Obviously, after the first cycle onwards, the residual length change of both materials is close to or below the accuracy of the measurement method, because the measured residual length changes of Fused Silica and Al-42Si are similar.



The first cryogenic thermal cycle of Al-42Si results in a residual length change of ∆ε < 100 × 10−6, compared with ∆ε < 5 × 10−6 for Fused Silica. An increasing number of cryogenic thermal cycles lead to a decreasing residual length change of Al-42Si. After the second cryogenic thermal cycle, the residual length change of Al-42Si is ∆ε < 5 × 10−6 (Figure 6).



After manufacturing the mirrors using single-point diamond turning, the shape deviation of the mirrors was analyzed by Fizeau interferometry (DynaFiz® by Zygo Corp., Middlefield, CT, USA). at 20 °C and annealed at 360 °C. This thermal treatment led to a residual change of shape deviation of the mirrors at about 700 nm RMS, analyzed via a tactile 2.5D profilometer UA3P-5 by Panasonic Corp. (Osaka, Japan). For interferometric analysis, the resulting morphology and reflectivity were insufficient; therefore, all mirrors received a re-finishing by single-point diamond turning, enabling interferometric analysis after the intended thermal cycling. Contrary to the dilatometric studies in the same temperature regime, thermal cycling between −40 °C up to 60 °C produced a distinct dimensional change of the compound during the first cycle but, in subsequent cycles, a residual deformation did not occur (Figure 7).



It is important to note that after the first five thermal cycles, the change of shape deviation is normalized to one environmental thermal cycling step. From the second environmental thermal cycling step, Al-42Si exhibited dimensional stability within the accuracy of the interferometric technique of ≤1 nm RMS (Figure 8).



Increasing the thermal load of the previously cycled samples to a temperature range between −196 °C to 20 °C (cryogenic thermal cycling), resumed the dimensionally instable behavior for Al-42Si (Figure 9).



After the first cryogenic cycle, Al-42Si exhibited a change of shape deviation by 4 nm ± 2 nm RMS. From the third cycle on, Al-42Si exhibited dimensionally stable behavior during further cryogenic cycling, with the accuracy of the interferometric technique (Figure 10).



The investigated residual length changes determined by dilatometric studies of cylinders are consistent with the residual changes of shape deviation of the mirrors. An increasing number of thermal cycles leads to decreasing dimensional instability.




3.3. TEM Analysis


In the following, representative TEM images of the aluminum matrix (Figure 11a) and the silicon particles (Figure 11b) are shown.



The dark stripes in Figure 11a are contrasts caused by dislocations contained in the aluminum matrix. The tiny black dots were identified as Ga-contamination (via scanning TEM-EDS) from the preparation procedure and were disregarded for the evaluation [30]. The silicon particles contained linear contrasts caused by stacking faults in the material (Figure 11b). Many of the contrasts are caused by large elastic strain fields and shifts during the tilting of the sample relative to the electron beam. Attaining a quantitative measure of the crystal defect density of each phase (dislocations, stacking faults) is thus ambiguous. For a general phenomenological analysis of the strengthening mechanism, however, TEM is the best option, because different crystal defects can be distinguished, and a qualitative comparison becomes possible. Table 2 shows a semi-quantitative classification of the investigated crystallographic defects in the aluminum matrix and silicon particles, respectively; both the as-received condition (Al-42SiAR) and the thermally treated condition (Al-42SiTT) are shown.





4. Discussion


Since details of the production route of the investigated silicon particle reinforced aluminum compounds are kept on a proprietary basis, one has to speculate regarding the causes of the microstructural features. Due to the eutectic temperature of the aluminum-silicon binary system and the melting point of aluminum [31], it can be reasonably assumed that the temperature at hot isostatic pressing is 500 °C ≤ T < 660 °C. This would lead to a partial re-melting of the aluminum matrix, and thus, a compact and dense material is more likely to be achieved [32]. The microstructure is a result of the high cooling rate during spray forming and coarsening (Ostwald ripening) during hot isostatic pressing. Silicon shows a low interdiffusion coefficient of 2.02 × 10−4 m2 s−1 in the aluminum phase [33]. Thus, it is assumed that the aluminum matrix contains a small but non-negligible silicon concentration of up to 1.5%. This increases the yield strength of the aluminum matrix compared to an essentially pure aluminum matrix.



During cooling after hot isostatic pressing, thermal mismatch stresses due to different coefficients of thermal expansion of aluminum and silicon result in a significant number of dislocations in the aluminum matrix and stacking faults in the silicon particles caused by its coarsened microstructure. The resulting crystal defects, however, cannot be distinguished from those already present before cooling; their number might be reduced by dynamic recovery processes at the applied cooling rate from hot isostatic pressing temperatures.



Annealing at 360 °C leads to a residual length change of Al-42Si, resulting in a residual change of shape deviation of manufactured mirrors made of this material.



Accordingly, the first thermal cycle between −40 °C and 60 °C causes a significant shape change for Al-42Si, with thermal mismatch stresses leading to further plastic deformation and increasing defect density. During environmental thermal cycling, plastic deformation of the ductile aluminum causes raises yield strength as a result of increasing defect density, leading to a work hardening effect at the investigated temperatures. This correlates with the declining change in shape deviation of the mirrors, subject to an increasing number of thermal cycles. A dimensionally unstable behavior during the cryogenic thermal cycling between −196 °C and 20 °C is caused by the higher thermal load. Higher thermal loads lead to higher thermal mismatch stresses [34]; therefore, work hardening occurs, similarly to thermal cycling between −40 °C and 60 °C. The thermally treated Al-42Si shows a significantly higher dislocation density, as detected in all considered locations of the aluminum phase. Stacking faults are observed solely in the silicon particles. Compared to the thermally untreated state of Al-Si42AR, a significantly higher number of crystal defects is observed. After sufficient strengthening of the compounds via work hardening, thermal mismatch stresses are compensated purely elastically, resulting in the dimensional stability of thermally treated mirrors made of Al-Si42TT. Fizeau interferometry shows a higher sensitivity to investigate suitable thermal treatments for the further development of dimensionally stable materials for ultra-precise mirrors.




5. Conclusions


Experimental results showed the dimensional stability dependence of the thermal procedures and microstructure of mirrors made of silicon particle reinforced aluminum compounds. Based on the analyses of the results, the following conclusions are drawn:



	
For ultra-precise mirrors, a material analysis of residual changes of shape deviation in the addressed temperature range is necessary.



	
Thermal treatments at 360 °C and thermal cycling (−40 °C to 60 °C and −196 °C to 20 °C, respectively) of silicon particle reinforced aluminum materials lead to an increasing number of dislocations in the aluminum phase and to an increasing number of stacking faults in the silicon phase.



	
Thermal cycling between −40 °C and 60 °C and −196 °C and 20 °C, respectively, lead to higher dimensional stability of silicon particle reinforced aluminum materials due to cold working of the ductile aluminum matrix caused by different coefficients of the thermal expansion of the two phases, aluminum and silicon.










Author Contributions


Conceptualization, J.K. and A.U.; methodology, J.K. and A.U.; software, J.K. and A.U.; validation, J.K., A.T. and A.U.; formal analysis, J.K. and A.U.; investigation, J.K.; resources, J.K. and A.T.; data curation, J.K.; writing—original draft preparation, J.K.; writing—review and editing, A.T. and A.U.; visualization, J.K. and A.U.; supervision, J.K., A.T. and A.U.; project administration, J.K.; funding acquisition, J.K. All authors have read and agreed to the published version of the manuscript.




Funding


Funding (grant no. 03WKCX1B) within the framework “Unternehmen Region—Innovative Regional Growth Core” of the BMBF is gratefully acknowledged. The APC was funded by Fraunhofer Institute for Applied Optics and Precision Engineering IOF.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors thank Carmen Voigt and Carsten Ronning (Friedrich Schiller University Jena, Institute for Solid State Physics) for successful FIB preparation of the TEM samples.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Steinkopf, R.; Gebhardt, A.; Scheiding, S.; Rohde, M.; Stenzel, O.; Gliech, S.; Giggel, V.; Löscher, H.; Ullrich, G.; Rucks, P.; et al. Metal Mirrors with Excellent Figure and Roughness. Proc. SPIE 2008, 7102, 71020C-1–71020C-12. [Google Scholar]

	



Risse, S.; Gebhardt, A.; Damm, C.; Peschel, T.; Stöckl, W.; Feigl, T.; Kirschstein, S.; Eberhardt, R.; Kaiser, N.; Tünnermann, A. Novel TMA telescope based on ultra precise metal mirrors. Proc. SPIE 2008, 7010, 701016-1–701016-8. [Google Scholar]

	



Vukobratovich, D.; Schaefer, J.P. Large stable aluminum optics for aerospace applications. Proc. SPIE 2011, 8125, 81250T-1–81250T-13. [Google Scholar]

	



Brandl, B.R.; Lenzen, R.; Pantin, E.; Glasse, A.; Blommaert, J.; Venema, L.; Molster, F.; Siebenmorgen, R.; Boehnhardt, H.; van Dishoeck, E.; et al. METIS: The Mid-infrared E-ELT Imager and Spectrograph. Proc. SPIE 2008, 7014, 70141N-1–70141N-15. [Google Scholar]

	



Kinast, J.; Hilpert, E.; Lange, N.; Gebhardt, A.; Rohloff, R.-R.; Risse, S.; Eberhardt, R.; Tünnermann, A. Minimizing the bimetallic bending for cryogenic metal optics based on electroless nickel. Proc. SPIE 2014, 9151, 915136-1–915136-9. [Google Scholar]

	



Rohloff, R.-R.; Gebhardt, A.; Schönherr, V.; Risse, S.; Kinast, J.; Scheiding, S.; Peschel, T. A novel athermal approach for high performance cryogenic metal optics. Proc. SPIE 2010, 7739, 77394E-1–77394E-14. [Google Scholar]

	



Schubert, J.; Davis, R.; Hartl, M.; Hörmann, V.; Garrel, V.; Manhart, M.; Kampf, D.; Barl, L.; Mandla, C.; Sturm, E.; et al. The MICADO first light imager for ELT: Cold optics instrument. Proc. SPIE 2018, 10702, 107028W-1–107028W-12. [Google Scholar]

	



Fei, W.D.; Wang, L.D. Thermal expansion behavior and thermal mismatch stress of aluminum matrix composite reinforced by β-eucryptite particle and aluminum borate whisker. Mater. Chem. Phys. 2003, 85, 450–457. [Google Scholar] [CrossRef]

	



Fei, W.D.; Hu, M.; Yao, C.K. Effects of thermal residual stress creeping on microstructure and tensile properties of SiC whisker reinforced aluminum matrix composite. Mater. Sci. Eng. A 2003, 356, 17–22. [Google Scholar] [CrossRef]

	



Fei, W.D.; Hu, M.; Yao, C.K. Thermal expansion and thermal mismatch stress relaxation behaviors of SiC whisker reinforced aluminum composite. Mater. Chem. Phys. 2002, 77, 882–888. [Google Scholar] [CrossRef]

	



Huang, Y.D.; Hort, N.; Kainer, K.U. Thermal behavior of short fiber reinforced AlSi12CuMgNi piston alloys. Compos. Part A Appl. Sci. Manuf. 2004, 35, 249–263. [Google Scholar] [CrossRef]

	



Requena, G.; Yubero, D.C.; Corrochano, J.; Repper, J.; Garcés, G. Stress relaxation during thermal cycling of particle reinforced aluminium matrix composites. Compos. Part A Appl. Sci. Manuf. 2012, 43, 1981–1988. [Google Scholar] [CrossRef]

	



Goswami, R.K.; Dhar, A.; Srivastava, A.K.; Gupta, A.K.; Grover, O.P.; Jindal, U.C. Effect of Deformation and Ceramic Reinforcement on Work Hardening Behaviour of Hot Extruded 2124 Al-SiCp Metal Matrix Composite. J. Compos. Mater. 1998, 33, 1160–1172. [Google Scholar] [CrossRef]

	



Zong, B.Y.; Zhang, F.; Wang, G.; Zuo, L. Strengthening mechanism of load sharing of particulate reinforcements in a metal matrix composite. J. Mater. Sci. 2007, 42, 4215–4226. [Google Scholar] [CrossRef]

	



Zhang, J.; Perez, R.J.; Lavernia, E.J. Dislocation-induced damping in metal matrix composites. J. Mater. Sci. 1993, 28, 835–846. [Google Scholar] [CrossRef]

	



Zhang, H.; Gu, M. Study on the damping behavior of Al/SiCp composite in thermal cycling. J. Mater. Sci. 2007, 42, 6260–6266. [Google Scholar] [CrossRef]

	



Pang, X.; Xian, Y.; Wang, W.; Zhang, P. Tensile properties and strengthening effects of 6061Al/12 wt%B4C composites reinforced with nano-Al2O3 particles. J. Alloy. Compd. 2018, 768, 476–484. [Google Scholar] [CrossRef]

	



Fernández, R.; Cabeza, S.; Mishurova, T.; Fernández-Castrillo, P.; González-Doncel, G.; Bruno, G. Residual stress and yield strength evolution with annealing treatments in an age-hardenable aluminum alloy matrix composite. Mater. Sci. Eng. A 2018, 731, 344–350. [Google Scholar] [CrossRef]

	



Kroeger, F.R.; Swenson, C.A. Absolute linear thermal-expansion measurements on copper and aluminum from 5 to 320 K. J. Appl. Phys. 1977, 48, 853–864. [Google Scholar] [CrossRef]

	



Watanabe, H.; Yamada, N.; Okaji, M. Linear Thermal Expansion Coefficient of Silicon from 293 to 1000 K. Int. J. Thermophys. 2003, 25, 221–236. [Google Scholar] [CrossRef]

	



Zhang, Q.; Wu, G.; Jiang, L.; Chen, G. Thermal expansion and dimensional stability of Al-Si matrix composite reinforced with high content SiC. Mater. Chem. Phys. 2003, 82, 780–785. [Google Scholar] [CrossRef]

	



Paquin, R.A.; Howells, M.R. Mirror materials for synchrotron radiation optics. Proc. SPIE 1997, 3152, 2–16. [Google Scholar]

	



Magner, T.J.; Barney, R.D. Interferometric phase measurement of zerodur, aluminum and SXA mirrors at cryogenic temperatures. Proc. SPIE 1998, 929, 29–38. [Google Scholar]

	



Hou, Y.N.; Yang, K.M.; Song, J.; Wang, H.; Liu, Y.; Fan, T.X. A crystal plasticity model for metal matrix composites considering thermal mismatch stress induced dislocations and twins. Sci. Rep. 2021, 11, 16053. [Google Scholar] [CrossRef] [PubMed]

	



Marschall, C.W.; Maringer, R.E. Dimensional Instability: An Introduction, 1st ed.; Pergamon Press Ltd.: Oxford, UK, 1977. [Google Scholar]

	



Nassini, H.E.; Moreno, M.; Oliver, C.G. Thermal expansion behavior of aluminum alloys reinforced with alumina planar random short fibers. J. Mater. Sci. 2001, 36, 2759–2772. [Google Scholar] [CrossRef]

	



Kinast, J.; Grabowski, K.; Rohloff, R.-R.; Risse, S.; Tünnermann, A.; Cugny, B.; Sodnik, Z.; Karafolas, N. Dimensional stability of metal optics on nickel plated AlSi40. Proc. SPIE 2017, 10563, 105635W-1–105635W-9. [Google Scholar]

	



Thomas, J.; Gemming, T. Analytical Transmission Electron Microscopy: An Introduction for Operators, 1st ed.; Springer Science+Business Media: Dordrecht, The Netherlands, 2014. [Google Scholar]

	



Del Castillo, L.; Hoffman, J.P.; Birur, G. Advanced housing materials for extreme space applications. In Proceedings Aerospace Conference; IEEE: Washington, DC, USA, 2011; pp. 1–6. [Google Scholar]

	



Unocic, K.A.; Mills, M.J.; Daehn, G.S. Effect of gallium focused ion beam milling on preparation of aluminium thin foils. J. Microsc. 2010, 240, 227–238. [Google Scholar] [CrossRef]

	



Murray, J.; McAllister, A. The Al-Si (Aluminum-Silicon) System. Bull. Alloy. Phase Diagr. 1984, 5, 74–84. [Google Scholar] [CrossRef]

	



Goudar, D.M.; Rudrakshi, G.B.; Srivastava, V.C.; Reddy, J.; Joshi, A.G. Spray Deposition Process of Hypereutectic Al-Si alloys: An overview. Int. J. Sci. Eng. Res. 2011, 2, 1–10. [Google Scholar]

	



Fujikawa, S.I.; Hirano, K.I.; Fukushima, Y. Diffusion of Silicon in Aluminum. Met. Mater. Trans. A 1978, 9, 1811–1815. [Google Scholar] [CrossRef]

	



Matvienko, O.; Daneyko, O.; Kovalevskaya, T.; Khrustalyov, A.; Zhukov, I.; Vorozhtsov, A. Investigation of Stress Induced Due to the Mismatch of the Coefficients of Thermal Expansion of the Matrix and the Strengthening Particle in Aluminum-Based Composites. Metals 2021, 11, 279. [Google Scholar] [CrossRef]








[image: Materials 15 02998 g001 550] 





Figure 1. Optical micrograph of Al-42SiAR (as-received). 
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Figure 2. Scanning Electron Microscopy (SEM) secondary electron images of Al-42SiAR (a) and Al-42SiTT (thermally treated) (b). Samples were prepared by Focused Ion Beam (FIB). 
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Figure 3. Transmission Electron Microscopy-Energy-dispersive X-ray spectroscopy (TEM-EDS) images of Al-42SiAR (a) and Al-42SiTT (b); aluminum: blue, silicon: red, iron: green. 
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Figure 4. Strain behavior of Fused Silica and Al-42Si in a temperature range between −40 °C and 60 °C. 
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Figure 5. Residual length change of Fused Silica and Al-42Si in a temperature range between −40 °C and 60 °C. 
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Figure 6. Residual length change of Fused Silica and Al-42Si in a temperature range between −190 °C and 20 °C. 
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Figure 7. Change in shape deviation of mirrors made of Al-42Si with respect to numbers of environmental thermal cycles between −40 °C and 60 °C. 
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Figure 8. Residual change in shape deviation of the optical surface of a mirror made of Al-42Si, after second single-point diamond turning exhibiting 31 nm RMS (a); after 30 environmental thermal cycles exhibiting 34 nm RMS (b). 
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Figure 9. Change in shape deviation of mirrors made of silicon particle reinforced aluminum compounds after cryogenic thermal cycling. 
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[image: Materials 15 02998 g009]







[image: Materials 15 02998 g010 550] 





Figure 10. Dimensional stability of a mirror made of Al-42Si; after five cryogenic thermal cycles with 43 nm RMS (a); after six cryogenic thermal cycles with 43 nm RMS (b). 
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Figure 11. Dislocation contrasts in the aluminum matrix ((a): exemplarily marked by black arrows) and stacking faults in a silicon particle ((b): exemplarily marked by white arrows). 






Figure 11. Dislocation contrasts in the aluminum matrix ((a): exemplarily marked by black arrows) and stacking faults in a silicon particle ((b): exemplarily marked by white arrows).
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Table 1. Thermal histories of as-received (Al-42SiAR) and thermally treated (Al-42SiTT) Al-42Si.
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	Thermal Treatment
	Al-42SiAR
	Al-42SiTT





	annealing
	-
	360 °C



	environmental thermal cycles
	-
	30 cycles between −40 °C and 60 °C



	cryogenic thermal cycles
	-
	5 cycles between −196 °C and 20 °C
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Table 2. Semi-quantitative classification of the defect density in each phase of the samples in the as-received and thermally treated conditions, respectively.






Table 2. Semi-quantitative classification of the defect density in each phase of the samples in the as-received and thermally treated conditions, respectively.












	
	Al-42SiAR,

Al Matrix
	Al-42SiAR,

Si Particle
	Al-42SiTT,

Al Matrix
	Al-42SiTT,

Si Particle





	frequency of dislocations
	-
	-
	++
	+



	frequency of stacking faults
	--
	-
	--
	++







Classifications: -- non, - marginal, + occasional, ++ frequently.
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