


	
		×
		

	






    
        
            
                
                    
                        
                    
                

                
                    
                        
                            
                            
                        

                    

                

                
                    
                                                    Log in
                            Upload File
                                            

                

            


            	Most Popular
	Study
	Business
	Design
	Technology
	Travel
	Explore all categories


        

    





    
        
            
                
                    
                

                

                    
                        air-bearing effects on actuated thermal pole-tip...

                    


                    
                        
                            	Home
	Documents
	Air-Bearing Effects on Actuated Thermal Pole-Tip ...homepage.ntu.edu.tw/~jiayang/papers/2007AirBearingEffects.pdf · Jia-Yang Juang David B. Bogy ComputerMechanicsLaboratory, DepartmentofMechanicalEngineering,


                        

                    


                    




    
        
            
                
                    
                        

                        
                        
                    

                    
                        
						1

9
                        
                    

                    
                        
                        100%
Actual Size
Fit Width
Fit Height
Fit Page
Automatic


                        
                    

					
                

            


            
                
                    
                    
                    
                

                
                    

                    

                    
                        
                         Match case
                         Limit results 1 per page
                        

                        
                        

                    

                

            

            
									
    
        
        

        

        

        
        
            Jia-Yang Juang David B. Bogy Computer Mechanics Laboratory, Department of Mechanical Engineering, University of California at Berkeley, Berkeley, CA 94720 Air-Bearing Effects on Actuated Thermal Pole-Tip Protrusion for Hard Disk Drives Flying height (FH) control sliders with thermal actuation have been introduced recently in commercial products for compensating the static FH loss and reducing the risk of head-disk contacts. In the research reported here, we investigated the effects of air- bearing surface (ABS) designs on the thermal actuation. We created a three-dimensional ﬁnite element model of an entire slider with a detailed read/write transducer structure and conducted thermal-structural coupled-ﬁeld analysis using velocity slip and tempera- ture jump boundary conditions to formulate the heat transfer across the head-disk inter- face when a slider ﬂies over a spinning disk. An iteration procedure was used to obtain the equilibrium solutions. Four ABS designs with distinct features were simulated. We deﬁned ﬁve measures of merit, including protrusion rate, actuation efﬁciency, power consumption, pressure peak, and temperature rise of the sensor to evaluate the perfor- mance of thermal actuation. It is found that the effect of the pressure is more signiﬁcant than that of the FH on the heat conduction from the slider to the disk. The efﬁciencies of three conventional designs decrease as the FHs are continuously reduced. A new ABS design, called “Scorpion III,” is presented and demonstrates an overall enhancement, including virtually 100% efﬁciency with signiﬁcantly less power consumption. Transient thermal analysis showed that it requires 1–2 ms for the temperature to reach the steady-state values, and there is a trade-off between increasing the actuation bandwidth and decreasing the power consumption. DOI: 10.1115/1.2736456 Keywords: active slider, air-bearing surface (ABS), ﬂying height control, hard disk drives, head-disk interface (HDI), pole-tip protrusion 1 Introduction With the increase of areal density in hard disk drives the physi- cal spacing or ﬂying height FH between the read/write element and the surface of the disk has been continuously decreased. A spacing of 2.5 nm is said to be required for a density of 1 Tbit/in 2 . At such a low FH, static losses of the FH due to manufacturing tolerance, ambient pressure changes, and tempera- ture variations can cause head-disk contact and result in data loss. Furthermore, slider disk contacts must be avoided during load/ unload processes and operational shocks. The dynamic instability caused by FH modulations FHMs and nanoscale adhesion forces, such as electrostatic and intermolecular forces, should be minimized. Those challenges make a conventional air-bearing sur- face ABS slider an unlikely choice for 1 Tbit/in 2 . One potential solution is a FH adjustment or controlled slider that is capable of adjusting its gap FH. Because of to their quick response and low power consumption, piezoelectric materials have been proposed as active elements for adjusting the FH 1–8. However, the re- quirements of the piezoelectric materials and the necessary modi- ﬁcation of the slider design pose challenges in integration of the fabrication process and increase the manufacturing cost. The read/write elements of a magnetic head slider consist of thin layers of different materials, including write poles, sensor, shields, undercoat, overcoat, coil, insulation layer, and the sub- strate. Because of the mismatch of the coefﬁcients of thermal expansion of the various materials, the pole-tip of the write pole protrudes below the ABS plane when the ambient temperature varies and/or when an internal heat source is generated by Joule heating of the write current. These temperature-induced pole-tip protrusions T-PTP and write-induced pole-tip protrusions W- PTP adversely reduce the FH by several nanometers and increase the risk of head-disk contact. Several groups have numerically and/or experimentally investigated the effects of T-PTP and W-PTP 9–17. Based on this concept, Meyer et al. 18 deposited a resistance heating element heater near the read/write elements, and the gap FH was reduced by applying a current through the heater to de- liberately induce the pole-tip protrusion. Similarly, Kurita et al. developed an active head slider with a nanothermal actuator 19. They used a ﬁnite element method to calculate the temperature distribution and thermal protrusion of their slider. They found that the additional air pressure increase caused by the protrusion lifted the slider upward and the amount of FH reduction was 30% less than the protrusion. In their study, the distribution of the heat transfer coefﬁcient on the ABS was assumed to be constant. How- ever, the effect of heat conducted from the slider to the disk through the ABS is a strong function of both FH and air pressure distributions, and hence, these two factors have to be considered in the model. Juang et al. 20 studied the actuation performance of an ABS slider with consideration of the effect of FH and pres- sure distributions. They found that even though the protruded area was relatively small, there was still considerable air bearing cou- pling with the resulting actuation efﬁciency deﬁned as the ratio of FH reduction to protrusion of only 63%, which suggested that ABS played a key role in the actuation performance. Therefore, it is highly desirable to have a better understanding of the effects of the ABS on the thermal actuation and to provide design guidelines for improving the performance. In this paper, we study the effects of the ABS on thermal ac- tuation by numerical simulation. A three-dimensional 3D thermal-structural coupled ﬁeld ﬁnite element model is created with detailed structures of read/write and heating elements. The cooling effect of the air bearing is included in the model as ther- Contributed by the Tribology Division of ASME for publication in the JOURNAL OF TRIBOLOGY. Manuscript received November 10, 2006; ﬁnal manuscript received February 27, 2007. Review conducted by Andreas A. Polycarpou. 570 / Vol. 129, JULY 2007 Copyright © 2007 by ASME Transactions of the ASME 
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 Jia-Yang Juang
 David B. Bogy
 Computer Mechanics Laboratory,Department of Mechanical Engineering,
 University of California at Berkeley,Berkeley, CA 94720
 Air-Bearing Effects on ActuatedThermal Pole-Tip Protrusion forHard Disk DrivesFlying height (FH) control sliders with thermal actuation have been introduced recentlyin commercial products for compensating the static FH loss and reducing the risk ofhead-disk contacts. In the research reported here, we investigated the effects of air-bearing surface (ABS) designs on the thermal actuation. We created a three-dimensionalfinite element model of an entire slider with a detailed read/write transducer structureand conducted thermal-structural coupled-field analysis using velocity slip and tempera-ture jump boundary conditions to formulate the heat transfer across the head-disk inter-face when a slider flies over a spinning disk. An iteration procedure was used to obtainthe equilibrium solutions. Four ABS designs with distinct features were simulated. Wedefined five measures of merit, including protrusion rate, actuation efficiency, powerconsumption, pressure peak, and temperature rise of the sensor to evaluate the perfor-mance of thermal actuation. It is found that the effect of the pressure is more significantthan that of the FH on the heat conduction from the slider to the disk. The efficiencies ofthree conventional designs decrease as the FHs are continuously reduced. A new ABSdesign, called “Scorpion III,” is presented and demonstrates an overall enhancement,including virtually 100% efficiency with significantly less power consumption. Transientthermal analysis showed that it requires �1–2 ms for the temperature to reach thesteady-state values, and there is a trade-off between increasing the actuation bandwidthand decreasing the power consumption. �DOI: 10.1115/1.2736456�
 Keywords: active slider, air-bearing surface (ABS), flying height control, hard diskdrives, head-disk interface (HDI), pole-tip protrusion
 IntroductionWith the increase of areal density in hard disk drives the physi-
 al spacing �or flying height �FH�� between the read/write elementnd the surface of the disk has been continuously decreased. Apacing of �2.5 nm is said to be required for a density ofTbit/ in2. At such a low FH, static losses of the FH due toanufacturing tolerance, ambient pressure changes, and tempera-
 ure variations can cause head-disk contact and result in data loss.urthermore, slider disk contacts must be avoided during load/nload processes and operational shocks. The dynamic instabilityaused by FH modulations �FHMs� and nanoscale adhesionorces, such as electrostatic and intermolecular forces, should beinimized. Those challenges make a conventional air-bearing sur-
 ace �ABS� slider an unlikely choice for 1 Tbit/ in2. One potentialolution is a FH adjustment or controlled slider that is capable ofdjusting its gap FH. Because of to their quick response and lowower consumption, piezoelectric materials have been proposeds active elements for adjusting the FH �1–8�. However, the re-uirements of the piezoelectric materials and the necessary modi-cation of the slider design pose challenges in integration of theabrication process and increase the manufacturing cost.
 The read/write elements of a magnetic head slider consist ofhin layers of different materials, including write poles, sensor,hields, undercoat, overcoat, coil, insulation layer, and the sub-trate. Because of the mismatch of the coefficients of thermalxpansion of the various materials, the pole-tip of the write polerotrudes below the ABS plane when the ambient temperaturearies and/or when an internal heat source is generated by Jouleeating of the write current. These temperature-induced pole-tip
 Contributed by the Tribology Division of ASME for publication in the JOURNAL OF
 RIBOLOGY. Manuscript received November 10, 2006; final manuscript received
 ebruary 27, 2007. Review conducted by Andreas A. Polycarpou. 70 / Vol. 129, JULY 2007 Copyright © 20
 protrusions �T-PTP� and write-induced pole-tip protrusions �W-PTP� adversely reduce the FH by several nanometers and increasethe risk of head-disk contact. Several groups have numericallyand/or experimentally investigated the effects of T-PTP andW-PTP �9–17�.
 Based on this concept, Meyer et al. �18� deposited a resistanceheating element �heater� near the read/write elements, and the gapFH was reduced by applying a current through the heater to de-liberately induce the pole-tip protrusion. Similarly, Kurita et al.developed an active head slider with a nanothermal actuator �19�.They used a finite element method to calculate the temperaturedistribution and thermal protrusion of their slider. They found thatthe additional air pressure increase caused by the protrusion liftedthe slider upward and the amount of FH reduction was 30% lessthan the protrusion. In their study, the distribution of the heattransfer coefficient on the ABS was assumed to be constant. How-ever, the effect of heat conducted from the slider to the diskthrough the ABS is a strong function of both FH and air pressuredistributions, and hence, these two factors have to be consideredin the model. Juang et al. �20� studied the actuation performanceof an ABS slider with consideration of the effect of FH and pres-sure distributions. They found that even though the protruded areawas relatively small, there was still considerable air bearing cou-pling with the resulting actuation efficiency �defined as the ratio ofFH reduction to protrusion� of only 63%, which suggested thatABS played a key role in the actuation performance. Therefore, itis highly desirable to have a better understanding of the effects ofthe ABS on the thermal actuation and to provide design guidelinesfor improving the performance.
 In this paper, we study the effects of the ABS on thermal ac-tuation by numerical simulation. A three-dimensional �3D�thermal-structural coupled field finite element model is createdwith detailed structures of read/write and heating elements. The
 cooling effect of the air bearing is included in the model as ther- 07 by ASME Transactions of the ASME
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 al boundary conditions. Steady-state and transient analyses ofour ABSs with distinct features are presented. We found that aroperly designed ABS can significantly improve the actuationfficiency and power consumption of a FH control slider withhermal actuation.
 Numerical Modeling and AnalysisThe temperature distribution and thermal deformation of a
 lider body with thermal actuation are determined by the configu-ation, dimensions, and material properties of the read/write andeating elements and boundary conditions. The heat transferoundary conditions depend on the flying state of the slider and,ence, the air bearing surfaces. In this study, we kept the structuref the transducers the same and investigated the effect of ABS onctuation performance. We created a three-dimensional finite ele-ent model of an entire slider �length=1.25 mm, width1.00 mm, thickness=0.30 mm� with a detailed read/write trans-ucer structure as shown in Fig. 1. The slider has a single-layer
 ig. 1 Finite-element model of a FH control slider with thermalctuation. The overcoat and photoresist are not shown for alear view of the read/write transducer. The protective carbonvercoat on the ABS and the pole-tip recession are notonsidered.
 Table 1 Material properties
 Layer and material
 Young’smodulus
 �GPa�
 Thcond
 �W
 Slidersubstrate
 Al2O3-TiC 380
 Undercoat�1.2 �m�
 Al2O3200
 Shields�2.0 �m�
 Ni-Fe 207
 Bottompole�1.0 �m�
 Ni-Fe 207
 Coil�2 �m�
 Cu 120 3
 Heater�250 nm�
 Ni-Fe�thin layer�
 207
 Coilinsulation�5 �m�
 Photo-resist
 7 0
 Top pole�1.0 �m�
 Ni-Fe 207
 Overcoat�39.7 �m�
 Al2O3200
 ournal of Tribology
 five-turn copper coil, a yoke width of 12 �m, and a write trackwidth of 1 �m. The top and bottom poles are 1 �m thick. The topand bottom magnetic shields are 2 �m thick. The heating elementhas a thickness of 250 nm and is located between the coil andbottom pole. The photoresist layer, undercoat insulation layer, andovercoat are also included in the model. The material propertiesand thickness of each layer are shown in Table 1. These values, inparticular the thermal conductivity, are process-and-thickness de-pendent, and we used the data published in various papers�10,14,21,22�. The thermal conductivities of thin layers are higherthan the bulk values due to the heat carrier-boundary scatteringand the altered microstructure of thin films �21�. A series ofthermal-structural coupled-field finite element analyses have beencarried out using ANSYS, a commercial finite element package, tostudy the actuation performance of the thermal nanoactuator. Theair-bearing modeling was done using the CML Air Bearing Simu-lator, which solved the generalized Reynolds equation to obtainthe steady-state flying attitude.
 At the head-disk interface heat is transferred from the slider tothe disk through the air-bearing cooling effect. The cooling effectof the air bearing plays a key role in this 3D heat transfer problem.Chen et al. �23� found that the dominant factor of this effect washeat conduction. They applied the slip condition for the velocityand the jump condition for the temperature at the boundaries ofthe air bearing and obtained the heat transfer model as follows:
 q�x,y� = − kTs�x,y� − Td
 h�x,y� + 2b��x,y�+ f�.� �1�
 where Ts and Td are the temperatures of the slider and the disk,respectively, b=2�2−�T� � /�T��+1� Pr, h is the FH �air-bearingthickness� of the slider, the mean free path of the air under pres-sure p is �=�0p0 / p, and the thermal conductivity k is a very weakfunction of pressure.
 Note that Ts, h, and � are functions of coordinates x and y. Forair at T=300 K and atmospheric pressure, the thermal conductiv-ity k=0.0263 W/m K, the mean free path �0=65 nm, and thePrandtl number Pr=0.7. The specific heat ratio � is 1.4, and thethermal accommodation coefficient �T is 0.9. We assume that thedisk surface is kept at the ambient temperature Td=25°C. Sincethe first term on the right-hand side of �1� is about 1–2 orders ofmagnitude larger than the other terms f�.�, only this term is mod-eled in this study. Unlike the ABS, the dominant factor of heat
 ed in the FEA †10,14,21,22‡
 alvityK�
 Coefficientof thermalexpansion
 ��10−6 / °C�
 Specificheat
 �J /kg K�Poisson’s
 ratio
 7.9 878 0.3
 7.5 760 0.25
 12.2 470 0.3
 12.2 470 0.3
 16.5 390 0.33
 12.2 470 0.3
 51.0 1460 0.2
 12.2 470 0.3
 7.5 760 0.25
 us
 ermucti/m
 20
 1.5
 35
 35
 95
 30
 .19
 35
 1.5
 JULY 2007, Vol. 129 / 571
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 ransfer at the non-ABS surfaces of the slider is heat convectionith a coefficient on the order of 100 W/m2 K.The numerical iteration approach developed in �20� is adopted
 n this paper. We first used the CML Air Bearing Simulator tobtain the nominal FH, pitch, roll and air pressure distribution of
 ig. 2 Four ABS designs used in this study „length: 1.25 mm;idth: 1.00 mm…. Different colors indicate different etching
 evels.
 Fig. 3 Air pressure distributions of the ABS slider
 sure: „p−pa… /pa. 72 / Vol. 129, JULY 2007
 an ABS slider. Then we used Eq. �1� to specify the thermal bound-ary condition at the ABS and calculated the temperature distribu-tion of the slider body. The obtained temperature distribution wasthen used as the body load to solve the slider deformation andactuated pole-tip protrusion due to the temperature gradient andthe mismatch of coefficient of thermal expansions of various ma-terials. Since the thermal protrusion causes deformation of theABS and hence changes the flying attitudes and the thermalboundary conditions, several iterations are required to achieve anequilibrium solution.
 3 Results and Discussions
 3.1 Four Air-Bearing Designs. We study the actuation per-formances of four ABS designs that have distinct flying attitudesand pressure distributions, as shown in Fig. 2. Their flying atti-
 Table 2 Comparison of Flying Attitudes at the MD. A positiveskew angle indicates the air flows from the outer leading edgeto the inner trailing edge.
 FH�nm�
 Pitch��rad�
 Roll��rad�
 Peakpressure
 �atm�
 Linearvelocity
 �m/s�Skew�deg�
 CML-5nm 5.3 220 0.9 18.9 17.3 9.10Slider A 11.5 130 −1.2 23.4 37.5 −2.56Slider B 12.0 115 2.4 21.0 18.0 −2.56Scorpion III 10.5 124 −0.4 38.0 37.5 −2.56
 he scale displayed is normalized to ambient pres-
 s. T Transactions of the ASME
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 udes are summarized in Table 2. The first design, depicted in Fig.�a�, is a five-pad design labeled CML-5 nm. It was designedsing an optimization algorithm for a nearly uniform 5 nm FHcross the disk. The second design labeled slider A is a three-padesign obtained from a commercial drive as shown in Fig. 2�b�. Itas three surfaces, each specifically designed to achieve the over-ll desired FH performance characteristics. The third and moreomplicated design is shown in Fig. 2�c� and labeled slider B.his ABS was designed for sliders with thermal actuation and has
 ecently been implemented in commercial products. Figures�a�–3�c� show the pressure profiles normalized by the ambientressure generated under the CML-5 nm, sliders A and B, respec-ively. The sliders are mainly supported by the high pressure peaksenerated by the central trailing pads, which are typically used inommercial products. The high peak pressure helps to maintainhe stiffness of the air bearings. However, when the thermal ac-uation is used to adjust the FH, the high peak pressure at theenter trailing pad also corresponds to more molecules per unitolume to transport energy, and thus, most of the power generatedy the heating element is dissipated through the air bearing, whichecreases the amount of thermal protrusion and increases the re-uired heating power. Besides, the actuation efficiency �defined ashe FH reduction to A-PTP ratio� is limited due to the strongounter effect of air bearing push-back.
 In order to increase the actuation efficiency and to reduce theower consumption, we designed an ABS, named Scorpion III, ashown in Fig. 2�d�. The pressure distributions exhibit a distinctattern compared to conventional designs as shown in Fig. 3�d�.nstead of supporting by the center pressure peak, the slider isrimarily supported by the high pressures generated at the sideails. The prototype of a fabricated Al2O3-TiC slider having ansolated center trailing pad with all relevant read/write structuress shown in Fig. 4. The dimension of the pad used in this particu-ar design is 100 �m by 30 �m, which may also be increased toccommodate larger read/write designs. In Fig. 5, it is seen that aearly uniform 10 nm FH is achieved with �2 nm loss at highltitude �4500 m� and a roll angle of �3 �rad over the disk. Thecorpion ABS was designed to exhibit low skew sensitivity. Aomparison to conventional designs on skew angle effect has beentudied in �24�. The Scorpion designs were found to exhibit anverall enhancement in performance compared to several conven-ional ABS designs �25,26�.
 3.2 Steady-State Analysis. Figure 6 shows the steady-stateeat transfer film coefficients on the air-bearing surfaces of theour designs obtained after several numerical iterations at a heat-ng power of 20 mW. Only the part of the ABS that is close to therailing edge is plotted. The distances of the write gap and giant
 ig. 4 Prototype of a fabricated Al2O3-TiC slider having an iso-ated center trailing pad with all relevant read/write elements.he dimension of the pad is 100 �m by 30 �m, which can alsoe increased to accommodate larger transducer designs.
 agnetoresistive �GMR� sensor from the trailing edge are 33 �m
 ournal of Tribology
 and 36.5 �m, respectively. The disk linear speeds and skewangles are given in Table 2. It is seen that the interface thermalconductance is not constant and is, indeed, a strong function ofboth the FH and air pressure distributions. The peak values areabout 1.6, 1.2, 1.4, and 0.2 MW/m2 K for CML-5 nm, slider A,slider B, and Scorpion, respectively. The value of the ScorpionABS is �83–86% less than those of sliders A and B, even thoughthe FHs of the three designs are similar, which clearly indicatesthat the effect of the pressure is more significant than the FHeffect.
 Figures 7 and 8 show the comparisons of the temperature riseand heat flux of the four designs at 20 mW, respectively. Themaximum temperature rises are 2.78 K, 2.52 K, 3.21 K, and7.8 K for CML-5 nm, slider A, slider B, and Scorpion, respec-tively. The Scorpion ABS has a higher temperature increase due toits relatively low heat flux, whereas the temperature distribution ofslider B exhibits a different pattern from the others.
 Using the temperature distributions as body loads in the finiteelement models, we carried out the static structural analysis tocalculate the slider deformation. A comparison of the protrusionprofiles is shown in Fig. 9. The maximum A-PTPs on the ABSsare found to be 3.86 nm, 3.56 nm, 4.54 nm, and 6.86 nm forCML-5 nm, slider A, slider B, and Scorpion, respectively. As ex-pected, the Scorpion slider achieves 51% more protrusion than thesecond highest one at the same heating power of 20 mW. Figure10 shows the protrusion profiles along the center line across theread/write elements, which indicates that the peaks of protrusionsare located at the read/write elements as a result of the higherlocal temperature and higher coefficients of thermal expansion ofthe metal layers.
 Figure 11 shows the FH reductions as a function of the dcheating power. The results indicate that the FH reduction is notproportional to the power. Instead, quadratic expressions havebeen found to best fit the curves for all the ABSs. This nonlinear-ity is related to the fact that the air bearing becomes stiffer when
 Fig. 5 „a… Simulation of gap FH and minimum FH profiles ofScorpion III at sea level, 0 m, and high altitude, 4500 m; and „b…simulation of pitch and roll profiles of Scorpion III at sea level,0 m. The skew angle varies from −15.62 deg to 7.22 deg fromthe inner diameter to the outer diameter.
 the FH is reduced, and the heat transfer across the air bearing also
 JULY 2007, Vol. 129 / 573
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the GMR sensor from the trailing edge are 33 �m and 36.5 �m, respectively.
 5
 Fig. 6 Distributions of the interface thermal conductance on the air-bearing surfaces at a heating power of20 mW. Only part of the ABS that is close to the trailing edge is plotted. The distances of the write gap and
 Fig. 7 Distributions of the temperature rises on the ABSs at a heating power of 20 mW
 74 / Vol. 129, JULY 2007 Transactions of the ASME
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 Fig. 8 Distributions of the heat flux on the ABSs at a heating power of 20 mW
 Fig. 9 Distributions of the A-PTP on the ABSs at a heating power of 20 mW
 ournal of Tribology JULY 2007, Vol. 129 / 575
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 ecomes more effective because of the increased pressure andeduced FH.
 In order to evaluate the performance of thermal actuation, weefined five measures of merit as follows:
 1. Actuation efficiency �in percent�: The ratio of FH reductionto A-PTP
 2. Power consumption �in megawatts�: The power required forlowering one unit of the FH
 3. Peak pressure increase �in atmospheres�: The increase ofpressure peak caused by the thermal protrusion
 4. Protrusion rate �in nanometers per megawatt�: The amountof protrusion per unit power
 5. Temperature rise of the sensor �in Kelvin�: The temperaturerise of the GMR sensors as a function of FH
 ig. 10 Comparison of actuated thermal protrusion profiles ofhe four air bearings along the centerline across the read/writelement at a heating power of 20 mW
 Fig. 11 FH reductions as a function of heating pow
 solid lines are quadratic fits to the data. 76 / Vol. 129, JULY 2007
 Figure 12 shows a comparison of the A-PTP as a function of theheating power. Scorpion exhibits an increase of 80%, 104%, and63% in the protrusion rate over CML-5 nm, slider A and slider B,respectively. Figure 13 shows the actuation efficiency as a func-tion of the FH for the four ABSs. It is noted that the efficiencies ofCML-5 nm, Sliders A and B monotonically decrease as the FHsare reduced by the thermal protrusions and the values range from40% to 60%. However, Scorpion demonstrates virtually 100%efficiency, which does not depend on the FH. The heating powersrequired for lowering the FHs are shown in Fig. 14. The ScorpionABS requires remarkably less power for reducing the FH from10 nm to 3 nm compared to the other designs. Another importantparameter that has to be considered is the pressure increase due tothe deformed ABS. Figure 15 shows that the peak pressures of
 The dashed lines are the linear projections, and the
 Fig. 12 Comparison of the A-PTP as a function of the heatingpower. The protrusion rates are about 0.19, 0.17, 0.21, and0.34 nm/mW for CML-5 nm, slider A, slider B, and Scorpion,respectively.
 er.
 Transactions of the ASME
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 liders A and B are 84 atm and 149 atm, respectively, when theHs are reduced to �3 nm. Such high pressures may not behysical in reality and may cause adverse effects, such as slidereformation. Since the Scorpion slider is supported by the twoide pressure peaks and the pressure underneath the center pad iselatively low, the thermal protrusion of the center pad does notffect the pressure distribution.
 The temperature rise of the read/write elements is of great con-ern in the thermal nanoactuator. The read-back signal of GMRensors can be significantly altered by thermal influences sinceheir electrical resistance is temperature dependent. Figure 16hows the temperature rises of the sensors as a function of the FH.t is observed that Scorpion has less temperature rise at FHs over
 nm compared to sliders A and B. The temperatures of sliders And B decrease when the FHs are reduced to �5 nm due to theighly concentrated pressures.
 3.3 Transient Analysis. The bandwidth of thermal actuations of great importance because it determines the response time ofhe thermal protrusion to the heating power. A transient thermaltudy was conducted to investigate the bandwidth of the thermalrotrusion when the slider flies over a disk. The power requiredor the first 1 nm FH reduction for each of the ABSs was appliedrom 0 to 2.5 ms and was turned off at 2.5 ms. The temperaturehanges of the GMR sensors were monitored as shown in Fig. 17.t requires about 1–2 ms for the read/write transducers to reachheir steady-state values, corresponding to a bandwidth of.5–1 kHz. It is also seen that Scorpion has the least temperatureise and takes longer to reach its steady-state value, which impliestrade-off between increasing the bandwidth and decreasing the
 emperature rise of the sensors.
 ig. 13 Comparison of the efficiency as a function of the FH.he efficiencies of CML-5 nm, slider A, and slider B monotoni-ally decrease as the FHs are reduced by the thermal protru-ions, and Scorpion demonstrates virtually 100% efficiency.
 Fig. 14 Required heating power for reducing the FH
 ournal of Tribology
 4 ConclusionsThe effects of ABS on thermal actuation have been studied by
 numerical simulation. A series of three-dimensional thermal-structural finite element analyses were conducted using velocityslip and temperature jump boundary conditions to formulate theheat transfer across the head-disk interface. An iteration procedurewas used to obtain the equilibrium solutions. Four ABS designswith distinct features were simulated. In order to evaluate theperformance of thermal actuation, we defined five measures ofmerit, including protrusion rate, actuation efficiency, power con-sumption, pressure peak, and temperature rise of the sensor. Wefound that the efficiencies of three conventional designs decreaseas the FHs are continuously reduced. A new slider, Scorpion,which meets all design and fabrication requirements, has beenpresented and exhibits an overall enhancement, including virtually100% efficiency with significantly less power consumption. Qua-dratic expressions have been found to best fit the curves of the FHreduction as a function of the heating power for all the designs.
 Transient thermal analysis of the sliders in the flying conditionswith a varying heating power showed that about 1–2 ms are re-quired for the temperature to reach the steady-state values for thefirst nanometer actuation. It is found that Scorpion has the leasttemperature rise of the GMR sensor at the first 1 nm FH reduc-tion, but the response time was longer than the other three de-signs. Therefore, there is a trade-off between increasing the actua-tion bandwidth and decreasing the power consumption.
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